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PREFACE

Karl A. GSCHNEIDNER, Jr., Jean-Claude G. BÜNZLI, and Vitalij K. PECHARSKY

These elements perplex us in our rearches[sic], baffle us in our speculations, and haunt us
in our very dreams. They stretch like an unknown sea before us – mocking, mystifying, and
murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

With this volume of theHandbook on the Physics and Chemistry of Rare EarthProfs. Jean-
Claude Bünzli, Swiss Federal Institute of Technology, Lausanne, and Vitalij K. Pecharsky,
Iowa State University, Ames have joined Prof. Karl A. Gschneidner, Jr., one of the founding
editors of this series, as editors. Readers of prior volumes of the Handbook will notice that the
Preface format has changed with the inclusion of the title and author(s), plus an appropriate
figure from each of the chapters, instead of just a brief summary of its contents.

This volume of the Handbook illustrates the rich variety of topics covered by rare earth
science. Three chapters are devoted to the description of solid state compounds: skutteru-
dites (Chapter 211), rare earth-antimony systems (Chapter 212), and rare earth-manganese
perovskites (Chapter 214). Two other reviews deal with solid state properties: one contri-
bution includes information on existing thermodynamic data of lanthanide trihalides (Chap-
ter 213) while the other one describes optical properties of rare earth compounds under pres-
sure (Chapter 217). Finally, two chapters focus on solution chemistry. The state of the art in
unraveling solution structure of lanthanide-containing coordination compounds by paramag-
netic nuclear magnetic resonance is outlined in Chapter 215. The potential of time-resolved,
laser-induced emission spectroscopy for the analysis of lanthanide and actinide solutions is
presented and critically discussed in Chapter 216.

211 Filled Skutterudites
by Brian C. Sales, Oak Ridge, National Laboratory, Tennessee, USA

The lead chapter reviews the remarkable physical behaviors of a distinctive family of inter-
metallic compounds – the filled lanthanide skutterudites. These unique compounds, which
have theRM4X12 stoichiometry (whereR = lanthanides,M = Fe, Ru, and Os, andX = P,
As and Sb), are best known for their excellent high temperature (> 700 K) thermoelectric
properties. But as Brian Sales points out, they also exhibit a rich variety of electronic and
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magnetic ground states – heavy fermion mediated su-
perconductivity, ferromagnetism, antiferromagnetism,
hybridization gaps (Kondo insulator behavior), non-
Fermi-liquid behavior and quantum critical points,
quadrupolar ordering, and field-induced heavy fermion
states. The Ce-based phases exhibit: heavy fermion be-
havior – CeFe4Sb12; non-Fermi liquid behavior and
possibly a quantum critical point – CeRu4Sb12; and
narrow (hybridized) gap semiconducting behavior –
CeM4P12 (M = Fe, Ru, Os). However, the most exotic
lanthanide skutterudite is PrFe4P12 because it has both
quadrupole order and heavy fermion ground states,

which are extremely close in energy. At low temperatures,< 6 K, a magnetic field of 4 T
can drive PrFe4P12 between the two ground states leading to some unusual physical proper-
ties. Superconductivity is observed in most LaM4X12 phases, as well as two of the Pr skut-
terudites, while those containing Nd, Eu, Gd and Tb exhibit magnetic ordering. Interestingly
enough, EuFe4P12 has the highest ferromagnetic ordering temperature, 100 K, of theRM4X12

compounds.

212 Rare Earth-Antimony Systems
by Oksana Sologub, University of Wien, Austria,
Petro Salamakha, Institute of Nuclear Technology, Sacavem, Portugal

An extensive compilation of the structural and
physical properties of rare earth-antimony and
of some rare earth-uranium-antimony systems
is presented. The first part of the review col-
lects the phase diagrams of binaryR–M and
ternaryR–M–Sb,R–R′–Sb orR–U–Sb metal
antimonides, along with their crystallographic
data and the experimental synthetic methods
used to isolate the compounds. A few quater-
nary systems are also presented. The chapter
then focuses on the properties of ternary sys-
tems. Atomic coordinates are given for more

than forty types of crystal structures, and magnetic susceptibility and resistivity data are
tabulated. The chapter ends with a general discussion on the peculiarities of the rare earth-
antimony interaction. The binary systems have been systematically studied and usually yield
stoichiometric compounds,R5Sb3, R4Sb3, RSb, andRSb2. Ternary systems are less well
known, so that general trends are more difficult to determine, but several families of ternary
antimonides crystallize with structures derived from those of binary types.
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213 Thermodynamic Properties of the Lanthanide (III) Halides
by Rudy I. M. Konings and A. Kovács, Institute of Transuranium Elements, Karlsruhe,
Germany

The trivalent lanthanide halides have had and
still have an important technological rele-
vance. In the 1950s and 1960s, fluorides were
studied within the frame of the molten salt
nuclear reactor project and a pyrochemical
process was developed for the reprocessing
of metal fuel. Nowadays, these technologies
find a renewed interest within the frame of

actinide-lanthanide separation for nuclear waste management. Moreover, chlorides, bromides
and iodides are finding application in lighting industry to improve the performances of high-
pressure discharge lamps. The authors describe the thermodynamic properties of lanthanide
halides in a thorough review, which emphasizes the major trends in the data. Polymorphism,
low- and high-temperature heat capacity and the enthalpy of formation of the solid state tri-
halides are presented first while the last sections of the review deal with heat capacity of the
liquids and the heat capacity and enthalpy of formation of the gaseous trihalides.

214 Rare Earth-Manganese Perovskites
by John B. Goodenough, University of Texas at Austin, USA

Rare earth ions influence the physical prop-
erties of rare earth-manganese perovskites
R1−xAxMnO3 (whereA is an alkaline earth cation)
through a geometric factor, which determines the
bending of the Mn–O–Mn angle in order to achieve
a match between the Mn–O and A–O equilibrium
bond lengths. The author describes how this influ-
ence, along with other subtle electronic effects due
to the Jahn-Teller distortion and to interactions with
σ -bonding electrons, may be used to design mate-
rials with unusual physical properties (e.g., magne-
tization, resistivity, thermal conductivity) that may
prove technologically useful. The chapter starts with

essential concepts related to structural aspects (the so-called tolerance factor) and electronic
considerations, such as ligand-field effects, interatomic interactions and localized-itinerant
electronic transitions. For instance, constraining the itinerant electrons to two-dimensional
planes or one-dimensional chains, restricts ferromagnetic double-exchange coupling to the
metallic planes or chains. Following this introductory part, both single- and double-valent
perovskites are comprehensively reviewed taking these concepts into consideration.
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215 Paramagnetic NMR Lanthanide Induced Shift for Extracting Solution Structure
by Claude Piguet, University of Geneva, Switzerland,
Carlos F.G.C. Geraldes, University of Coimbra, Portugal
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The authors summarize the latest advances in one
fascinating technique enabling chemists to un-
ravel the solution structures of coordination and
supramolecular compounds, nuclear magnetic
resonance of paramagnetic species. While para-
magnetism is often considered as being a handi-
cap to interpret NMR spectra, detailed structural
and electronic information can be extracted from
the separation of the contact and pseudo-contact
contributions to the paramagnetic NMR shifts in-
duced by the presence of a lanthanide ion. In a

precedent chapter of the Handbook (ch. 153, vol. 23), John Forsberg has reported on the use
of a one-nucleus method for determining the structure of axial compounds. Here, the au-
thors outline the general theory and then focus on the limitations of Bleaney’s approach for
modeling paramagnetic anisotropies and on the description of the new two- and three-nuclei
methods, which are independent of changes in crystal field parameters and hyperfine coupling
constants. A comprehensive survey of the application of these methods to coordination and
supramolecular compounds with three- and fourfold symmetry is presented.

216 Lanthanide and Actinide Solution Chemistry Studied by Time-Resolved Emission
Spectroscopy
by Isabelle Billard, Institut de Recherches Subatomiques, Strasbourg, France

Time-resolved emission spectroscopy is gain-
ing importance in the study of various chemical
aspects of luminescent lanthanide and actinide
ions in solution. Here, the author describes
the theoretical background of this analytical
technique and discusses potential applications.
Changes in the solution composition and/or in
the metal-ion inner coordination sphere induce
modifications of the spectroscopic properties
of the luminescent species. Both time-resolved
spectra and luminescence decays convey useful
information. Several models, which are com-
monly used to extract physico-chemical infor-

mation from the spectroscopic data, are presented and critically compared. Applications of
time-resolved emission spectroscopy are numerous and range from the characterization of the
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metal ion solvation sphere, to the evaluation of reaction rate constants and equilibrium con-
stants, and to the quantitative determination of ultra trace amounts of lanthanide and actinide
ions in solution, an aspect of importance in environmental chemistry. Potential uses of the
technique to study micellar systems and ionic liquids are outlined.

217 Optical Studies on Non-Metallic Rare Earth Compounds under Pressure
by Thomas Tröster, University of Paderborn, Germany

In a captivating review, the author surveys
the optical properties of non-metallic com-
pounds under pressure. The relationship be-
tween the optical properties of compounds
and their microscopic structure has always
triggered a lot of interest and has been
regarded as a fundamental problem. Rare
earth ions with partially filled 4f shells pro-
vide a detailed fingerprint of the surrounding
arrangement of atoms and their interaction
with f-electrons. Minute effects can be evi-
denced by measuring the spectra in various

hosts lattices. However, the presence of impurities somewhat limits the usefulness of the em-
pirical data. In contrast, applying high-pressure to a system usually induces continuous varia-
tions in parameters, such as interatomic distances, influencing the optical properties. That is,
the experimentalists can alter the energy difference between two states, almost at will, hence-
forth gathering information on their mutual influence. High pressure techniques are described
and experimental data on energy levels, crystal field splittings, intensities and lifetimes of f-f
transitions, as well as on electron–phonon interactions, are surveyed.
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List of symbols

Beq isotropic ADP

C heat capacity

CRLM heat capacity from resonant level model

Cph heat capacity from phonons

eg doubly degenerate 3d orbitals

H magnetic field

kB Boltzmann constant

k wavevector

me free electron mass

m∗ effective electron mass

n-type electron doped semiconductor

P pressure

p-type hole doped semiconductor

RW Wilson–Sommerfeld ratio

S Seebeck coefficient

T temperature

T magnetic field in Tesla

TAF antiferromagnetic ordering temperature

Tc superconducting transition temperature

Tco cold temperature of thermoelectric device

Td displacive ordering transition

TFM ferromagnetic ordering temperature

t2g triply degenerate 3d orbitals

Th hot temperature of thermoelectric device

TK Kondo temperature

T ∗ characteristic temperature

T0 characteristic temperature

µB Bohr magneton

µeff effective magnetic moment

Z thermoelectric figure of merit

1
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ZT dimensionless thermoelectric figure of merit

γ electronic coefficient of heat capacity

Γ (1+ ZT)1/2

Γ1 crystal field singlet

Γ3 non-Kramers doublet (crystal field state)

Γ4 crystal field triplet

Γ5 crystal field triplet

∆ hybridization gap

∆C jump in heat capacity at Tc

κ total thermal conductivity of solid

κe thermal conductivity of electrons or holes

κL thermal conductivity of lattice

κmin minimum lattice thermal conductivity

ρ electrical resistivity

ΘD Debye temperature

χ magnetic susceptibility

χ0 magnetic susceptibility at T = 0

List of acronyms

ADP atomic displacement parameters

AFM antiferromagnetic metal

BCS theory of superconductivity

CEF crystalline electric field

dHvA de Hass–van Alphen

DOS density of states

FIHFM field-induced heavy-fermion metal

FMM ferromagnetic metal

HFS heavy-fermion state

HFM heavy-fermion metal

HGS hybridization gap semiconductor

HFSC heavy-fermion superconductor

LDA local density approximation

M metal

M-I metal to insulator transition

NFL non-Fermi liquid

ODS ordered state

QCP quantum critical point

QO quadrupolar order

RRR residual resistance ratio

SC superconductor

XANES X-ray absorption near edge spectroscopy

1. Introduction

Skutterudite is the name of a CoAs3-based mineral that was first extensively mined as a source
of cobalt and nickel in the region of Skutterud Norway. Compounds with the same cubic
crystal structure have since been known as “skutterudites”. Oftedal first extensively studied
the skutterudite crystal structure in 1928 (Oftedal, 1928). An example of a well-formed natural
skutterudite mineral is shown in fig. 1.

The skutterudite structure has two voids in each unit cell that are large enough to accom-
modate a variety of atoms including most of the light lanthanides (La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb) and Yb. The first “filled skutterudites” were synthesized by Prof. Jeitschko and
collaborators in the late 1970s (Jeitschko and Braun, 1977; Braun and Jeitschko, 1980a,
1980b, 1980c). The chemical composition of the lanthanide filled skutterudites is given
by RM4X12, where R are the lanthanides noted above, M = Fe, Ru, Os and X = P, As,
Sb. For each lanthanide element there is a maximum of nine distinct compounds with
the skutterudite structure. In 1996 it was found that some of the lanthanide skutteru-
dites had excellent thermoelectric properties above room temperature (Sales et al., 1996;
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Fig. 1. Photograph of a natural skutteru-
dite mineral. This extremely well crystal-
lized specimen is from the Sandroste Mine
near Bou Azzer, Morocco. (Image down-
loaded from Carnegie–Mellon Mineral Col-
lection Images, Alan Guisewite’s collection.)

Fleurial et al., 1996) and this greatly increased the interest in these materials for thermoelec-
tric applications. In addition to the stoichiometric filled skutterudite compounds of the form
RM4X12, a large number of related alloys were also investigated as possible thermoelectric
materials. Most of the research on lanthanide skutterudites in the context of thermoelectric
applications has been reviewed recently by Uher (2001), Nolas et al. (1999), and Sales (1998)
and hence only a brief summary of the thermoelectric research will be presented at the end of
this article. This chapter will focus on what is known about the structural, electronic and mag-
netic properties of the stoichiometric lanthanide skutterudite compounds of the form RM4X12.
The low temperature properties will be of particular interest since these compounds exhibit
a rich variety of electronic and magnetic ground states that include heavy-fermion-mediated
superconductivity, ferromagnetism, antiferromagnetism, hybridization gaps (Kondo insulator
behavior), non-Fermi-liquid behavior and quantum critical points, quadrupolar ordering, and
field-induced heavy-fermion states.

2. Structure

The filled skutterudites crystallize in the cubic space group Im3 with two formula units
(RM4X12) per unit cell. There are three unique atomic positions in the normalized unit cell.
The rare earth position is (0,0,0), the transition metal position is (0.25,0.25,0.25), and the
pnicogen (P, As, Sb) position (0, y, z) is variable with y ≈ 0.35, z ≈ 0.16 (fig. 2). The posi-
tions of the remaining 31 atoms in the unit cell are determined by the symmetry operations
associated with the Im3 space group (fig. 3). As has been reviewed in detail by Uher (2001),
the exact values of y and z for the unique pnicogen position depend on the particular com-
pound, and reflect the fact the pnicogen rings (fig. 4) in the structure are not exactly square
and the MX6 octahedra are slightly distorted. If the pnicogen rings were exactly square and
the octahedra symmetric, the pnicogen position would reduce to (x = 0, y = 0.25, z= 0.25).
The similarities between the filled skutterudite structure and the more familiar perovskite
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Fig. 2. Positional parameters for the
pnicogen atoms of filled and unfilled
skutterudites (figure from Kaiser and
Jeitschko (1999)). The straight line
indicates the condition for square
pnicogen rings. In the figure T =
Co, Rh or Ir; A = light lanthanides
or Yb, Ca, Sr or Ba; R = light lan-
thanides.

Fig. 3. Model of the filled skutterudite structure. The
transition metal atoms (Fe, Ru, or Os – small light blue
spheres) are at the center of distorted octahedra formed
by the pnicogen atoms (P, As, Sb – green spheres). The
lanthanide atoms (red spheres) are located at the cen-
ter of a cage formed by 12 pnicogen atoms. The skut-
terudite structure results if the lanthanide atoms are re-
moved from the structure and the transition metals (Fe,
Ru or Os) are replaced by transition metals with one
more outer shell electron (Co, Rh or Ir).

(e.g., CaTiO3) and ReO3 structures have been discussed by Jeitschko and Braun (1977). In
the ideal perovskite structure the eight octahedra are not tilted which results in eight voids
that are filled by Ca atoms. The tilting of the octahedra in the skutterudite structure re-
duces the volume of six of these voids which become the centers of rectangular pnicogen
(P4, As4 or Sb4) groups. The remaining two voids are greatly enlarged and can accommo-
date lanthanide atoms (fig. 4). Each lanthanide atom is located at the center of a distorted
icosahedron formed by 12 pnicogen atoms. The size of this icosahedral cage formed by the
pnicogen atoms increases as the pnicogen is changed from P to As to Sb. In many of the
antimonide compounds the atomic displacement parameters for the lanthanide atoms are un-
usually large, indicating substantial “rattling” of the R atoms about their equilibrium posi-
tions and poor bonding to the antimony atoms forming the cage (Braun and Jeitschko, 1980a;
Kaiser and Jeitschko, 1999). The filled skutterudite structure does not form with the smaller
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Fig. 4. Model of filled skutterudite structure that
emphasizes the pnicogen-pnicogen bonding that re-
sults in nearly square pnicogen rings. The transition
metal atoms (small white spheres) form a simple cu-
bic lattice as shown. The lines connecting the transi-
tion metal atoms have been added for clarity and do
not correspond to a chemical bond. The only chem-
ical bonds shown in this model are those that form
the pnicogen rings. The lanthanide atoms (large dark
spheres) occupy the two voids without a pnicogen
ring.

lanthanide elements (Dy–Tm) or Y or Sc because the pnicogen cage is too large for the nec-
essary lanthanide-pnicogen bonding.

3. Lanthanide skutterudites as Zintl compounds

The qualitative electronic structure of the filled skutterudites can be understood within the
framework of the Zintl concept (for a good discussion of Zintl’s ideas see Corbett (1985),
Muller (1993)). Zintl phases are characterized by the presence of covalently bonded anion
structures similar to those found in the pure element. In the skutterudites, the pnicogen rings
can be considered Zintl anions. The strongly electropositive cations (lanthanide elements and
to a lesser extent the transition metal atoms), simply provide the necessary charge to com-
plete the outer electron shell of the pnicogen anions. The Zintl concept can be applied to
a huge number of compounds containing elements from the IVB, VB and VIB columns of
the periodic table. Zintl compounds tend to be small gap semiconductors or bad metals. For
the unfilled skutterudites, such as CoSb3, each Sb atom is bonded to two Sb and two Co
atoms, and each Co atom is bonded to six Sb atoms (figs. 3 and 4). The outer shell of each
Sb atom is 5s2p3 and so to attain a closed shell (5s2p6) requires 3 electrons. The two cova-
lent Sb–Sb bonds provide two of the electrons. The third electron is donated by the two Co
atoms (a half an electron from each). This argument suggests that Co should have a formal
valence of +3. In an octahedral site, the crystal field will result in a splitting of the five Co
3d orbitals into a ground state triplet (t2g) and an excited state doublet (eg). (For an excep-
tionally clear discussion of why this occurs see Muller (1993).) The six d electrons of Co+3

can completely occupy the t2g orbital with no net magnetic moment, which is consistent with
the measured diamagnetism for CoSb3. This argument would also suggest that CoSb3 is a
semiconductor. Although the simple Zintl concept appears to work for CoSb3, it is important
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to realize that the Zintl picture is only a guideline and like many of the most useful guide-
lines they often work but sometimes they do not. In the case of CoSb3 it is not clear that the
Zintl picture should work well since there is not much difference in electronegativity between
Co (1.88) and Sb (2.05). Detailed electronic structure calculations (Singh and Pickett, 1994;
Sofo and Mahan, 1998) indicate that the electronic structure of CoSb3 is rather complicated
with a small gap of 0.05 eV at the Fermi energy due to a single band that crosses a much
larger pseudogap (0.8 eV) between the valence and conduction bands.

The electronic structure of the lanthanide filled skutterudites can also be analyzed using
the Zintl picture. The lanthanide filled skutterudites (e.g., LaFe4Sb12) form with the transition
metals Fe, Ru or Os. These elements have one less outer electron relative to the elements in the
next column of the periodic table (Co, Rh, or Ir). If the lanthanide elements contribute three
electrons toward satisfying the bonding requirements of the pnicogen atoms, the total electron
count is satisfied if each transition metal contributes on average 2.25 electrons. Although in
terms of electron count an average valence of 2.25 should result in a semiconductor (within
the Zintl picture), an average valence of 2.25 at each transition metal site would also imply a
partially filled d band near the Fermi level. Since each transition metal is at a crystallograph-
ically equivalent site there is no reason to assume a spatial distribution of different transition
metal valence states. This simple argument would suggest that the all of the lanthanide filled
skutterudites should be poor metals. If the transition metal has an integer valence of +2, then
a better metal should result with holes as the dominant carriers. For most of the lanthanide
skutterudites the Zintl picture seems to be qualitatively correct at least as a starting point for
understanding the electronic properties of these compounds. These simple ideas are useful
but should only be regarded as guidelines and not a substitute for a modern electronic struc-
ture calculation. For example, density functional calculations of the electronic structure of
CeFe4Sb12, and CeFe4P12 indicate that both compounds are small band gap semiconductors
(Nordstrom and Singh, 1996). The gap is due to strong hybridization between the Ce 4f level
and Fe 3d and pnicogen states near the Fermi energy.

4. Synthesis and crystal growth

The skutterudites do not melt congruently and involve pnicogens (P, As, Sb) that generally
have high vapor pressures at the formation temperatures of the compounds. The high melt-
ing temperatures of Fe, Ru and Os coupled with the reactivity of the lanthanide metals with
convenient crucible materials (e.g., SiO2) makes the synthesis of many of these compounds
difficult. As a result, variations in the reported properties of a particular lanthanide skutterudite
compound can often be traced to differences in sample composition and quality.

Small single crystals of most of the lanthanide phosphides can be grown in a molten tin flux
(Jeitschko and Braun, 1977; Meisner, 1981; Meisner et al., 1985; Delong and Meisner, 1985;
Torikachvili et al., 1987; Watcharapasorn et al., 1999; Sato et al., 2000a, 2000b). For example,
LaFe4P12 crystals were grown using La filings, Fe powder, red phosphorus and Sn in the
atomic ratio 1 :4 :20 :50. The mixture was sealed in an evacuated silica tube, annealed for one
week at 1050 K, and slow cooled (2 K/h) to about 773 K, followed by rapid cooling to room



FILLED SKUTTERUDITES 7

temperature. A 1 :1 mixture of HCl and water was then used to dissolve the Sn flux (Jeitschko
and Braun, 1977). Single crystals with typical dimensions from 0.1 to 2 mm can be grown
by this method. Although this recipe clearly works and has been used by several authors,
it may not be the optimum procedure for growing the largest phosphide crystals based on
the known binary phase diagrams. A larger concentration of Sn and a carbonized silica tube
along with larger pieces of lanthanide metals and cooling to lower temperatures might result in
larger phosphide crystals. Polycrystalline skutterudite phosphides have also been synthesized
directly from the elements using a high pressure (4 GPa) and high temperature (800–1200 ◦C)
wedge-type cubic-anvil apparatus (Shirotani et al., 1996, 1997; Sekine et al., 1997; Uchiumi
et al., 1999). This technique avoids contamination from residual Sn flux.

Lanthanide arsenides with the filled skutterudite structure were prepared by Braun and
Jeitschko (1980b). Lanthanide arsenides, RAs, were first prepared by reacting lanthanide fil-
ings with As in a silica tube at 900 K for two days. The RAs material was then ground together
with the transition metal and excess As (R :T :As = 1 :4 :20) and sealed again in evacuated
silica tubes, rapidly heated to 1150 K and kept at temperature for 3 h. The samples were
then annealed at 1000 K for 4–7 days. The excess As was removed through sublimation. In
spite of this elaborate synthesis procedure, the overall products were only 70–90% single
phase. However, small single crystals of the skutterudite phase suitable for X-ray structure
refinement could often be isolated from the reaction product. A dense single phase sample of
CeFe4As12 was prepared by a similar procedure followed by the densification of the powder
with a hot-press (Watcharapasorn et al., 2002). Single phase arsenides with a variety of com-
positions have also been prepared via direct high-pressure high-temperature synthesis from
the elements (Shirotani et al., 1997).

Synthesis of the lanthanide antimonides with the filled skutterudite structure have been
investigated in much more detail than either the arsenides or phosphides because of the ex-
cellent thermoelectric properties of these materials at elevated temperatures. These materials
were first synthesized by Braun and Jeitschko (1980a) using a procedure similar to that de-
scribed above for the synthesis of the arsenides. The phase purity of the antimonides prepared
in this manner was only about 80%. A better synthesis procedure was reported by Sales et
al. (1996, 1997). A thin layer of carbon was deposited on the inside of a round-bottomed
silica tube by the pyrolysis of acetone. Stoichiometric amounts of high purity lanthanide
metal pieces (99.99% electropolished bar from Ames laboratory), Fe rod (99.9985% from
Alfa Chemical Company), and Sb shot (99.999% from Alfa) were loaded into the precar-
bonized tube. The tube was sealed under vacuum at a pressure of 10−3 Pa and transferred
into a programmable furnace. The silica ampoule was heated to 600 ◦C at 2 ◦C/min, left at
600 ◦C for 3 h, and then slowly (0.5 ◦C/min) heated to 1050 ◦C and left for about 20–40 h.
It is important to slowly heat the tube because of the highly exothermic reaction between the
lanthanide elements (particularly Ce) and antimony. The silica ampoule containing the ho-
mogeneous molten liquid was removed from the furnace at temperature and quenched into
a water bath. The same ampoule (containing the prereacted elements) was then placed in
a furnace and annealed at 700 ◦C for 30 h to form the correct crystallographic phase. The
completely reacted solid was removed from the silica tube and cleaned with a wire brush
to remove small amounts of carbon from the surface. To form a completely dense polycrys-
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talline solid, the reacted material was ball milled into a fine powder in an argon atmosphere,
loaded into a graphite die, and hot-pressed (5000 psi) in a helium atmosphere at 700 ◦C
for 40 min. This procedure results in single phase and dense polycrystalline samples suit-
able for further investigation (transport, magnetic, optical, etc.). Single crystals of the an-
timonides can also be grown using excess antimony as a flux (Chakoumakos et al., 1999;
Takeda and Ishikawa, 2000b; E.D. Bauer et al., 2001a, 2001b). High purity elements in
the ratio R :T :Sb = 1 :4 :20 are loaded into an evacuated carbon coated quartz tube. The
tubes are heated to 900 ◦C for 24 h and then cooled slowly (1–3 ◦C/h) to 600 ◦C, followed
by a quench to room temperature. The excess Sb flux can be removed by etching in acid
(HCl :HNO3 = 1 :1). Small quantities of new compounds with the skutterudite structure can
also be synthesized using a clever non-equilibrium thin film method pioneered by D.C. John-
son and collaborators at the University of Oregon (Hornbostel et al., 1997a, 1997b). The new
compounds are formed by the low-temperature interdiffusion of multilayer elemental reac-
tants.

5. La filled skutterudites

LaFe4P12 is a metal that becomes superconducting for temperatures below 4.1 K (Meis-
ner, 1981). The residual resistance ratio (RRR) for these crystals is large RRR = 90–1500
indicating good crystallographic perfection (Torikachvili et al., 1987; Sato et al., 2000a,
2000b; Sugawara et al., 2000). The resistivity at room temperature is about 250 µ� cm
(Sugawara et al., 2000) in fair agreement with optical conductivity data which yields a
value of 85 µ� cm (Dordevic et al., 1999). Superconductivity is rare in compounds that
contain such high concentrations of iron. Mössbauer measurements found that each iron
atom in LaFe4P12 carried a magnetic moment less than 0.01µB (Shenoy et al., 1982;
Grandjean et al., 1984). The magnetic susceptibility data is weakly temperature dependent
and saturates below 50 K at a value of 8 × 10−4 cm3/mol (emu/mol) (Meisner, 1981;
Grandjean et al., 1984). If the iron moments are in a low spin configuration similar to Fe+2,
from the Zintl picture discussed in sect. 3, the compound should be a hole doped metal. Hall
measurements (Sato et al., 2000b) and band structure calculations (Harima, 1998, 2000) both
indicate hole like conduction. Band structure predicts two hole-like Fermi sheets, a nearly
spherical sheet composed mainly of Fe 3d states and a multiply connected sheet of mainly
P–p character (fig. 5). The band structure calculations are in good agreement with the two
masses extracted from dHvA measurements on LaFe4P12 crystals (Sugawara et al., 2000).
The predicted electronic specific heat coefficient, γ , from the band structure calculations, was
32 mJ/mol K2 in fair agreement with the experimental value of 57 mJ/mol K2 (Torikachvili et
al., 1987). The relatively high density of electronic states and the absence of magnetism sug-
gests that LaFe4P12 is a relatively normal BCS superconductor. The jump in the heat capacity
at Tc = 4.1 K is about 87% of the value expected from BCS theory.

LaRu4P12 is a metal that superconducts below 7.2 K (Meisner, 1981; Delong and Meisner,
1985; Uchiumi et al., 1999). The room temperature resistivity of a polycrystalline sample was
600 µ� cm decreasing to about 20 µ� cm at 8 K (Shirotani et al., 1996). Analysis of the low
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(a) (b)

Fig. 5. The Fermi surface of LaFe4P12 consists of two hole-like Fermi sheets. The first sheet (a) is nearly spherical
with mainly Fe 3d character while the second sheet (b) is multiply connected with mainly P–p character. Both surfaces
are centered at the Γ point. Various high-symmetry directions are noted in (a) (Harima, 1998; Sugawara et al., 2000).

temperature heat capacity data yields γ = 26 mJ/mol K2 and a Debye temperature, ΘD =
446 K. The magnetic susceptibility is essentially temperature independent from 7–300 K,
consistent with Pauli paramagnetism (Uchiumi et al., 1999).

LaOs4P12 is a metal with a room temperature resistivity of about 400 µ� cm, which de-
creases to 50 µ� cm at 2 K followed by superconductivity at 1.8 K (Shirotani et al., 1996;
Meisner, 1981). There is a weak decrease of Tc with increasing pressure (Delong and Meis-
ner, 1985).

LaFe4As12 is a metal that shows a monotonic decrease in resistivity down to 2 K with no
evidence of superconductivity (Shirotani et al., 2000).

LaRu4As12 is a poor metal with the highest superconducting transition temperature (10.3 K)
of all of the filled skutterudites. Polycrystalline samples can be prepared using high pressure
and high temperature (Shirotani et al., 1996, 1997, 2000; Uchiumi et al., 1999). The resistivity
at room temperature is 13 m� cm decreasing to 3 m� cm at 12 K. The temperature depen-
dence of the resistivity exhibits a large positive curvature that suggests substantial structure in
the electronic density of state near the Fermi energy. Low temperature heat capacity measure-
ments yield γ = 73 mJ/mol K2, and ΘD = 233 K. The normalized jump in the heat capacity
at Tc is 1.75 which is slightly larger than the BCS value of 1.43. With increasing pressure Tc
decreases at the rate dTc/dP =−0.4 K/GPa (fig. 6).

LaOs4As12 is metallic exhibiting superconductivity below 3.2 K (Shirotani et al., 2000).
The resistivity (polycrystalline sample) at room temperature is 0.8 m� cm decreasing to
0.1 m� cm at 4 K.

LaFe4Sb12 is a poor metal or heavily doped semiconductor with good thermoelectric prop-
erties above room temperature (700–1000 K) (Sales et al., 1996, 1997). Only polycrystalline
samples have been investigated. The room temperature resistivity is about 0.5 m� cm de-
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Fig. 6. Electrical resistivity of LaRu4As12 vs. temper-
ature and pressure (Shirotani et al., 2000).

Fig. 7. Seebeck coefficient vs. temperature for LaFe4Sb12
and CeFe4Sb12 (Sales et al., 1997, unpublished).

creasing to 0.1 m� cm at 10 K. The typical carrier concentration estimated from room tem-
perature Hall data is 2 × 1021 holes/cm3. The Seebeck coefficient, S, at room temperature
is +75 µV/K which is typical for a heavily doped semiconductor (the value of S for a good
metal is usually less than 10 µV/K in magnitude). The electronic structure near the Fermi
energy has more that one type of band since the Seebeck coefficient changes sign near 100 K
(fig. 7). There has been no report of superconductivity in this material above 2 K. There is no
evidence of long range magnetic order. The magnetic susceptibility indicates some type of en-
hanced paramagnetism that is probably associated with nearly itinerant 3d electrons (Ravot et
al., 2001; Dannebrock et al., 1996; Sales, unpublished). Although the temperature dependence
of the susceptibility is similar for all three samples, the magnitude of the room temperature
susceptibility varies substantially from 0.0019 emu/mol (Ravot et al., 2001) to 0.004 (Dan-
nebrock et al., 1996) – note that all of the susceptibility data in Dannebrock’s fig. 2 appears
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to be mislabeled since the susceptibility values are too high by a factor of 10). At helium
temperatures the susceptibility saturates for all three samples near 0.02 emu/mol. Probably
the best interpretation of the susceptibility data was given by Ravot et al. (2001) who were
able to account for the nearly Curie–Weiss dependence of the susceptibility in terms of a
Stoner band picture. This interpretation is also consistent with the discussion in sect. 3, which
implies some type of band magnetism if the average iron valence is 2.25. However, the sig-
nificant variation of the susceptibility from sample to sample and the difficulty in ruling out
small amounts (< 3%) of a magnetic impurity phase suggests that the magnetism may not
be intrinsic to the skutterudite phase. Susceptibility measurements should be repeated using a
single crystal free of impurity phases.

Braun and Jeitschko (1980a) noted that the lanthanide site in the antimonides is too large
for La, the largest trivalent lanthanide element. The poor bonding of La to the surrounding
antimony atoms results in a large atomic displacement parameter (ADP) for La and cor-
responds to the La “rattling” about its equilibrium position. As a first approximation the
rattling La atom can be treated as a localized Einstein oscillator. Slack (1995) was first to
suggest that if the frequency of the Einstein oscillator is low enough, it could result in a
substantial reduction in the lattice thermal conductivity of the filled skutterudites by hybridiz-
ing with the acoustic phonons that carry the majority of the heat in most solids. This idea
has been experimentally verified by many authors (Morelli and Meisner, 1995; Sales et al.,
1996, 1997, 2000, 2001a, 2001b; Fleurial et al., 1996; Nolas et al., 1996a, 1996b, 1998;
Morelli et al., 1997; Meisner et al., 1998). A low lattice thermal conductivity, κL, is nec-
essary for a good thermoelectric material. The room temperature value of κL for dense poly-
crystalline LaFe4Sb12 is approximately 1.5 W/mK. An estimate of the Einstein frequency
for La in LaFe4Sb12 has been obtained from heat capacity, elastic constant, inelastic neu-
tron scattering (fig. 8), ADP data and theory (Sales et al., 1997, 1999; Keppens et al., 1998;
Feldman et al., 2000). All of the measurements indicate a characteristic Einstein temperature
of about 75 K for the La atoms.

Fig. 8. Difference in the inelastic neutron scat-
tering data between LaFe4Sb12 and CeFe4Sb12
vs. energy loss (Keppens et al., 1998).
CeFe4Sb12 was used as a reference compound
since the neutron scattering cross section of Ce
is much smaller than that of La. The difference
spectra therefore reflect the vibrational density
of states (DOS) associated with the La atoms.
The peak at 7 meV (78 K) corresponds to the
quasi-localized La mode. The second broader
peak at about 15 meV corresponds to the hy-
bridization of La and Sb vibrational modes.
Both peaks can be accounted for using lattice
dynamic models based on first-principles calcu-
lations (Feldman et al., 2000).
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LaRu4Sb12 is metallic and is superconducting below about 3.6 K (Uchiumi et al., 1999;
Takeda and Ishikawa, 2000b; E.D. Bauer et al., 2001a). Low temperature heat capacity data
yield γ = 37 mJ/mol K2 and ΘD = 253 K. The residual resistivity ratio (RRR) is about 69 for
the small crystals but no absolute values for the resistivity are reported (Takeda and Ishikawa,
2000b). Polycrystalline samples synthesized at high pressures have a resistivity of 0.7 m� cm
and a much smaller RRR of 7. The Tc of the polycrystalline material is also significantly lower
(2.8 K) (Uchiumi et al., 1999). The normalized jump in the heat capacity at Tc is 2.22, which
suggests that LaRu4Sb12 is a superconductor with moderate coupling (Takeda and Ishikawa,
2000b). The room temperature magnetic susceptibility of LaRu4Sb12 is diamagnetic with a
value of −1.93× 10−4 emu/mol.

LaOs4Sb12 is presumably a metal although only heat capacity data from small single crys-
tals have been published resulting in γ = 36 mJ/mol K2 and ΘD = 304 K. There is no evi-
dence for superconductivity above 0.5 K (E.D. Bauer et al., 2001b).

6. Ce filled skutterudites

CeFe4P12 is a small gap semiconductor with the gap likely arising from the hybridiza-
tion of the Ce 4f states with the Fe 3d and 5b–p states in the vicinity of the Fermi en-
ergy (Meisner et al., 1985; Nordstrom and Singh, 1996). The susceptibility of CeFe4P12
is small (2.6 × 10−4 emu/mol), and is roughly a factor of 2 less than its non-magnetic
analog LaFe4P12. The lattice constant of CeFe4P12 (7.792 Å) is significantly smaller than
would be expected for trivalent Ce based on the values for LaFe4P12 (7.8316 Å) and
PrFe4P12 (7.8149 Å). The susceptibility data and the lattice constant suggest the possibil-
ity of Ce+4. However, XANES (X-ray absorption near edge spectroscopy) measurements
(Xue et al., 1994) clearly indicate that the Ce is primarily trivalent, though with some ev-
idence of complex electronic behavior. The resistivity increases with decreasing tempera-
ture but the behavior is complicated and somewhat sample dependent (Meisner et al., 1985;
Sato et al., 2000b). Analysis of single crystal resistivity data above 250 K gives a transport gap
of about 0.12 eV (Sato et al., 2000b) which is close to the value of 0.15 eV measured from in-
frared reflectance spectroscopy (Dordevic et al., 1999). Both values are somewhat smaller than
the value of 0.34 eV calculated within the local-density approximation (LDA) (Nordstrom and
Singh, 1996). The temperature dependence of the Hall coefficient from 2–300 K appears to
be reproducible from crystal to crystal but is difficult to interpret (Sato et al., 2000b). The
Seebeck coefficient at room temperature is large for single crystals (≈ 0.5 mV/K) (Sato et
al., 2000b) but is about 10 times smaller in hot-pressed polycrystalline samples with small
amounts of impurity phases (Watcharapasorn et al., 1999). The room temperature thermal
conductivity of a polycrystalline sample is 14 W/m K, which is about ten times larger than
the typical values of good thermoelectric materials (Watcharapasorn et al., 1999).

CeRu4P12 is a narrow gap semiconductor with a gap of 0.075 eV estimated from elec-
trical transport measurements on polycrystalline samples (Shirotani et al., 1996). XANES
measurements indicate trivalent Ce with strong hybridization with ligand orbitals. The gap is
presumably formed from the hybridization of the Ce 4f states with the Ru d and P–p orbitals
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(Kanai et al., 2002). The room temperature thermal conductivity of a dense polycrystalline
sample is 8.6 W/m K (Watcharapasorn et al., 1999). The magnetic susceptibility is paramag-
netic but relatively small at room temperature (≈ 0.001 cm3/mol Ce) and increases to about
0.018 cm3/mol at 2 K (Shirotani et al., 1999). These values indicate a substantial reduction
in the magnetism of the Ce 4f shell due to hybridization.

CeOs4P12 is a narrow gap semiconductor with a gap of ≈ 0.036 eV (≈ 400 K) estimated
from resistivity data (Shirotani et al., 1999). The room temperature resistivity is ≈ 10−2 � cm
increasing to ≈ 104 � cm at 2 K. The magnetic susceptibility is similar to that of CeRu4P12

(Shirotani et al., 1999). The as-grown samples are p-type with a room temperature Hall mo-
bility of 73 cm2/V s for a carrier concentration of 5 × 1019 cm−3. The room temperature
values of the Seebeck coefficient and thermal conductivity are +147 µV/K and 10.5 W/m K,
respectively (Sekine et al., 2001).

CeFe4As12 is probably a narrow gap semiconductor, but little low temperature data are
available for this compound. The resistivity of a polycrystalline sample indicates a small
gap on the order of 0.01 eV (Grandjean et al., 1984). The high temperature thermoelectric
properties of this compound were investigated by Watcharapasorn et al. (2002). They found
semimetallic behavior with a room temperature resistivity of 0.49 m� cm, a Seebeck coeffi-
cient of 40 µV/K, and a thermal conductivity of 3.8 W/m K. The maximum value for ZT, the
thermoelectric figure of merit, was estimated to be 0.4 at 850 K.

CeRu4As12 – only crystallography data has been reported for this compound (see table 1).
CeFe4Sb12 is a moderately heavy fermion metal at low temperatures (Morelli and Meis-

ner, 1995; Gajewski et al., 1998; E.D. Bauer et al., 2000) and has excellent thermoelec-
tric properties at elevated temperatures (Sales et al., 1996, 1997; Fleurial et al., 1996).
LDA calculations predict a small gap (0.1 eV) that is not observed experimentally (Nord-
strom and Singh, 1996). The hybridization between the Ce 4f and the Fe 3d and Sb–p
states at the Fermi energy is apparently not large enough to create a gap. XANES mea-
surements (Grandjean et al., 2000) indicate a Ce valence of 3 ± 0.02, and iron Mössbauer
data show no indication of magnetic order (Long et al., 1999). All of the reported data are
from polycrystalline samples. Analysis of the low temperature heat capacity and magnetiza-
tion data are complicated by small amounts of impurity phases (Morelli and Meisner, 1995;
Chen et al., 1997; Gajewski et al., 1998). Analysis of the low temperature heat capacity
data yields γ = 180 mJ/mol K2 and ΘD ≈ 250 K (Gajewski et al., 1998). The resistivity
of CeFe4Sb12 has an unusual “S” shape that is characteristic of many concentrated Kondo
compounds (fig. 9b). The rapid decrease in resistivity at about 100 K is caused by the coher-
ent scattering of electrons from the lanthanide sublattice. The interpretation of the magnetic
data is complicated by an enhanced Pauli contribution from the Fe (Ravot et al., 2001), a rel-
atively high Kondo temperature, TK, of about 100 K (Gajewski et al., 1998) and the crystal
field splitting of the Ce 4f level in a cubic crystal field. In spite of these complications, it is
clear that the value of the Wilson–Sommerfeld ratio Rw = (χ0/γ )(π

2k2
B/µ

2
eff) is of the order

unity as expected for heavy fermion systems (Wilson, 1975). In the expression for Rw, χ0 is
the extrapolated Pauli susceptibility at T = 0 (0.008 emu/mol Ce), and µeff is the magnetic
moment per Ce ion (2.54µB).
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Table 1
Crystallography data and ground state properties of filled skutteruditesa

Compound Lattice constant Density (g/cm3) Ground state/transition Ref.
(Å) (X-ray density) temperature (K)

LaFe4P12 7.8316 5.08 S, Tc = 4.1 1
LaRu4P12 8.0561 5.81 S, Tc = 7.2 1
LaOs4P12 8.0844 7.99 S, Tc = 1.8 1
LaFe4As12 8.3252 7.26 M 3
LaRu4As12 8.5081 7.77 S, Tc = 10.3 3
LaOs4As12 8.5437 9.57 S, Tc = 3.2 3
LaFe4Sb12 9.1395 7.93 M 2
LaRu4Sb12 9.2700 8.35 S, Tc = 2.8 2
LaOs4Sb12 9.3029 9.74 M 2

CeFe4P12 7.7920 5.16 HGS 1
CeRu4P12 8.0376 5.86 HGS 1
CeOs4P12 8.0626 8.06 HGS 1
CeFe4As12 8.2959 7.34 – 3
CeRu4As12 8.4908 7.83 – 3
CeOs4As12 8.5249 9.64 – 3
CeFe4Sb12 9.1350 7.95 HFM 2
CeRu4Sb12 9.2657 8.37 NFL, QCP 2
CeOs4Sb12 9.3011 9.75 HGS 2

PrFe4P12 7.8149 5.12 QO, TQO = 6.5, FIHFM 1
PrRu4P12 8.0420 5.86 M-I, TM-I = 60, TAF ≈ 0.3 1
PrOs4P12 8.0710 8.04 M 1
PrFe4As12 8.3125 7.30 – 3
PrRu4As12 8.4963 7.82 S, Tc = 2.4 3
PrOs4As12 8.5311 9.62 – 3
PrFe4Sb12 9.1351 7.95 FMM, TFM = 5 2
PrRu4Sb12 9.2648 8.38 2
PrOs4Sb12 9.2994 9.76 HFSC, Tsc = 1.8 2

NdFe4P12 7.8079 5.16 FMM, TFM = 5 1
NdRu4P12 8.0364 5.89 FMM, TFM = 1.5 1
NdOs4P12 8.0638 8.09 – 1
NdFe4As12 8.309 7.39 – 9
NdRu4As12 – –
NdOs4As12 8.5291 9.65 – 3
NdFe4Sb12 9.130 8.04 – 5
NdRu4Sb12 9.2642 8.39 AFM?, TAF = 1.3 2
NdOs4Sb12 9.2989 9.77 Td = 187 2

SmFe4P12 7.8029 5.21 M 1
SmRu4P12 8.0397 5.96 M-I & TAF = 16 11
SmFe4Sb12 9.130 8.06 FMM, TFM = 45 5
SmRu4Sb12 9.259 8.49 – 5
SmOs4Sb12 9.3009 9.79 – 2

EuFe4P12 7.8055 5.22 FMM, TFM = 100 1
EuRu4P12 8.0406 5.93 FMM, TFM = 18 1

continued on next page
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Table 1, continued

Compound Lattice constant Density (g/cm3) Ground state/transition Ref.
(Å) (X-ray density) temperature (K)

EuFe4Sb12 9.165 7.98 FMM, TFM = 84 5
EuRu4Sb12 9.2824 8.42 FMM, TFM = 3.3 2
EuOs4Sb12 9.3187 9.74 – 2

GdFe4P12 7.795 5.31 FMM, TFM = 22 9
GdRu4P12 8.0375 6.01 AFM?, TAF = 21 11

TbRu4P12 8.0338 6.03 AFM?, TAF = 20, 10 11

YbFe4Sb12 9.1580 8.09 HFM, Mixed Valence 7
YbOs4Sb12 9.316 9.91 6

ThFe4P12 7.7999 5.83 4
ThRu4P12 8.0461 6.47 4
ThOs4As12 8.5183 10.24 4

UFe4P12 7.7709 5.94 5
CaFe4Sb12 9.162 7.5 5

SrFe4Sb12 9.1782 7.67 10
SrRu4Sb12 9.2891 8.15 5
SrOs4Sb12 9.322 9.52 10

BaFe4Sb12 9.200 7.82 8
BaRu4Sb12 9.315 8.29 5
BaOs4Sb12 9.3401 9.68 10

aSymbols:

S, superconductor;
HGS, hybridization gap semiconductor;
HFM, heavy fermion metal;
M, metallic;
NFL, non-Fermi liquid;
QCP, quantum critical point;
QO, quadrupolar order;

FIHFM, field-induced heavy-fermion metal;

FMM, ferromagnetic metal;

AFM, antiferromagnetic metal;

M-I, metal to insulator transition;

AFM?, unusual magnetic phase transition;

Td, displacive transition.
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CeRu4Sb12 is an unusual metal that exhibits non-Fermi liquid (NFL) behavior in the low
temperature specific heat, resistivity, and magnetic susceptibility measurements on single
crystals (Takeda and Ishikawa, 2000a, 2000b, 2001; E.D. Bauer et al., 2001a). CeRu4Sb12
may be near a ferromagnetic quantum critical point. The low temperature (T < 4 K) specific
heat (fig. 10) and magnetic susceptibility of CeRu4Sb12 are well described by a logarith-
mic divergence or a power law in temperature. The characteristic temperature, T ∗, that is
associated with the maximum in the magnetic susceptibility and with the rapid drop in the
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Fig. 9. (a) Scaled resistivity ρ(T )/ρ (300 K) vs.
T /T0 for YbFe4Sb12, where T0 is the scaling tem-
perature. Inset shows the pressure dependence of T0.
(b) Scaled resistivity of CeFe4Sb12 vs. T /T0. Inset
shows pressure dependence of T0. The room tem-
perature resistivity of both compounds was about
0.8 m� cm at ambient pressure (E.D. Bauer et al.,
2000).

Fig. 10. Electronic contribution to the heat capacity
divided by temperature vs. log10 T for a series of La
doped alloys of CeRu4Sb12. The data has been cor-
rected for a phonon contribution, using heat capac-
ity data from LaRu4Sb12, and a nuclear quadrupo-
lar contribution from 121Sb and 123Sb (Takeda and
Ishikawa, 2001).
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resistivity is about 75 K. The low temperature carrier mass, m∗, estimated from heat capacity
and optical studies, is about 85 times the free electron mass (Dordevic et al., 2001). Optical
measurements are able to directly measure the pseudo-gap, ∆, created by the hybridization
between the Ce 4f states and the extended conduction band states. The mass enhancement
scales as m∗/me = (∆/T ∗)2 as predicted by theory (Millis et al., 1987). The low temperature
resistivity data for CeRu4Sb12 reported by Takeda and Ishikawa (2000a, 2000b, 2001) follows
a power law in temperature (ραT n) with n= 1.65. A magnetic field greater than 2 T appears
to restore Fermi liquid behavior (n= 2) for temperatures less than 1 K, as did the substitution
of a small amount of La for Ce. The La-doping studies suggest that the parent compound,
CeRu4Sb12, is near a ferromagnetic quantum critical point.

In contrast, E.D. Bauer et al. (2001a) found that the electrical resistivity is sample dependent
with some specimens exhibiting NFL behavior below 5 K. For these samples the application
of magnetic fields up to H = 8 T does not significantly change the non-Fermi liquid ground
state. The low temperature transport properties of CeRu4Sb12 crystals are clearly sensitive to
small changes in composition or small concentrations of impurities in the starting materials.

CeOs4Sb12 is a narrow gap semiconductor with the gap caused by the hybridization of
the Ce 4f level with states near the Fermi energy. Transport data on small single crystals
shows a weakly activated behavior corresponding to a gap of about 10 K (E.D. Bauer et al.,
2001b). Heat capacity data give γ ≈ 92 mJ/mol K2 and ΘD = 304 K. No magnetic order was
found above 0.5 K. The temperature dependence of the magnetic susceptibility data suggests
a relatively large crystalline electric field splitting (327 K) of the Ce 4f level.

7. Pr filled skutterudites

PrFe4P12 is quite an unusual compound that exhibits weak semiconducting behavior from
20–300 K followed by an even stranger phase transition near 5 K (fig. 11) (Sato et al., 2000a,
2000b; Aoki et al., 2002). Originally it was thought that the low temperature phase transi-
tion corresponded to the onset of antiferromagnetic ordering of the Pr magnetic moments
(Torikachvili et al., 1987). More recent work indicates that the phase transition probably cor-
responds to the ordering of the Pr quadrupole moments since for temperatures below the
transition each Pr ion has a low magnetic moment implying a non-magnetic ground state
(< 0.03µB/Pr) (Aoki et al., 2002). No magnetic ordering is evident in neutron scattering
measurements (Keller et al., 2001). The Hall coefficient changes by more than two orders of
magnitude below 5 K but becomes temperature independent below 2 K. The Hall data sug-
gests a gap structure similar to that seen in the resistivity (fig. 11) and heat capacity data. The
Seebeck coefficient is extremely large below 5 K reaching a maximum value of−130 µV/K at
4 K, which reflects an unusually sharp feature in the electronic density of states. The applica-
tion of a magnetic field induces a transition to a heavy-fermion state (HFS) with a well-defined
phase boundary as a function of magnetic field and temperature (figs. 12, 13). A metamagnetic
phase transition (fig. 14) is also associated with the phase boundary (Torikachvili et al., 1987;
Matsuda et al., 2000; Aoki et al., 2002). It is suggested that the quadrupolar degrees of free-
dom are essential for the formation of the heavy-fermion state in this material. The crystalline
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Fig. 11. Electrical resistivity vs. log10 T for PrFe4P12.
Below 3 K the resistivity is accurately described by
ρ(T ) = 20 + 273T 2 exp(−6.8/T ), corresponding to
the temperature dependence of scattering with a gap
structure (Sato et al., 2000a).

Fig. 12. Total heat capacity of a single crystal of
PrFe4P12 vs. temperature in various applied magnetic
fields: (a) low fields and (b) high fields. The dashed
lines in (b) correspond to the best fit of the heavy
fermion state to the resonant level model (CRLM).
Cph is the estimate of the phonon contribution to the
heat capacity (Aoki et al., 2002).

electric field level schemes estimated from the anisotropy in the magnetization are consistent
with this conjecture. The de Haas–van Alphen (dHvA) effect has been used to study the elec-
tronic structure of PrFe4P12. An enormously enhanced cyclotron effective mass of 81 me was
found in the HFS phase. In the low field ordered phase a dHvA branch with a mass of 10 me
was also observed (Sugawara et al., 2001).
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Fig. 13. Magnetic field vs. temperature phase diagram of sin-
gle crystal PrFe4P12 with the magnetic fields applied along the
(100) direction. The labels ODS and HFS refer to ordered state
and heavy fermion state, respectively. The ordered state is prob-
ably due to quadrupolar ordering of the Pr 4f ground state. The
solid and broken lines represent second-order and first-order phase
boundaries, respectively (Aoki et al., 2002).

Fig. 14. Magnetization vs. field at 2.5, 4.2 and 7 K with the
magnetic field applied along the main symmetry directions of
PrFe4P12. The observed magnetic anisotropy is a feature of
the non-ordered state (Aoki et al., 2002).

PrRu4P12 exhibits an unusual metal–insulator transition (M-I) at about 60 K (fig. 15)
(Sekine et al., 1997). There is no magnetic anomaly associated with this transition and orig-
inally it was thought there is no structural change associated with the M-I. A small struc-
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Fig. 15. Normalized resistivity of PrRu4P12
vs. temperature at pressures from 1 atm to
1.6 GPa (Sekine et al., 1997).

tural transition was subsequently detected using electron diffraction in which the space group
changes from Im3 (the skutterudite space group) to probably Pm3 (Lee et al., 2001). XANES
measurements give a Pr valence of +3 for temperatures between 20 and 300 K, suggesting
that there is no valence transition associated with the M-I (Lee et al., 1999). The opening of
a gap at the Fermi energy (Nanba et al., 1999) is either due to a small displacement of the
P atoms in the structure or perhaps charge ordering on the phosphorus (Lee et al., 2001). For
temperatures near 60 K, Raman measurements on PrRu4P12 indicate the softening of a mode
at 380 cm−1 that is associated with P vibrations (Sekine et al., 1999). There is a small jump
in the thermal expansion coefficient at 63 K (≈ 5 × 10−7 K−1) that shows no evidence of
thermal hysteresis, indicating a second order phase transition. The thermal expansion anom-
aly is unaffected in magnetic fields up to at least 7 T (Matsuhira et al., 2000). The magnetic
susceptibility data follow a Curie–Weiss law at high temperatures with an effective moment
of 3.8µB and a Weiss temperature of −7 K. The low temperature susceptibility (< 100 K) is
complicated by the crystalline electric field at the Pr site that splits the J = 4 4f level (Sekine
et al., 1997, 2000c). Heat capacity data suggest that the ground state of the Pr 4f shell is a Γ3
non-Kramers doublet. Antiferromagnetic order likely occurs for T < 0.35 K (Meisner, 1981).

PrOs4P12 is a metallic with a relatively temperature independent resistivity for tempera-
tures between 50 and 300 K. Below 50 K there is a rapid drop in the resistivity similar to
that observed in Pr metal or Kondo lattice Ce compounds such as CeFe4Sb12 (fig. 9). There
is also a small kink in the resistivity at 7 K of unknown origin. The magnetic susceptibility
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data follows a Curie–Weiss law at high temperatures with an effective moment of 3.63µB and
a Weiss temperature of −17 K. There is no evidence for magnetic order above 1 K. Magne-
tization measurements at 2 K indicate a non-magnetic ground state caused by the crystalline
electric field (Sekine et al., 1997).

PrFe4As12 – only crystallography data have been reported for this compound (see table 1).
PrRu4As12 is a superconductor below 2.4 K. The resistivity of a polycrystalline sample

changes from 1 m� cm at room temperature to 0.25 m� cm at 3 K (Shirotani et al., 1997).
PrOs4As12 – only crystallography data have been reported for this compound (see table 1).
PrFe4Sb12 is likely a metal. Magnetic measurements on polycrystalline samples that were

about 90% phase pure indicated ferromagnetic ordering below 5 K with a moment of 1µB per
formula unit. The only other phase detected using X-ray diffraction was FeSb2, which has a
weak Pauli paramagnetic susceptibility (Dannebrock et al., 1996).

PrRu4Sb12 is a metal that becomes superconducting below 1 K. Heat capacity data confirm
the bulk nature of the superconductivity with ∆C/γTc = 1.87, which is larger than the 1.43
value expected from BCS theory. Values for ΘD and γ are 232 K and 59 mJ/mol K2, respec-
tively. The magnetic susceptibility data indicates a non-magnetic ground state for the Pr+3

ions and a substantial crystal field splitting greater than 125 K (Takeda and Ishikawa, 2000b).

Fig. 16. (a) Resistivity and magnetic suscepti-
bility, and (b) heat capacity data for PrOs4Sb12
(E.D. Bauer et al., 2002).
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PrOs4Sb12 is the first known example of a heavy-fermion superconductor containing Pr
(E.D. Bauer et al., 2002). Heavy-fermion behavior is inferred by the size of the jump in the
heat capacity at Tc = 1.76 K and by the slope of the critical field near Tc. Both analyses
suggest γ ≈ 350 mJ/mol K2 and m∗ ≈ 100 me. The resistivity, magnetic susceptibility and
heat capacity data are shown in fig. 16. The analysis of the data is complicated by the crystal
electric field (CEF) splitting of the Pr levels 4f levels. The resistivity drops by almost a factor
of 2 between 7 K and the onset of the superconducting transition at 1.76 K. In many lanthanide
compounds this drop is often indicative of low lying CEF levels. The broad Schottky like peak
at 2.2 K is also consistent with this hypothesis. Quantitative fits to the magnetic susceptibility
data plus an analysis of inelastic neutron scattering (Maple et al., 2002) and heat capacity
data imply the J = 4 Pr+3 level is split into a non-magnetic Γ3 doublet ground state, a Γ5
triplet at 8.2 K, a Γ4 triplet at 133 K and a Γ1 singlet at 320 K above the ground state.
Heavy fermion behavior likely arises in this compound due to the interaction between the
charge on the conduction electrons and fluctuations of the Pr+3 electric quadrupole moments
associated with the Γ3 doublet ground state. The effect of Pr+3 quadrupole fluctuations on the
superconductivity of PrOs4Sb12 is an open question.

8. Nd filled skutterudites

NdFe4P12 is metallic and orders ferromagnetically below 2 K (Torikachvili et al., 1987). The
resistivity decreases monotonically from a value of ≈ 150 µ� cm at room temperature to
≈ 25 µ� cm at 30 K. Below 30 K the resistivity increases with decreasing temperature (fig. 17)
until the ferromagnetic phase transition is reached at 2 K. Below this transition the resistivity
decreases as T 4, rather than the T 2 expected from magnon scattering (Sato et al., 2000a,
2000b). The heat capacity data below 2 K decreases as T 3 rather than the T 3/2 expected for a
simple ferromagnet (Torikachvili et al., 1987). Both the heat capacity data and the resistivity

Fig. 17. Low temperature resistivity data
for NdFe4P12 (Sato et al., 2000b).
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can be understood if the magnon energy is linear in wavevector k rather than proportional
to k2 (Sato et al., 2000a, 2000b). The magnetic susceptibility follows a Curie–Weiss law for
temperatures between 180 and 300 K with an effective moment of 3.53µB, close to the Nd+3

free ion value of 3.62µB. Below 150 K the positive curvature in the susceptibility indicates
the effects of the CEF. Neutron scattering measurements have confirmed the ferromagnetic
ordering of the Nd moments below 2 K (Keller et al., 2001). The ordered moment was found
to be 1.6µB at 1.5 K. De Hass–van Alfen measurements on NdFe4P12 crystals showed a
Fermi surface similar to LaFe4P12 except for the splitting of the dHvA branches due to the
ferromagnetic exchange interaction (Sugawara et al., 2000).

NdRu4P12 is a metal that becomes ferromagnetic below 1.5 K (Sekine et al., 1998). Room
temperature Raman data have been reported for this compound (Sekine et al., 1998). Three
distinct Raman modes at 370, 385, and 415 cm−1 were observed, but there was no detailed
analysis of exactly which vibrations should be associated with these modes.

NdOs4P12 – only crystallography data have been reported for this compound (see table 1).
NdFe4As12 – only crystallography data have been reported for this compound (see table 1).
NdRu4As12 – has not been synthesized.
NdOs4As12 – only crystallography data have been reported for this compound (see table 1).
NdFe4Sb12 – only crystallography data have been reported for this compound (see table 1).
NdRu4Sb12 is metallic and undergoes some type of magnetic transition near 1.3 K. The

magnetic susceptibility follows a Curie–Weiss law above 50 K with an effective moment
of 3.45µB and a Weiss temperature of −28 K. Crystal fields likely effect the susceptibility
and magnetic interactions for temperatures below 50 K. Low temperature heat capacity data
confirm the bulk nature of the magnetic transition (Takeda and Ishikawa, 2000b).

NdOs4Sb12 may undergo a displacive-type phase transition at −86 ◦C in which the Nd
atoms freeze at off center positions (Evers et al., 1995). This transition was proposed on the
basis of scanning calorimetry measurements and the huge room temperature value for the Nd
atomic displacement parameter (Beq = 4 Å2).

9. Sm filled skutterudites

SmFe4P12 is a metal that shows Van Vleck paramagnetism (Jeitschko et al., 2000).
SmRu4P12 undergoes a metal to insulator transition in conjunction with antiferromagnetic

ordering at 16 K (Sekine et al., 1998).
SmFe4Sb12 is metallic and orders ferromagnetically for temperatures below 45 K with a

relatively small saturation moment of 0.7µB (Dannebrock et al., 1996).
SmRu4Sb12 and SmOs4Sb12 – only crystallography data have been reported for these com-

pounds (see table 1).

10. Eu filled skutterudites

EuFe4P12 is metallic and orders ferromagnetically for temperatures below 100 K (Grandjean
et al., 1984). The effective moment, as determined from the high temperature magnetic sus-
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ceptibility data, is 6.2µB per formula unit which is lower than the value expected for Eu+2 of
7.94µB. The hyperfine parameters as determined from Mössbauer spectroscopy are unusual
(Grandjean et al., 1983). The value of the Eu isomer shift in EuFe4P12 is −6 mm/s and the
isomer shift is independent of temperature from 4 K to 300 K. An isomer shift of −6 mm/s
is near the limit for Eu+2 compounds which suggests the possibility of a Eu valence that
fluctuates between Eu+2 and Eu+3 configurations. If the Eu+3 and Eu+2 configurations are
energetically degenerate, the average valence is determined by the degeneracy of each level,
which implies a temperature independent valence of about 3− 8/9= 2.11. Magnetic order in
a mixed valence Eu compound would be extremely interesting. XANES measurements would
be helpful in deciding if the Eu valence is intermediate in this material. The reduced moment
for Eu+2, however, may simply indicate an incomplete filling of the lanthanide site.

EuRu4P12 is metallic and orders ferromagnetically for temperatures below 18 K (Grandjean
et al., 1983; Sekine et al., 2000b). The saturation moment is about 10% smaller than the
Eu+2 value of 7µB which could imply an intermediate Eu valence or an incomplete filling
of the lanthanide site. The value of the Eu isomer shift in EuRu4P12 is −9.3 mm/s, which is
compatible with Eu+2 in a metallic compound.

EuFe4Sb12 is metallic and ferromagnetic below 84 K (Dannebrock et al., 1996; E. Bauer et
al., 2001a, 2001b). The low temperature saturation moment, however, is only 64% (4.5µB) of
the Eu+2 value of 7µB (Dannebrock et al., 1996; E. Bauer et al., 2001a, 2001b). Part of the
decrease is due to the incomplete filling of the Eu site (E. Bauer et al., 2001a, 2001b) which
was estimated to be 84%. The Eu Mössbauer isomer shift is −11.7 mm/s and is tempera-
ture independent, which clearly indicates divalent Eu. The remainder of the decrease in the
saturation moment was attributed to some type of ferrimagnetism, possibly involving the Fe
(E. Bauer et al., 2001a, 2001b). The electrical resistivity is sensitive to the exact filling of the
lanthanide site and the presence of impurity phases. The room temperature resistivity has been
reported as low as 38 µ� cm (E. Bauer et al., 2001a, 2001b) to 420 µ� cm (Kuznetsov and
Rowe, 2000). The samples of Kuznetsov and Rowe appear to be of higher quality and phase
purity. The room temperature Seebeck coefficient is ≈ 60 µV/K increasing to ≈ 120 µV/K
at 800 K (Kuznetsov and Rowe, 2000). The thermoelectric properties of EuFe4Sb12 are not
promising.

EuRu4Sb12 is metallic and becomes ferromagnetic for temperatures below 3.3 K (Takeda
and Ishikawa, 2000b). The low temperature saturation moment is about 6.2µB, 89% of the
Eu+2 value. Low temperature heat capacity measurements indicate that the magnetic entropy
removed due to magnetic order is also only about 90% of its expected value (Rln8). It is likely
that the lanthanide site is not completely filled in this compound although mixed valence
behavior can not be ruled out with the available data.

11. Gd filled skutterudites

GdFe4P12 is metallic and a soft ferromagnet with a Curie temperature of 22 K (Jeitschko et
al., 2000).
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Fig. 18. Resistivity vs. temperature for a
polycrystalline sample of GdRu4P12 syn-
thesized using high pressures and temper-
atures (Sekine et al., 2000a).

Fig. 19. Low temperature magnetization curves for
GdRu4P12 that indicate a field induced phase transition
(Sekine et al., 2000a).

GdRu4P12 is metallic for temperatures between 30 and 300 K, but undergoes an unusual
phase transition near 20 K (fig. 18) (Sekine et al., 2000a). The magnetic susceptibility fol-
lows a Curie–Weiss law at high temperatures with effective moment of 8.04µB and a Weiss
temperature of +22 K, which suggests ferromagnetic interactions. Below 22 K, however, the
magnetization data are more consistent with a strange type of antiferromagnetic ordering.
The magnetization data also indicate a field-induced phase transition at low temperatures for
magnetic fields ≈ 5–6 T (fig. 19).

12. Tb filled skutterudites

TbRu4P12 is metallic with unusual phase transitions at 20 K and 10 K (Sekine et al., 2000a).
The resistivity data from TbRu4P12 is similar to that of GdRu4P12 shown in fig. 18. The high
temperature magnetic susceptibility data indicate ferromagnetic interactions (Weiss tempera-
ture≈ 8 K) but low temperature data are more consistent with some type of antiferromagnetic
order (fig. 20). Low temperature magnetization data indicate two metamagnetic phase tran-
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Fig. 20. Inverse magnetic susceptibil-
ity of TbRu4P12 vs. temperature mea-
sured at H = 1 T. Inset shows an en-
larged view of susceptibility data be-
low 20 K (Sekine et al., 2000a).

sitions. It is possible that the unusual phase transitions at about 20 K in both GdRu4P12 and
TbRu4P12 are related to the freezing of the lanthanide atoms in off-center positions.

13. Yb filled skutterudites

YbFe4Sb12 was first synthesized by Dilley et al. (1998). Measurements of the lattice constant,
magnetization, resistivity and heat capacity suggest an intermediate valence for the Yb ions.
XANES measurements yield a Yb valence of 2.68 (Leithe-Jasper et al., 1999). The electronic
specific heat coefficient is estimated to be γ = 140 mJ/mol K2 which indicates that the ef-
fective mass of the conduction electrons is moderately enhanced at low temperatures. The
characteristic temperature, T ∗, for the Yb valence fluctuations is estimated to be 50 K (see
fig. 9a). The Wilson–Sommerfeld ratio, Rw, is about 2.6 in good agreement with the value
of Rw = 2 expected for a spin 1/2 Kondo effect. The room temperature value of the resis-
tivity is ≈ 450 µ� cm as determined from resistivity and optical measurements (Dordevic et
al., 2001) and decreases to ≈ 40 µ� cm at 2 K. Optical measurements also are able to di-
rectly measure the pseudogap, ∆ = 90 cm−1, created by the hybridization between the Yb
4f states and the extended conduction band states (fig. 21). The mass enhancement scales as
m∗/me = (∆/T ∗)2 as predicted by theory (Millis et al., 1987). The thermoelectric properties
of YbFe4Sb12 were investigated by Dilley et al. (1998, 2000a, 2000b), and Kuznetsov and
Rowe (2000). The maximum estimated value of ZT is 0.4 at 670 K.

14. Filled skutterudite thermoelectrics

14.1. Introduction to thermoelectric materials and devices

As mentioned in sect. 1, in 1996 it was found that some of the lanthanide antimony-based skut-
terudites had excellent thermoelectric properties above room temperature (Sales et al., 1996;
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Fig. 21. Real part of the conduc-
tivity of YbFe4Sb12. The symbols
on the left axis represent dc val-
ues at different temperatures. Below
T ∗ (≈ 50 K), a narrow peak at
zero frequency and a gap-like fea-
ture at ≈ 18 meV gradually develop.
Inset: Renormalized band structure
calculated from the Anderson lattice
Hamiltonian. εk and εf denote bands
of free carriers and localized elec-
trons, respectively. At low tempera-
tures a direct gap ∆ opens. The Fermi
level, E∗F is near the top of the lower

band, E−k , resulting in hole-like char-
acter and enhanced effective mass of
the quasiparticles (Dordevic et al.,
2001).

Fleurial et al., 1996). This discovery greatly increased the interest in these materials for ther-
moelectric applications. In addition to the stoichiometric filled skutterudite compounds of the
form RM4X12, a large number of related alloys were also investigated as possible thermoelec-
tric materials. Most of the research on lanthanide skutterudites in the context of thermoelectric
applications has been reviewed recently by Uher (2001), Nolas et al. (1999), and Sales (1998)
and hence only a brief summary of the thermoelectric research will be highlighted in this
section.

In a solid that conducts both heat and electricity, the thermal and electrical currents are
coupled together. This thermoelectric coupling can be used to construct devices that act as
refrigerators, power generators or temperature sensors. The devices work because the elec-
trons or holes in a conducting solid also carry heat as well as electrical charge. The electrical
carriers are the “working fluid” in a thermoelectric refrigerator. Thermoelectric devices are at-
tractive for many applications as they have no moving parts (except electrons and holes), use
no liquid refrigerant and last indefinitely. The major disadvantage of thermoelectric devices is
poor efficiency.

The efficiency of a thermoelectric solid is found to depend on material properties through
the dimensionless parameter ZT:

(1)ZT= TS2

ρκ

where T is the absolute temperature, ρ is the electrical resistivity, S is the Seebeck coefficient,
and κ is the total thermal conductivity. The total thermal conductivity is often broken up into
two parts, κ = κe + κL where κe is the heat carried by the electrons and holes and κL is the
heat carried by the lattice. Z is defined as the figure of merit and ZT is often referred to as
the dimensionless figure of merit. For power generation the efficiency is defined as heat in
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Fig. 22. A single thermoelectric couple is illustrated that
has been configured for refrigeration or power generation.
The labels “p” (positive) and “n” (negative) refer to the
sign of the charge carriers in each leg (open circles corre-
spond to holes and filled circles to electrons). Refrigeration
is possible in these devices because electrons (or holes)
carry heat, and hot electrons (holes) can be forced away
from the cold end of the device by the battery. If a temper-
ature difference is externally imposed on the device, useful
power can be extracted.

divided by work out and is given by:

(2)Efficiency= (Th − Tco)(Γ − 1)

(Tco + Γ Th)

where Tco (Th) is the temperature of the cold (hot) end and Γ = (1+ ZT)1/2 varies with the
average temperature T . For refrigeration, efficiency is defined as the heat pumped out divided
by the work in and is called the Coefficient of Performance (COP). The COP can be greater
than 1 and is given by:

(3)COP= (Γ Tco − Th)

[(Th − Tco)(1+ Γ )] .
For ZT� 1, Carnot efficiency is obtained for power generation and the Carnot limit to the
COP is obtained for refrigeration. Materials currently used in thermoelectric devices have ZT
values between 0.4 and 1.0.

All thermoelectric devices are composed of thermoelectric couples such as illustrated in
fig. 22. Each leg of the couple is a doped semiconductor (or semimetal) with one p-type and
one n-type leg. P-type (n-type) means that the dominant charge carriers are positive (nega-
tive). One side of the couple is thermally and electrically shorted together using a metal like
copper (brown region). Electrical and thermal contact to a heat sink and the battery or load are
made through copper pads at the open end of the couple (brown regions). Since the electrons
and holes in a material carry heat, a battery can be used to force the hot electrons and holes
away from the cold end of the device resulting in cooling of the cold end. If the direction of
the current is reversed, the hot and cold ends are also reversed. If a temperature gradient is
imposed across the thermoelectric couple, useful power can be extracted. In an actual ther-
moelectric device, typically several tens of these couples are connected together in series. For
good general reviews of thermoelectric devices, materials and theory refer to Rowe (1995),
Goldsmid (1986), Mahan et al. (1997), Mahan (1998), Sales (2002), and Nolas et al. (2001).

14.2. Electron crystals and phonon glasses

In an ideal thermoelectric material the holes and electrons should have high mobilities and
high effective masses. A high mobility and a high effective mass result in a large value of
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Fig. 23. ZT vs. T for several state-of-the-art thermo-
electric materials and for a filled skutterudite with x ≈ 1.
(Figure from T.M. Tritt, unpublished.)

Fig. 24. ZT vs. T for two rare-earth-filled skutteru-
dites. Also shown are the results of a model calculation
(squares) (Sales et al., 1997).

S2/ρ (see eq. (1) and Goldsmid, 1986). High mobilities are typically found in crystals with
a high degree of structural perfection. The ideal thermoelectric material should also have the
lowest possible lattice thermal conductivity κL. The lowest possible value of κL for a par-
ticular solid is that of a glass with the same chemical composition, κmin (Slack, 1979). The
ideal thermoelectric material should therefore conduct electricity like a crystal but conduct
heat like a glass. The skutterudite CoSb3 has good electronic properties and can be doped n-
or p-type (Dudkin and Abrikosov, 1959; Caillat et al., 1996). However, the room tempera-
ture lattice thermal conductivity of CoSb3 is ≈ 10 W/m K, which is an order of magnitude
too large for a good thermoelectric material. Slack (1995) suggested filling the voids in the
skutterudite structure with weakly bound atoms that “rattle” about their equilibrium posi-
tions. He reasoned that heavy “rattlers” with low Einstein temperatures would be effective
in scattering the low frequency acoustic phonons that carry most of the heat in a solid. The
“rattlers” should therefore dramatically lower κL. What was not clear, however, was how the
“rattlers” would alter the electronic conduction. Although the electronic properties of the skut-
terudite antimonides were somewhat degraded by the presence of various rattlers, there was
an overall increase in ZT (Morelli and Meisner, 1995; Sales et al., 1996; Fleurial et al., 1996;
Nolas et al., 2000; Tang et al., 2001). Representative thermoelectric data from various filled
skutterudite antimonides are shown in figs. 23–26. Some of the arsenides and phosphides
have been investigated for thermoelectric applications (Watcharapasorn et al., 1999, 2002),
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Fig. 25. ZT vs. T for two Yb filled skutterudite samples (Nolas
et al., 2000).

Fig. 26. ZT vs. T for several filled skutterudite samples
with the composition CeyFexCo4−xSb12 (Tang et al.,
2001).

but in general these materials are limited by their κL values, which are significantly higher
than the values for the antimonides. This is not surprising since a lower average mass usually
implies a higher sound velocity and a higher κL.

14.3. Future of filled skutterudites as thermoelectrics

The filled skutterudite antimonides appear to represent excellent examples of electron–crystal,
phonon–glass materials. The incoherent rattling of the loosely bound lanthanide atoms in these
materials is inferred from the large values of the ADP parameters obtained in single-crystal
structure refinements. This rattling lowers the thermal conductivity at room temperature to
values within two to three times κmin.

The electrical transport in the filled skutterudites is altered by the presence of the rattlers.
Relative to the analogous unfilled compounds, the filled skutterudites exhibit larger effective
masses and smaller mobilities. Good overall electrical transport is maintained as indicated by
the large values of ZT at elevated temperatures (figs. 23–26). The high carrier concentrations
in the filled skutterudites are due mostly to the fraction of the lanthanide sites that remain
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empty in samples prepared using equilibrium synthesis methods. A simple semiconductor
transport model successfully reproduces most of the qualitative features of the resistivity and
Seebeck data from these materials (Sales et al., 1997). By varying the extrinsic carrier concen-
tration in the filled skutterudites, this model yields a maximum value for ZT of 1.4 at 1000 K,
and a maximum ZT value of 0.3 at 300 K.

The ZT values of the filled skutterudites are too small for room temperature applications.
The relatively large band gap of these compounds (≈ 0.6 eV) makes it unlikely that further
research will result in a skutterudite-based thermoelectric material with properties better than
the Bi2Te3-based materials currently in use near room temperature (see fig. 23). Only at tem-
peratures in the 600–900 K temperature range are the thermoelectric properties of the filled
skutterudite antimonides of interest for use in power generation applications. Thermoelectric
generators using filled skutterudite antimonides are being investigated by T. Caillat and col-
laborators at the Jet Propulsion Laboratory. These devices are of interest to NASA as a source
of electrical power for deep space missions such as the Cassini and Voyager probes. Filled
skutterudites may also be of practical use in the thermoelectric conversion of waste heat into
useful electricity.

The filled skutterudite antimonides have demonstrated the validity of the “electron–crystal,
phonon–glass” idea in the design of new thermoelectric materials for operation at elevated
temperatures. There are many other crystal structures and compounds that contain atomic
cages large enough to incorporate additional atoms. It is believed that the filled skutterudite
antimonides only represent a small fraction of a more general class of “rattling semicon-
ductors” and that some of these materials will undoubtedly have high values of ZT at room
temperature.

15. Concluding remarks

A major theme of contemporary solid state physics is focused on understanding the corre-
lated behavior of electrons in solids. The challenge of this area was succinctly summarized by
Anderson’s title “more is different” (1972). The low temperature properties of the lanthanide-
filled skutterudites touch on many of the exciting topics at the frontier of correlated electron
physics. CeFe4Sb12 and YbFe4Sb12 are moderately heavy fermion metals. CeRu4Sb12 ex-
hibits non-Fermi liquid behavior and may be near a ferromagnetic quantum critical point.
PrOs4Sb12 is the first example of a Pr compound that exhibits both superconductivity and
heavy fermion behavior. PrRu4P12 and SmRu4P12 each undergo a metal-to-insulator transition
and antiferromagnetic order. PrFe4P12 is an extremely unusual material in which quadrupolar
order (QO) and heavy fermion ground states are extremely close in energy. At low tempera-
tures a magnetic field (≈ 4 T) can drive PrFe4P12 between the two ground states. The density
of states in PrFe4P12 is remarkably sharp in energy as evidenced by a two order of magnitude
change in the Hall coefficient below 5 K and a huge value for S at 5 K of −130 µV/K. Most
of the La-filled skutterudites and two of the Pr-filled skutterudites are superconductors with
a maximum Tc of 10.3 K for LaRu4As12. Several of the Ce-filled skutterudites are narrow
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gap semiconductors (also called Kondo insulators) where the gap is created by a strong hy-
bridization between the Ce 4f level and the transition metal and pnicogen states near the Fermi
energy. The Nd, Eu, Gd and Tb filled skutterudites order magnetically at temperatures ranging
from 2 K for NdFe4P12 to 100 K for EuFe4P12. The coupling between the lanthanide mag-
netic moments and the conduction electrons is large in these compounds. This large coupling
results in unusual peaks in electrical transport data near the onset of magnetic ordering, and
in some cases multiple magnetic transitions. Finally, the thermoelectric figures of merit for
the La, Ce and Yb filled skutterudites are among the highest values reported for any material
at elevated temperatures (600–1000 K). It is hoped that this article has captured some of the
excitement generated by the recent research on the lanthanide filled skutterudites.
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List of symbols and abbreviations

a,b, c unit cell dimensions (in nm)

at.% composition in atomic percent

c concentration

C Curie constant

C specific heat

g gram

h hour

Hcr critical magnetic field

LT low temperature modification

HT high temperature modification

M s-, p-, d- element

MxNy wherex = 2,3, . . . andy = 0 or 5, M=mini-

mum purity and N= nines

R,R′ rare earth metal

S Seebeck coefficient

SG space group

T temperature

TC Curie temperature

TM , Tm temperature of magnetic transition

TN Néel temperature

x,y indicate variable component contents, when it

is used as index in compound compositional

formula. Expressions like:N − x (whereN is a

number) meansN minusx, thex value is given

in the text

Z formula per unit cell

∼ is used before the composition formula of a

compound to indicate that the composition is

given approximately

β unit cell angle (in degrees)

χ magnetic susceptibility

χ0 temperature independent susceptibility

χC diamagnetic susceptibility

γ electronic specific heat coefficient

µ magnetic moment

θP paramagnetic Curie temperature

θR characteristic temperature

� electrical resistivity

�0 residual resistivity

1. Introduction

This chapter presents a review of the current data on phase diagrams and crystal structures
of binary, ternary and quaternary metal antimonides with theR elements (R ≡ Sc, Y and the
lanthanides).

Sections 2–4 give the overview of the literature published on these systems, i.e., the isother-
mal sections and crystallographic characteristics of the binary, ternary and quaternary com-
pounds, as well as, outlines of the experimental methods that have been utilized. A description
of the structure types of ternary antimonides is the subject of sect. 5. The physical properties
are only briefly presented for the most common isotypic series of compounds (sect. 6). The
general features and trends in theR–Sb andR–(s-, p-, d-, f- element)–Sb systems are dis-
cussed in sect. 7.

2. Binary systems

Binary systems containing antimony have been investigated by different groups of scientists,
and their phase diagrams are mostly compiled by Massalski et al. (1991): Y–Sb (Schmidt and
McMasters, 1976), La–Sb (Vogel and Klose, 1954; Lebedev et al., 1983), Ce–Sb (Borsese
et al., 1981), Pr–Sb (Abdusalamova et al., 1988), Nd–Sb (Kobzenko et al., 1972), Sm–Sb
(Sadygov et al., 1988b; Borzone et al., 1985), Gd–Sb (Abdusalamova et al., 1986), Tb–Sb
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(Abdusalamova et al., 1981), Dy–Sb (Ferro et al., 1988), Ho–Sb (Abdusalamova et al., 1984),
Er–Sb (Abdusalamova and Rachmatov, 2000), Tm–Sb (Abdusalamova et al., 1991), Yb–Sb
(Bodnar and Steinfink, 1967), Lu–Sb (Abdusalamova et al., 1990). Recently, Borzone et al.
(2000) presented modified phase diagram for the Gd–Sb system. For the other systems only
individual alloys were synthesized and investigated with the aim of finding the isotypic or new
compounds.

Information on binary compounds is gathered by Villars and Calvert (1985, 1991), and
Villars et al. (1995).

More recently, the compound Eu16Sb11 has been prepared from the elements in Ta container
by heating at 1370 K and then slowly cooled to 1270 K over 4 days (Chan et al., 2000). This
compound is isotypic with the Zintl-phase Ca16Sb11 (X-ray single crystal diffraction).

The crystal structure of the compound previously called “GdSb2” was determined by X-
ray diffraction methods and the true composition was found to be Gd16Sb39 (Borzone et al.,
2000).

The high temperature modification for the Y5Sb3 has been reported recently (Mozharivskyj
and Franzen, 2000b).

Additionally, several compounds not presented on the phase diagrams of the corresponding
systems, are listed below.

From metallographic analysis of the sample with composition Ce33.3Sb66.6, Abulkhaev and
Abdusalamova (1989) observed, in addition to the expected CeSb2 phase and CeSb, needle
shaped single crystals of unknown composition and structure. Authors believe that this phase
is a high temperature modification of CeSb2.

Altmeyer and Jeitschko (1988) reported the existence of new compound with a monoclinic
structure, Dy2Sb5, a = 1.3066,b = 0.41627,c = 1.4584,β = 102.21◦. The structure was
established by X-ray single crystal diffraction. The Sm2Sb5, Gd2Sb5 and Tb2Sb5 compounds
have been found to be isotypic with Dy2Sb5 (Altmeyer and Jeitschko, 1988).

Altmeyer and Jeitschko (1989) observed in the Nd–Sb system at 870 K a new com-
pound with monoclinic symmetry, Nd8+xSb19+y , a = 2.8495,b = 0.42489,c = 1.34982,
β = 95.476◦ (X-ray single crystal investigation).

Crystallographic data of the binary antimonides of rare earth are listed in table 1.

3. Ternary systems

3.1. R–M–Sb systems

3.1.1. Sc–M–Sb systems
3.1.1.1. Sc–Co–Sb. The crystal structure of the ScCoSb compound was investigated by
Kleinke (1998) by X-ray single crystal diffraction. It was found to crystallize with the TiNiSi
structure type (a = 0.6829,b= 0.42401,c= 0.7358).

3.1.1.2. Sc–Ni–Sb. Early investigations of the ScNiSb compound showed that it had the
MgAgAs-type witha = 0.6062 (Dwight, 1974) from an X-ray powder analysis of an alloy
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Table 1
Crystallographic characteristics of the binary antimonides

Compound Structure Space group Lattice parameters, nm
type a b c

ScSb NaCl Fm3m 0.58517
Sc5Sb3 Yb5Sb3 Pnma 1.10792 0.87126 0.76272
Sc2Sb Cu2Sb P4/nmm 0.42049 0.77902
YSb2 HoSb2 C222 0.3283 0.5907 0.7981
YSb NaCl Fm3m 0.6165
Y4Sb3 anti-Th3P4 I43d 0.905
Y5Sb3 (LT) Mn5Si3 P63/mcm 0.89114 0.62960
Y5Sb3 (HT) Yb5Sb3 Pnma 1.1867 0.92247 0.80977
Y3Sb Ti3P P42/n 1.2361 0.6180
LaSb2 SmSb2 Cmca 0.6314 0.6175 1.856
LaSb NaCl Fm3m 0.6490
LaSb (HP) HgMn P4/mmm 0.4019 0.3279
La4Sb3 anti-Th3P4 I43d 0.9649
La5Sb3 Mn5Si3 P63/mcm 0.942 0.662
La3Sb2 unknown
La2Sb own I4/mmm 0.4626 1.806
CeSb2 (HT) unknown
CeSb2 SmSb2 Cmca 0.628 0.613 1.826
CeSb NaCl Fm3m 0.6429
CeSb(HP) HgMn P4/mmm 0.3975 0.3244
Ce4Sb3 anti-Th3P4 I43d 0.9511
Ce5Sb3 Mn5Si3 P63/mcm 0.931 0.652
Ce2Sb La2Sb I4/mmm 0.4532 1.784
PrSb2 SmSb2 Cmca 0.626 0.616 1.816
PrSb NaCl Fm3m 0.6361
Pr4Sb3 anti-Th3P4 I43d 0.948
Pr5Sb3 Mn5Si3 P63/mcm 0.928 0.651
Pr2Sb La2Sb I4/mmm 0.455 1.782
Nd8+xSb19+y own C2/m 2.8495 0.42489 1.34982

β = 95.476◦
NdSb2 SmSb2 Cmca 0.6230 0.6063 1.7892
NdSb NaCl Fm3m 0.6321
Nd4Sb3 anti-Th3P4 I43d 0.9370
Nd5Sb3 Mn5Si3 P63/mcm 0.9170 0.6460
Nd2Sb La2Sb I4/mmm 0.4510 1.7610
Sm2Sb5 Dy2Sb5 C2/m
SmSb2 own Cmca 0.6171 0.6051 1.789
SmSb NaCl Fm3m 0.6268
Sm4Sb3 anti-Th3P4 I43d 0.9308
Sm5Sb3 Mn5Si3 P63/mcm 0.8990 0.6138
Sm2Sb La2Sb I4/mmm 0.4468 1.746
EuSb2 CaSb2 P21/m 0.4768 0.4299 0.8970

β = 103.01
Eu2Sb3 Sr2Sb3 P21/c 0.6570 1.2760 1.5028

β = 90.04
continued on next page
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Table 1,continued

Compound Structure Space group Lattice parameters, nm
type a b c

Eu11Sb10 Ho11Ge10 I4/mmm 1.2325 1.8024
Eu16Sb11 Ca16Sb11 P-421m 1.2674 1.1720
Eu5Sb3 Yb5Sb3 Pnma 1.29826 1.00033 0.86325
Gd2Sb5 Dy2Sb5 C2/m
Gd16Sb39 own C2/m 0.57395 0.4151 1.3209

β = 99.21
GdSb2(HT) HoSb2 C222 0.3296 0.5930 0.8030
GdSb2(LT) SmSb2 Cmca 0.6157 0.5986 1.783
GdSb(α) NaCl Fm3m 0.6218
GdSb(β) unknown
Gd4Sb3 anti-Th3P4 I43d 0.9220
Gd5Sb3 Mn5Si3 P63/mcm 0.897 0.632
Tb2Sb5 Dy2Sb5 C2/m
TbSb2(HT) HoSb2 C222 0.3282 0.5903 0.7990
TbSb2(LT) SmSb2 Cmca 0.6123 0.5969 1.772
TbSb(α) NaCl Fm3m 0.6178
Tb4Sb3(α) anti-Th3P4 I43d 0.917
Tb5Sb3 Mn5Si3 P63/mcm 0.89324 0.62887
Dy2Sb5 own C2/m 1.3066 0.41627 1.4584

β = 102.21◦
DySb2(HT) HoSb2 C222 0.3273 0.5888 0.7965
DySb(α) NaCl Fm3m 0.6154
Dy4Sb3(α) anti-Th3P4 I43d 0.9129
Dy5Sb3 Mn5Si3 P63/mcm 0.8892 0.6270
HoSb2 own C222 0.3343 0.5790 0.7840
HoSb NaCl Fm3m 0.6130
Ho4Sb3 anti-Th3P4 I43d 0.9071
Ho5Sb3 Mn5Si3 P63/mcm 0.8851 0.6234
ErSb2(HT) HoSb2 C222 0.3259 0.5866 0.7926
ErSb NaCl Fm3m 0.6106
Er4Sb3 anti-Th3P4 I43d 0.902
Er5Sb3 Yb5Sb3 Pnma 1.1662 0.9136 0.8007
TmSb2 HoSb2 C222 0.3252 0.5851 0.7912
TmSb NaCl Fm3m 0.6087
Tm5Sb3 Mn5Si3 P63/mcm
YbSb2 ZrSi2 Cmcm 0.4536 1.663 0.4271
YbSb NaCl Fm3m 0.6082
Yb11Sb10 Ho11Ge10 I4/mmm 1.186 1.710
Yb4Sb3 anti-Th3P4 I43d 0.9320
Yb5Sb3 Mn5Si3 P63/mcm 0.8995 0.6870
Yb5Sb3 own Pnma 1.2398 0.9562 0.8246
LuSb2 HoSb2 C222 0.3244 0.5935 0.7885
LuSb NaCl Fm3m 0.6056
Lu5Sb3 Mn5Si3 P63/mcm 0.890 0.633
Lu3Sb unknown
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arc melted under argon, annealed at 973 K and furnace cooled. Pecharsky et al. (1983a) con-
firmed the crystal structure from X-ray powder diffraction and obtained the lattice parameter
asa = 0.6055. The stoichiometric amounts of the starting components (Sc 99.5%, Ni (4N),
Sb (4N) were arc melted under argon and annealed at 870 K for 200 h.

3.1.1.3. Sc–Pt–Sb. ScPtSb belongs to the MgAgAs-type,a = 0.6312 (Dwight, 1974) (X-ray
powder analysis). Sample preparation, see ScNiSb.

3.1.2. Y–M–Sb systems
3.1.2.1. Y–Li–Sb. LaLi3Sb2 structure type was reported for the YLi3Sb2 compound,a =
0.45251,c= 0.7158 from X-ray single crystal diffraction (Grund et al., 1984).

3.1.2.2. Y–Zr–Sb. Morozkin and Sviridov (2001) investigated the crystal structure of the
YZrSb compound using X-ray powder diffraction (CeScSi structure type,a = 0.4245,c =
1.6306).

3.1.2.3. Y–Ni–Sb. Figure 1 represents the isothermal section of Y–Ni–Sb phase diagram at
870 K (0–50 at.% Sb) which was studied by Zavalii (1982). The isothermal section was con-
structed by means of X-ray powder analysis of alloys, which were arc melted and subsequently
annealed in evacuated silica tubes for 400 h and finally quenched in water. Starting materials
were Y 99.8 wt.%, Ni 99.99 wt.% and Sb 99.99 wt.%. The ternary phase equilibria diagram
is characterized by the existence of two ternary compounds:∼YNi2Sb2 (1) and∼YNiSb (2).

Fig. 1. Y–Ni–Sb, partial isothermal
section at 870 K (0–50 at.% Sb).
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YNiSb belongs to the MgAgAs-type,a = 0.6312 (Dwight, 1974) from X-ray powder
analysis. For sample preparation, see ScNiSb.

Sologub et al. (1994) investigated by X-ray powder diffraction the alloy with the nominal
composition Y25Ni25Sb50 prepared by arc melting ingots of the elements in argon and an-
nealed at 870 K in evacuated quartz tubes for 2 weeks and quenched in water. The sample
was found to consist of two phases, namely NiSb (NiAs type,a = 0.3926,c = 0.5134) and
YSb (NaCl type,a = 0.61707). The materials used were Y 99.9 wt.%, Ni 99.9 wt.% and Sb
99.9 wt.%.

One more ternary compound has been observed and studied by Mozharivskyj and Kuz’ma
(1996) from the arc melted, annealed at 1070 K for 400 h, and finally quenched in cold water
alloys. It crystallizes with the Mo5B2Si type structure,a = 0.7662,c= 1.3502 (X-ray powder
diffraction). The starting metals were Y, not less than 99.8 wt.%, Ni and Sb 99.9 wt.%.

Mozharivskyj and Franzen (2000a) studied the crystal structure of Y5NixSb3−x (0 � x �
0.38) by the X-ray single crystal and powder diffraction. The Yb5Sb3 structure type (a =
1.1963,b= 0.91330,c= 0.80500) has been observed in the temperature range 1535–1670 K.
After annealing the sample for 10 days at 1070 K the structure changes to a Mn5Si3 structure
type.

3.1.2.4. Y–Cu–Sb. No phase diagrams exist for the Y–Cu–Sb system, however two ternary
compounds have been observed and characterized.

YCuSb2 was found to crystallize with the HfCuSi2 type with the lattice parameters
a = 0.42617,c = 0.9903 (Sologub et al., 1994). An alloy with the nominal composition
Y25Cu25Sb50 was prepared by arc melting ingots of the elements in argon and annealed at
1070 K in evacuated quartz tubes for 2 weeks and quenched in water. The materials used were
Y 99.9%, Cu 99.9% and Sb 99.9%.

A ternary compound of yttrium with copper and antimony of the stoichiometric ratio 3:3:4
was identified and studied by means of X-ray analysis by Skolozdra et al. (1993). Y3Cu3Sb4

compound was found to have the Y3Au3Sb4 type with the lattice parameter ofa = 0.9500
(X-ray powder diffraction). The sample was prepared by melting the metals (around 99.8 wt.%
pure for yttrium and 99.99 wt.% for copper and antimony) in an arc furnace and annealing at
870 K for 500 h.

3.1.2.5. Y–Pd–Sb. Marazza et al. (1980) established that the YPdSb compound has the
MgAgAs type structure witha = 0.6257 using X-ray powder diffraction and metallographic
analyses. The sample which was enclosed in tantalum vessel under an argon atmosphere, was
prepared by melting in an induction furnace and was then annealed at 780 K for 1 week. The
metals used had purities greater than 99.9% for Y and greater than 99.99% for Pd and Sb.

YPd2Sb was reported to be isotypic with the crystal structure of MnCu2Al with a lattice
parametera = 0.6691 (Ishikawa et al., 1982; powder diffraction). The sample was prepared
by levitation melting followed by annealing at 1173 K for several days. Riani et al. (1995)
confirmed the crystallographic characteristics for this compound, MnCu2Al type,a = 0.6691.
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The Y5Pd2Sb crystallizes with the Mo5B2Si structure type,a = 0.7733,c= 1.3582 (X-ray
powder diffraction; Mozharivskyj and Franzen (2000b). The sample was annealed at 1070 K
for 10 days.

3.1.2.6. Y–Ag–Sb. YAgSb2 compound was observed and studied by Sologub et al. (1995a).
It was found to crystallize with HfCuSi2-type structure with lattice parametersa = 0.42745,
c= 1.0492 (X-ray powder diffraction of arc melted and annealed at 1070 K for 14 days alloy).
The purity of starting materials was 99.9 wt.%. The existence and crystal structure of YAgSb2

compound were independently confirmed by Brylak et al. (1995) (a = 0.42765,c = 1.0488;
X-ray powder diffraction). The sample was prepared by heating of the mixture of powders of
metals with starting composition 1:1:2 in sealed evacuated silica tube for 3 days at 770 K. The
reaction product was ground to powder, cold-pressed, sealed again in silica tube, melted in a
high frequency furnace, and annealed for 1–2 week at 1070–1170 K. Starting materials were
Y 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.2.7. Y–Te–Sb. Completec–T diagram was presented for the Sb2Te3–Y2Te3 section by
Geidarova and Rustamov (1985). The YTe3Sb compound formed by incongruent melting was
observed and it had the Bi2Te3 structure type,a = 0.447,c= 3.032 (Geidarova and Rustamov,
1985).

3.1.2.8. Y–Pt–Sb. YPtSb crystallizes with the MgAgAs-type,a = 0.6538 (Dwight, 1974)
(X-ray powder analysis). For sample preparation, see ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure for the Y5Pt2Sb compound
from X-ray powder diffraction and it had the Mo5B2Si structure, an ordered version of Cr5B3

structure type,a = 0.7675,c = 1.3575. The starting materials were ingots of Y elements
(with purity not less than 99.8%), antimony (99.99%, Johnson Matthey GmbH), and platinum
(99.9%, Materials Preparation Center, Ames Laboratory). The mixtures of the components
with the initial compositions Y5Pt2Sb and with a total weight of 0.5 g were arc-melted in an
argon atmosphere, then turned over and remelted to reach homogeneity. The samples were
sealed in evacuated silica tubes and annealed at 800◦C for 10 days and then furnace cooled.

3.1.2.9. Y–Au–Sb. A new structure type was reported by Dwight (1977) for the Y3Au3Sb4

alloy with a = 0.9818 from X-ray powder diffraction. The conditions of synthesis were not
specified.

3.1.3. La–M–Sb systems
3.1.3.1. La–Li–Sb. A unique structure type was observed for the LaLi3Sb2 compound,a =
0.4619,c= 0.7445 from X-ray single crystal diffraction (Grund et al., 1984).

3.1.3.2. La–Mg–Sb. No phase diagram exists for the La–Mg–Sb system. The formation of
three compounds was reported by Ganguli et al. (1993) from X-ray single crystal inves-
tigations: La4Mg4.48Sb7, own structure type,a = 0.46201,c = 2.6069; La4.89Mg1.539Sb6,
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own structure type,a = 0.4616,c = 6.767; La3Mg4.6Sb6, own structure type,a = 0.4625,
c= 6.691.

3.1.3.3. La–Al–Sb. Muravjova (1971) has investigated the La–Al–Sb ternary system (0–
33 at.% of La) at 773 K. No ternary phases have been found.

3.1.3.4. La–Ti–Sb. The crystal structure of the La3TiSb5 compound was investigated by Bol-
lore et al. (1995). The Hf5CuSn5 anti-type was established (a = 0.9528,c = 0.6278, X-ray
single crystal diffraction).

3.1.3.5. La–V–Sb. The only information available on the interaction of the components in the
La–V–Sb system is the formation of the LaVSb3 compound observed by Brylak and Jeitschko
(1995). It was reported to adopt the CeCrSb3 type structure,a = 1.3358,b = 0.62583,c =
0.60551 from X-ray powder diffraction.

3.1.3.6. La–Cr–Sb. LaCrSb3 crystallizes with a CeCrSb3 type, a = 1.3276, b = 0.6209,
c = 0.6114 (X-ray powder diffraction; Brylak and Jeitschko, 1995). Ferguson et al. (1997)
and Raju et al. (1998) confirmed the crystal structure using single crystal (a = 1.32835,
b = 0.62127,c = 0.6116) and powder diffraction (a = 1.3264,b = 0.6182,c = 0.6094) re-
spectively.

3.1.3.7. La–Mn–Sb. Cordier et al. (1985) reported on the crystal structure for the
LaMn0.65−0.76Sb2 compound (HfCuSi2-type,a = 0.4387–0.4372,c= 1.0780–1.0933; X-ray
single crystal method). Sologub et al. (1995b) observed the ternary phase isotypic with
HfCuSi2 from the alloy with slight different metal deficiency, LaMn0.87Sb2 (a = 0.43657,
c = 1.0924; X-ray powder diffraction). Sample was prepared by arc melting ingots of the el-
ements in argon under a low electric current. The weight losses were compensated by adding
beforehand an extra amount of Mn. The resulting button was annealed at 1070 K for 350 h.
The purity of starting materials was 99.9 wt.%. Wollesen et al. (1996) confirmed the crys-
tal structure using a single crystal method:a = 0.4381,c = 1.0772 for LaMn0.721(1)Sb2. The
sample was prepared by annealing cold-pressed pellets of the elemental components taken
with the atomic ratio of 1:1:2 in evacuated sealed silica tubes for 10 days at 1070 K followed
by cooling at a rate of 100◦C/h. Purities of starting elements were La, greater than 99.9%,
Mn, greater than 99.8%, Sb 99.9%.

The crystal structure of the La6MnSb15 compound was investigated by Sologub et al.
(1996b) by X-ray single crystal and powder diffraction. It was found to crystallize with its
own structure type,a = 1.5376,b = 1.9611,c= 0.4314. The single crystal was grown from a
melt of the nominal composition LaMn0.25Sb2. The sample with a total mass 5 g was heated
in a corundum crucible in an argon atmosphere to 1500 K and cooled to room temperature
with at a rate of 100 K/h.

3.1.3.8. La–Fe–Sb. Leithe-Jasper and Rogl (1994) investigated the formation and crys-
tal structure of the LaFe1−xSb2 compound by X-ray powder analysis of the alloys
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La30−31Fe13−14Sb57−55 (HfCuSi2-type,a = 0.44028–0.44035,c = 1.00119–1.00113). The
alloys were obtained by arc melting under low electric current to minimize weight losses by
vaporization of Sb, which were compensated beforehand by extra amounts of Sb. The samples
were placed in alumina crucibles, sealed in evacuated quartz tubes and annealed for 7 days at
1070 K. After the heat treatment the alloys were quenched by submerging the silica tubes in
water. The materials used were 99.9% pure.

The crystal structure of the LaFe4Sb12 compound was investigated by Braun and Jeitschko
(1980). It was found to adopt the LaFe4P12 type structure,a = 0.91395 (X-ray single crystal
method). The purities of the materials were 99.9% or better. Filings of the lanthanum were
prepared under argon and annealed with the corresponding amounts of antimony in evacuated
sealed silica tubes for two days at 723 K, followed by five days at 1023 K. The resulting
antimonide LaSb was ground together with appropriate amounts of Fe and Sb, pressed into
pellets and sealed in evacuated silica tubes. The ampules were quickly heated to 1150 K,
were kept at this temperature for 3 h and were then quenched. The starting composition was
La:Fe:Sb= 1:4:20. The excess antimony was removed by treating the product for several
minutes with concentrated nitric acid. The oxidation products of antimony were then dissolved
in concentrated hydrochloric acid.

3.1.3.9. La–Co–Sb. Cordier et al. (1985) reported on the crystal structure for the LaCo0.68Sb2

compound (HfCuSi2-type, a = 0.4394,c = 0.9954; X-ray single crystal method). Leithe-
Jasper and Rogl (1994) investigated the formation and crystal structure of the LaCo1−xSb2

compound by X-ray powder analysis of the alloy La30Co15Sb55 (HfCuSi2-type,a = 0.43854,
c = 0.99232). For sample preparation and purity of starting materials, see LaFe1−xSb2.
Wollesen et al. (1996) confirmed the crystal structure by using X-ray powder diffraction:
a = 0.43843,c = 0.99286 for LaCo1−xSb2. For synthesis, see LaMn0.721(1)Sb2. Purities of
starting elements were La, greater than 99.9%, Co, greater than 99.8%, Sb 99.9%.

From a room temperature X-ray powder diffraction analysis La6Co13Sb was found to
crystallize with the ordered La6Co11Ga3, i.e., the Nd6Fe13Si type structure,a = 0.8097,
c= 2.3289 (Weitzer et al., 1993). An alloy was synthesized from ingots and compacted pow-
ders of the constituting elements (99.9% pure) by arc-melting, followed by annealing at 1073
for 5 days and quenched in cold water.

3.1.3.10.La–Ni–Sb. The isothermal section of the La–Ni–Sb phase diagram at 870 K studied
by Zavalii (1982) is shown in fig. 2. The isothermal section was constructed by means of X-ray
powder analysis of alloys, which were arc melted and subsequently annealed in evacuated
silica tubes for 400 h and finally quenched in water. Starting materials were La 99.8 wt.%, Ni
99.99 wt.% and Sb 99.99 wt.%. The ternary phase equilibria diagram is characterized by the
existence of three ternary compounds: LaNi2±xSb2±x(1), LaNiSb2±x(2) and LaNiSb (3).

LaNiSb was found to crystallize with the ZrBeSi type with lattice parameters ofa = 0.4404,
c = 0.8403 (Hartjes and Jeitschko, 1995; X-ray powder diffraction). Cold-pressed pellets of
the ideal composition were arc melted in an atmosphere of argon and annealed at 1120 K for
one week. Purities of starting materials were better than 99.9%.
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Fig. 2. La–Ni–Sb, isothermal section at
870 K.

Structure refinement from single crystal data established the CaBe2Ge2 type structure for
the compound LaNi1.51Sb2: a = 0.4466,c= 0.991 (Hoffman and Jeitschko, 1988). The single
crystal was selected from a sample prepared by annealing the elemental components for 5
days at 1073 K. The resulting button was melted in a high-frequency furnace and quenched.
The CaBe2Ge2 type was confirmed from an arc melted alloy of the LaNi2Sb2 composition; a
monoclinic distortion was observed after annealing it at 1070 K for one week (X-ray powder
diffraction; Slebarski et al., 1996).

Pecharsky et al. (1981) reported the BaAl4 type structure witha = 0.4433,c = 1.0024 for
the LaNi2Sb2 compound obtained by arc-melting and annealing at 670 K.

LaNiSb2 was found to adopt the HfCuSi2 type structure with the lattice parameters of
a = 0.44269,c= 0.9876 (Sologub et al., 1994). The alloy was prepared by arc melting ingots
of the elements with the nominal composition La25Ni25Sb50 in argon and annealed at 870 K
in evacuated quartz tubes for 2 weeks and quenched in water. The materials used were La
99.9%, Ni 99.9% and Sb 99.9%.

Hoffman and Jeitschko (1988) investigated the antimony rich section of the ternary system
La–Ni–Sb from the samples quenched from 1070 K. Except for LaNi2−xSb2, no other ternary
compound with a high antimony content was observed. In the various samples, LaNi2−xSb2
was found to be in equilibrium with LaSb, LaSb2, NiSb and the high temperature modification
of Ni3Sb.

3.1.3.11.La–Cu–Sb system. The isothermal section of the La–Cu–Sb system at 870 K was
constructed by Protsyk et al. (2000) (fig. 3). The alloys were synthesized by arc-melting the
starting components in an argon atmosphere. The resulting buttons were annealed at 870 K
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Fig. 3. La–Cu–Sb, isothermal section
at 870 K.

for two weeks. Four ternary compounds were observed:∼LaCu6Sb3 (1), LaCu1−xSb2 (2),
La3Cu3Sb4 (3) and La6CuSb15 (4).

A ternary compound of lanthanum with copper and antimony of the stoichiometric ra-
tio 3:3:4 was identified and studied by means of X-ray analysis by Skolozdra et al. (1993).
La3Cu3Sb4 (3) compound was found to have the Y3Au3Sb4 type with the lattice parameter
of a = 0.9837 (X-ray powder diffraction). For experimental details, see the Y–Cu–Sb sys-
tem.

A HfCuSi2-type structure was reported for the LaCu0.82−0.87Sb2 compound (2),a =
0.4402–0.4373,c = 1.0154–1.0400 (X-ray single crystal method; Cordier et al. (1985). The
crystallographic characteristics for LaCuSb2 were confirmed by Sologub et al. (1994) from
X-ray powder diffraction: HfCuSi2 type,a = 0.43690,c = 1.0376. For experimental details,
see LaNiSb2.

The crystal structure of the La6CuSb15 (4) compound was investigated by Sologub et al.
(1996b) by X-ray single crystal and powder diffraction. It was found to crystallize with a
La6MnSb15 structure type,a = 1.5395,b = 1.9465,c = 0.4333. For the sample preparation,
see La6MnSb15.

The crystal structure of∼LaCu6Sb3 (1) compound is unknown.

3.1.3.12.La–Zn–Sb system. Cordier et al. (1985) reported on the crystal structure for
the LaZn0.52Sb2 compound (HfCuSi2-type, a = 0.4380, c = 1.0488; X-ray single crys-
tal method). Wollesen et al. (1996) confirmed the crystal structure using X-ray pow-
der diffraction:a = 0.43883,c = 1.0508 for LaZn1−xSb2. For experimental details, see
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LaMn0.721(1)Sb2. Purities of starting elements were La, greater than 99.9%, Zn, greater than
99.8%, Sb 99.9%.

Salamakha and Mudryi (2001a) studied the crystal structure of the LaZn0.6Sb2 compound.
The sample was synthesized in two stages. The proper amounts of the powders were com-
pacted and sealed in evacuated silica capsule. After slowly heating to 1070 K (1st stage),
the sample was studied by X-ray powder diffraction. Afterwards, the pellet was reground
under C6H12, recompacted and annealed at 870 K for 150 h (2nd stage). The purity of start-
ing materials was 99.9 wt.%. Two modifications of LaZn0.6Sb2 compound were observed:
a = 0.43794,b = 0.44022,c = 1.05044, NdAgAs2 type structure (for the sample after 1st
stage of annealing) anda = 0.43900,c = 1.0508, HfCuSi2 type structure (for the sample
after 2nd stage of annealing).

The crystal structure of the La6ZnSb15 compound was investigated by Sologub et al.
(1996b) by an X-ray single crystal and powder diffraction. It was found to crystallize with
the La6MnSb15 structure type,a = 1.5430,b = 1.9461,c = 0.4351. For the sample prepara-
tion, see La6MnSb15.

3.1.3.13.La–Ga–Sb. Mills and Mar (2000) reported on the existence of three ternary com-
pounds: La13Ga8Sb11, La12Ga4Sb23 and LaGaSb2. The samples have been synthesized by
direct reaction of the elements in evacuated silica tubes.

The crystal structure of the La13Ga8Sb11 compound was determined by X-ray single crystal
diffraction: own structure type, space groupP6/mmm, a = 1.7657,c= 0.43378.

The compound La12Ga4Sb23 was found to adopt the Pr12Ga4Sb23 type structure with the
lattice parameters ofa = 0.4344,b= 1.9750,c= 2.6860 (X-ray powder diffraction).

The crystal structure of the LaGaSb2 compound is unknown.

3.1.3.14.La–Ge–Sb. Lam et al. (2001) determined the crystal structure of the La6Ge2.8Sb13.2

compound (own structure type,a = 0.43034,b= 1.0851,c= 2.7073) by X-ray single crystal
diffraction. The sample had been synthesized by direct reaction of the elements at 1223 K.

3.1.3.15.La–Zr–Sb. The crystal structure of the La3ZrSb5 compound was investigated by
Bollore et al. (1995). It was found to adopt the Hf5CuSn3 anti-type structure,a = 0.9587,
c = 0.6258 (X-ray powder diffraction). Ferguson et al. (1997) confirmed the crystal struc-
ture of the La3ZrSb5 compound using single crystal X-ray diffraction (a = 0.95743,c =
0.63495).

3.1.3.16.La–Nb–Sb. Bollore et al. (1995) determined the crystal structure of La3NbSb5 to
have the Hf5CuSn3 anti-type structure,a = 0.9534,c= 0.6264 (X-ray powder diffraction).

3.1.3.17.La–Ru–Sb. The crystal structure of the LaRu4Sb12 compound was studied by
Braun and Jeitschko (1980). It was found to crystallize with the LaFe4P12 type,a = 0.92700
(X-ray powder diffraction). The purities of starting materials and experimental procedure were
the same as for LaFe4Sb12.
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3.1.3.18.La–Rh–Ge. Malik and Adroja (1991b) established the KHg2 type structure with
a = 0.4646,b = 0.7547,c = 0.7898 for the LaRhSb compound using X-ray powder diffrac-
tion of an arc melted alloy. Purities of the metals were better than 99.99%.

Accordingly to Zeng and Franzen (2000), the La0.1Rh8Sb24 compound belongs to a
LaFe4P12 type,a = 0.92213 (X-ray single crystal diffraction).

Menon Latica and Malik (1996) reported the existence of LaRh2Sb2 with a tetragonal struc-
ture, but no lattice constants were reported.

3.1.3.19.La–Pd–Sb. Marazza et al. (1980) established the CaIn2 type structure witha =
0.4610,c = 0.8115 for the LaPdSb compound using X-ray powder diffraction and metallo-
graphic analyses. For the sample preparation and purity of starting components, see Y–Pd–
Sb system. Malik and Adroja (1991a) confirmed the crystal structure and lattice parameters,
a = 0.4596,c= 0.8094 (X-ray diffraction, arc melted alloy).

LaPdSb2 was found to form the HfCuSi2 type structure with the lattice parameters ofa =
0.45309,c= 0.9989 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Hoffman and Jeitschko (1985) established the CaBe2Ge2 type structure for LaPd2Sb2, a =
0.4627,c = 1.0422, X-ray powder diffraction. Mixtures of the elemental components were
cold pressed, melted in a high frequency furnace, annealed for 3 days at 1170 K and oven
cooled.

3.1.3.20.La–Ag–Sb. LaAgSb2 compound was observed and studied by Sologub et al.
(1995a). It was found to crystallize with HfCuSi2 type structure with lattice parameters of
a = 0.43898,c = 1.0842 by X-ray powder diffraction of arc-melted and annealed at 870 K
for 14 days alloy. The purity of the starting materials was 99.9 wt.%. The existence and crys-
tal structure of LaAgSb2 compound were independently confirmed by Brylak et al. (1995)
(a = 0.43903,c = 1.0840; X-ray powder diffraction). For sample preparation, see YAgSb2.
The starting materials purities were: La 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.3.21.La–Cd–Sb. Sologub et al. (1995b) reported on the crystallographic data for the
LaCdSb2 compound (HfCuSi2 type structure,a = 0.44048,c = 1.0991; X-ray powder dif-
fraction) obtained from a multiphase alloy. For the sample preparation and purity of the start-
ing materials, see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crystal structure by us-
ing a single crystal method:a = 0.4399,c = 1.0997 for CeCd0.700(1)Sb2. For experimental
details, see LaMn0.721(1)Sb2. Purities of starting elements were La, greater than 99.9%, Cd,
greater than 99.8%, Sb 99.9%.

3.1.3.22.La–In–Sb. The crystal structure of the LaIn0.8Sb2 compound was investigated by
Ferguson et al. (1999) using X-ray single crystal and powder diffraction: own structure type,
space groupP21/m, a = 0.4521,b= 0.4331,c= 1.1914,β = 99.66◦.

3.1.3.23.La–Sn–Sb. La4SnSb2 was investigated by X-ray powder diffraction; the Th3P4 type
structure was established,a = 0.9686 (Hulliger and Ott, 1977). For synthesis, see La4PbSb2.
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Wang et al. (1967) studied the LaSn2–LaSb2 section and reported the existence of a ternary
compound that they tentatively identified as LaSnSb2. Ferguson et al. (1996) has determined
the crystal structure of LaSnxSb2 from single crystal X-ray diffraction method: own structure
type, space groupCmcm, a = 0.42425,b = 2.3121,c = 0.45053 (forx = 0.75). The homo-
geneity range has been established for the LaSnxSb2 (0.1� x � 0.8) compound. The samples
were synthesized by the direct reaction of the elements at 1223 K.

3.1.3.24.La–Hf–Sb. The crystal structure of the La3HfSb5 compound was investigated by
Bollore et al. (1995). It was found to adopt the Hf5CuSn3 anti-type structure,a = 0.9582,
c= 0.6356 (X-ray powder diffraction). Ferguson et al. (1997) determined the crystal structure
of the compound La5HfSb5 by using a single crystal method:a = 0.9557,c= 0.63388.

3.1.3.25.La–Os–Sb. Braun and Jeitschko (1980) investigated the crystal structure of the
LaOs4Sb12 compound. It was found to form the LaFe4P12 type structure,a = 0.93029 (X-ray
powder diffraction). The purities of starting materials and experimental procedure were the
same as for LaFe4Sb12.

3.1.3.26.La–Pt–Sb. LaPtSb crystallizes with the CaIn2-type structure,a = 0.4560, c =
0.8263 (Rossi et al., 1981; powder X-ray diffraction data). The starting elements (La 3N,
Pt 4N, Sb 4N) were melted under argon in tantalum crucible, and annealed at 773 K for one
week.

3.1.3.27.La–Au–Sb. LaAuSb2 was found to adopt the HfCuSi2 type structure with the lattice
parameters asa = 0.44363,c = 1.0434 (Sologub et al., 1994). The alloy was prepared in the
same manner as YCuSb2. Wollesen et al. (1996) confirmed the crystal structure by using
a single crystal method:a = 0.4436,c = 1.0432. The single crystal was isolated from the
sample where the elemental components were annealed together in a NaCl/KCl (1:1) flux for
1 week at 1070 K. The purities of the starting elements were La, greater than 99.9%, Au,
greater than 99.9%, Sb 99.9%.

Kasaya et al. (1991) reported an Y3Au3Sb4 type structure for the compound La3Au3Sb4,
a = 1.0123 (powder diffraction; powder metallurgical technique).

3.1.3.28.La–Pb–Sb. La4PbSb2 was investigated by X-ray powder diffraction; the Th3P4
type structure was established,a = 0.9707 (Hulliger and Ott, 1977). The sample was ob-
tained by heating a mixture of the starting components (with purity (3N) in sealed tantalum
tube at 50–100◦ below the melting point for 8 h.

The formation and crystal structure of the La5Pb3Sb compound with the Ti5Ga4 type struc-
ture was observed by Guloy and Corbett (1994) from X-ray powder diffraction of the sample
prepared by a powder metallurgical technique.

3.1.4. Ce–M–Sb systems
3.1.4.1. Ce–Li–Sb. No ternary phase diagram exists for the Ce–Li–Sb system; however the
formation of one ternary compound has been reported by Fischer and Schuster (1982):
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Fig. 4. Ce–Si–Sb, isothermal section at
670 K.

CeLi2Sb2, CaAl2Si2 type structure,a = 0.4311,c= 0.6984. The alloy was prepared by heat-
ing the elements in a Ta crucible at 870–1170 K for 24–48 h.

3.1.4.2. Ce–Si–Sb. The isothermal section of the phase diagram of the Ce–Si–Sb system
(fig. 4) was constructed from an X-ray analysis of 55 alloys prepared by arc melting in an ar-
gon atmosphere and annealed in quartz ampoules under vacuum at 670 K for 500 h (Stetskiv,
1999). The purity of the starting metals was better than 99.9 at.%. Two ternary compounds
∼Ce2Si3Sb5 (1) (unknown structure), and Ce3SiSb (2) (La3GeIn type structure,a = 1.1948,
c = 1.5484) were found. The binary compounds CeSb2, CeSb, Ce2Sb and CeSi2−x dissolve
less than 5 at.% of Sb or Si.

3.1.4.3. Ce–Ti–Sb. The crystal structure of the Ce3TiSb5 compound was investigated by
Bollore et al. (1995). It was found to form the Hf5CuSn3 anti-type structure,a = 0.9439,
c= 0.6235 (X-ray powder diffraction).

3.1.4.4. Ce–V–Sb. CeVSb3 crystallizes with the CeCrSb3 type structure,a = 1.3119,b =
0.62392,c= 0.60303 (X-ray powder diffraction; Brylak and Jeitschko, 1995).

3.1.4.5. Ce–Cr–Sb. A unique type of structure was reported for CeCrSb3, a = 1.3108,b =
0.6184,c = 0.6079 (X-ray single crystal data; Brylak and Jeitschko, 1995). Ferguson et al.
(1997) confirmed the structure from X-ray powder diffraction:a = 1.3127,b = 0.6199,c =
0.6092.

3.1.4.6. Ce–Mn–Sb. The phase equilibria were established in the ternary system Ce–Mn–
Sb for an isothermal section at 870 K (fig. 5). Three ternary compounds were observed:
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Fig. 5. Ce–Mn–Sb, isothermal section at
870 K.

CeMn0.85Sb2 (1), Ce29Mn13Sb58 (2) and Ce6MnSb15 (3) (Sologub et al., 1995c). The samples
were generally prepared by arc melting proper amounts of constituent elements and anneal-
ing for 250 h at 870 K. Ternary alloys in the region of 30 to 50 at.% Sb were prepared by
heating of compacted mixtures of powders in evacuated quartz tubes from 470 to 870 during
a 75 h period, then recompacted and heated at 870 K for 150 h, and finally quenched in cold
water.

Sologub et al. (1995b) reported on the crystal structure for the CeMn0.85Sb2 compound
(HfCuSi2 type structure,a = 0.43439,c = 1.0756; X-ray powder diffraction). For experi-
mental details, see LaMn0.87Sb2. Wollesen et al. (1996) confirmed the crystal structure by
using a single crystal method:a = 0.43514,c= 1.0690 for CeMn0.741(8)Sb2. For experimen-
tal details, see LaAuSb2. The purities of the starting elements were Ce, greater than 99.9%,
Mn, greater than 99.8%, Sb 99.9%.

The crystal structure of the Ce6MnSb15 compound was investigated by Sologub et al.
(1996b) by X-ray powder diffraction. It was found to crystallize with the La6MnSb15 struc-
ture type,a = 1.51538,b = 1.93646,c = 0.42742. The sample was prepared by arc melting
of ingots of the starting elements (purity 99.9 wt.%). Arc melted buttons were annealed at
870 K for 170 h and finally quenched by submerging the capsules into cold water.

The crystal structure of Ce29Mn13Sb58 compound was not studied (Sologub et al., 1995c).

3.1.4.7. Ce–Fe–Sb. The formation and crystal structure of the CeFe1−xSb2 compound
were studied by Leithe-Jasper and Rogl (1994) from X-ray powder analysis of the al-
loy Ce30−28Fe13−17Sb57−55 (HfCuSi2 type structure,a = 0.43751–0.43768,c = 0.98218–
0.98271). For sample preparation and purity of starting materials, see LaFe1−xSb2.
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Fig. 6. Ce–Ni–Sb, isothermal section at 870 K.

The crystal structure of the CeFe4Sb12 compound was investigated by Braun and Jeitschko
(1980). It was found to adopt the LaFe4P12 type,a = 0.91350 (X-ray powder diffraction). The
purities of starting materials and experimental procedure were the same as for LaFe4Sb12.

Kaiser and Jeitschko (1999) investigated the phase relations in the Ce–Fe–Sb ternary sys-
tem at 1173 K for the antimony-rich corner. They found three ternary compounds: CeFeSb2,
CeFe4Sb12 and Ce2Fe4Sb5.

3.1.4.8. Ce–Co–Sb. Leithe-Jasper and Rogl (1994) investigated the formation and crys-
tal structure of the CeCo1−xSb2 compound from X-ray powder analysis of the alloy
Ce30−25Co15−25Sb55−50 (HfCuSi2 type structure,a = 0.43588–0.43747,c = 0.97479–
0.98214). For sample preparation and purity of starting materials, see LaFe1−xSb2. Wollesen
et al. (1996) confirmed the crystal structure by using X-ray powder diffraction:a = 0.43579,
c= 0.9771 for CeCo1−xSb2. For synthesis, see LaMn0.721(1)Sb2. The purities of starting ele-
ments were Ce, greater than 99.9%, Co, greater than 99.8%, Sb 99.9%.

3.1.4.9. Ce–Ni–Sb. The isothermal section of Ce–Ni–Sb phase diagram at 870 K studied
by Pecharsky et al. (1983b) is given in fig. 6. For the sample preparation, see the La–Ni–Sb
system. The ternary phase equilibria diagram is characterized by the existence of three ternary
compounds: CeNiSb2±x (1), CeNi2±xSb2±x (2) and CeNiSb (3).

Pankevich et al. (1983) reported the crystal structure for the CeNiSb2 compound, HfCuSi2
type structure,a = 0.4409,c= 0.9750 (X-ray powder diffraction; arc melted and annealed at
870 K for two weeks). The crystallographic characteristics were confirmed by Sologub et al.
(1994),a = 0.43934,c = 0.9750 and Skolozdra et al. (1994). For experimental details, see
LaNiSb2.

Early investigations of the CeNiSb compound showed that it had the AlB2-type with
a = 0.4384,c = 0.4110 (Pecharsky et al., 1983a; X-ray powder analysis). For experimental
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Fig. 7. Ce–Cu–Sb, isothermal section at 870 K.

procedure, see ScNiSb. At variance with these data, Hartjes and Jeitschko (1995) suggested
the ZrBeSi type structure,a = 0.4393,c= 0.8257 from X-ray powder diffraction. For exper-
imental details, see LaNiSb.

The CeGa2Al2 type structure was proposed for the CeNi2Sb2 compound by Pecharsky et
al. (1983b),a = 0.4395,c = 0.9981 from X-ray powder diffraction of an alloy which was
arc melted under argon, annealed at 870 K and quenched. The starting components were
Ce 99.5%, Ni and Sb (4N). Hoffman and Jeitschko (1988) established a defect CaBe2Ge2

structure for CeNi2−xSb2 alloy, a = 0.4413, c = 0.9846, X-ray powder diffraction. Mix-
tures of the elemental components were annealed for about one week between 1023 K and
1073 K, ground to powder, cold pressed, melted in a high frequence furnace and quench-
ed.

A unique structure type was reported for the compound CeNi2+xSb2−x a = 0.4312,b =
0.4285,c= 1.0205 (Pecharsky et al., 1982; X-ray powder diffraction).

3.1.4.10.Ce–Cu–Sb. Isothermal section at 870 K for the Ce–Cu–Sb system was con-
structed by Protsyk et al. (2000) (fig. 7). For experimental procedures, see La–Cu–Sb. Four
ternary compounds were observed:∼CeCu6Sb3 (1), CeCu1−xSb2 (2), Ce3Cu3Sb4 (3) and
Ce6CuSb15 (4).

CeCuSb2 was found to form a HfCuSi2 type with the lattice parameters ofa = 0.43378,
c= 1.02333 (Sologub et al., 1994). For experimental details, see LaNiSb2.

A ternary compound of cerium with copper and antimony of the stoichiometric ratio 3:3:4
was identified and studied by means of X-ray analysis by Skolozdra et al. (1993). Ce3Cu3Sb4

compound was found to have the Y3Au3Sb4 type with the lattice parameters ofa = 0.9721
(X-ray powder diffraction). For experimental details, see the Y–Cu–Sb system. At variance
with this data, Patil et al. (1996) reported a tetragonal distortion of the cubic crystal structure
Y3Cu3Sb4 for the Ce3Cu3Sb4 alloy which was prepared by arc melting the constituent ele-
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ments of purity better than 99.9% in an argon atmosphere and annealed at 1070 K for one
week (a = 0.971,c= 0.998; X-ray powder diffraction).

The crystal structure of the Ce6CuSb15 compound was investigated by Sologub et al.
(1996b) by the X-ray powder diffraction. It was found to crystallize with a La6MnSb15 struc-
ture type,a = 1.5452,b = 1.9178,c = 0.4378. The sample was synthesized in the same
manner as Ce6MnSb15.

CeCu1.33Sb2 was found to crystallize with the CaBe2Ge2 type structurea = 0.4341,
c = 1.0256 from X-ray powder diffraction (Mentink et al., 1994). The starting materials Ce,
Cu, Sb were 3 nines pure. The sample was arc melted, wrapped in Ta foil and annealed at
1073 K for 4 weeks. Guzik et al. (1996) reported the crystal structure investigation for the
compound with a nominal composition CeCu1.8Sb2: CaBe2Ge2 type structure,a = 0.437,
c = 1.023 (X-ray powder diffraction, arc melted and annealed at 970 K for one week sam-
ple).

3.1.4.11.Ce–Zn–Sb. Sologub et al. (1995b) reported on the crystal structure for the
CeZn1−xSb2 compound (HfCuSi2 type structure,a = 0.43605,c = 1.0409; X-ray powder
diffraction). The sample was obtained via a powder metallurgical reaction. The thoroughly
mixed blends of powders were compacted and sealed in evacuated silica capsules. After
slowly heating to about 870 K for a first reaction, the pellets were reground under C6H12
and recompacted for final heat treatment at 870 K for 350 h. The purity of starting materi-
als was 99.9 wt.%. Wollesen et al. (1996) confirmed the crystal structure using X-ray pow-
der diffraction:a = 0.43449,c = 1.05834 for CeZn1−xSb2. For experimental details, see
LaMn0.721(1)Sb2. Purities of starting elements were Ce, greater than 99.9%, Zn, greater than
99.8%, Sb 99.9%.

Salamakha and Mudryi (2001a) studied the crystal structure of the CeZn0.8Sb2 compound.
The sample was synthesized in two stages. Proper amounts of powder were compacted and
sealed in evacuated silica capsule. After slowly heating to 1070 K (1st stage), the sample was
studied by X-ray powder diffraction. Afterwards, the pellet was reground under C6H12, re-
compacted and annealed at 870 K for 150 h (2nd stage). The purity of starting materials was
99.9 wt.%. Two modifications of CeZn0.8Sb2 compound were observed to form:a = 0.43493,
b = 0.43742,c = 1.04763, NdAgAs2 type structure (for the sample after 1st stage of anneal-
ing) anda = 0.43635,c= 1.04160, HfCuSi2 (for the sample after 2nd stage of annealing).

The crystal structure of the Ce6ZnSb15 compound was investigated by Sologub et al.
(1996b) by the X-ray powder diffraction. It was found to crystallize with the La6MnSb15
structure type,a = 1.5215,b= 1.9264,c= 0.43215. Sample was synthesized by repeated re-
action of sintering of stoichiometric amounts of the starting elements. A proper powder blend
was compacted into small pellet, sealed in evacuated quartz tube and slowly heated (within
100 h) to the annealing temperature of 870 K.

3.1.4.12.Ce–Ga–Sb. Mills and Mar (2000) investigated the crystal structure of the
Ce12Ga4Sb23 compound, with the Pr12Ga4Sb23 type structure,a = 0.4308, b = 1.9509,
c = 2.6667 (X-ray powder diffraction). The sample was synthesized by a direct reaction of
the elements in evacuated silica tubes.
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Fig. 8. Ce–Ge–Sb, isothermal section at
870 K.

3.1.4.13.Ce–Ge–Sb. The isothermal section of the Ce–Ge–Sb phase diagram (fig. 8) was
constructed by X-ray analysis of 50 alloys prepared by arc melting in an argon atmosphere
and annealed in quartz ampoules under vacuum at 670 K for 500 h (Stetskiv et al., 1998). The
purity of the starting metals was better than 99.9 at.%. Three ternary compounds Ce2GeSb3
(1),∼Ce5Ge3Sb2 (2) and Ce3GeSb (3) were found.

Ce2GeSb3 is a superstructure of the ThGe2 type structure,a = 1.8894,b = 0.4650,c =
0.4299; Ce3GeSb crystallizes in the La3GeIn type structure,a = 1.2012,c = 1.5485; the
crystal structure of the∼Ce5Ge3Sb2 is unknown (Stetskiv et al., 1998).

One more compound was found and investigated by Lam et al. (2000) from X-ray powder
diffraction: Ce6Ge5−xSb11+x , a = 0.42972,b= 1.0740,c= 2.6791.

3.1.4.14.Ce–As–Sb. The compounds CeAsxSb1−x , NaCl type, were synthesized and in-
vestigated by different groups of authors: Ce50As10Sb40, a = 0.6354 (Burlet et al., 1980);
Ce3AsSb2, a = 0.61865 (Ott et al., 1978); Ce4As0.8Sb3.2, a = 0.6363 (Rossat-Mignod et al.,
1983).

3.1.4.15.Ce–Se–Sb. A completec–T diagram was presented for the Ce2Se3–Sb2Se3 section
by Aliev et al. (1977). CeSe30Sb19 was found to form a S3Sb2 structure type,a = 1.159,
b = 0.412,c = 1.183. A homogeneity field was observed for the (CexSb1−x )2Se3, x = 0–
0.05,a = 1.162–1.159,b= 0.396–0.412,c= 1.177–1.183. The sample was annealed at 723–
773 K for 300 h.

3.1.4.16.Ce–Zr, Nb–Sb. The compounds Ce3ZrSb5 and Ce3NbSb5 belong to the Hf5CuSn3
anti-type. The lattice parameters area = 0.9506,c = 0.6318, anda = 0.9438,c = 0.6219
respectively (Bollore et al., 1995; X-ray powder diffraction).



56 O.L. SOLOGUB AND P.S. SALAMAKHA

3.1.4.17.Ce–Ru–Sb. The crystal structure of the CeRu4Sb12 compound was investigated by
Braun and Jeitschko (1980). It was found to crystallize with the LaFe4P12 type structure,
a = 0.92657 (X-ray powder diffraction). The purities of starting materials and experimental
procedure were the same as for LaFe4Sb12.

3.1.4.18.Ce–Rh–Sb. Malik and Adroja (1991b) observed a KHg2 type with a = 0.4609,
b = 0.7416,c = 0.7846 for the CeRhSb compound using X-ray powder diffraction of an arc
melted alloy. The purities of the metals were better than 99.99%. Salamakha et al. (2000)
reinvestigated the crystal structure of the CeRhSb compound, and found it had the TiNiSi
structure type,a = 0.74150,b = 0.46185,c= 0.78570.

The existence of CeRh2Sb2 with a tetragonal structure was reported by Menon Latica and
Malik (1996).

The Y3Au3Sb4 structure type has been reported for the Ce3Rh3Sb4 compound by Patil et
al. (1998).

3.1.4.19.Ce–Pd–Sb. Marazza et al. (1980) established the CaIn2 type structure witha =
0.4595,c = 0.7894 for the CePdSb compound using X-ray powder diffraction and metallo-
graphic analyses. For sample preparation and purity of starting components, see Y–Pd–Sb
system. Malik and Adroja (1991a) confirmed the crystal structure and lattice parameters,
a = 0.4594,c = 0.7913 (X-ray diffraction; arc melted alloy). CePdSb2 was found to adopt
a HfCuSi2 type with the lattice parameters asa = 0.44899,c= 0.9893 (Sologub et al., 1994).
For experimental details, see LaNiSb2.

Hoffman and Jeitschko (1985) reported the CaBe2Ge2 type structure for CePd2Sb2, a =
0.4505,c= 1.0230, X-ray powder diffraction. The sample was synthesized in the same man-
ner as LaPd2Sb2. The same structure type however with different lattice parameters values,
i.e.,a = 0.4482,c= 0.9860 was reported for the CePdSb3 sample by Cava et al. (1993).

A new ternary antimonide, Ce3Pd6Sb5 was prepared by arc melting of the elemental com-
ponents and subsequent annealing at 1023 K by Gordon et al. (1995). Its orthorhombic crystal
structure was determined from single crystal X-ray data:a = 1.3481,b= 0.4459,c= 1.0050.
Purity of the elements was at least 99.9%.

Crystal structure of two ternary compounds Ce8Pd24Sb and Ce2Pd9Sb3 was studied by
Gordon and DiSalvo (1996) and Gordon et al. (1996) respectively: Ce8Pd24Sb, own structure
type, space groupPm3m, a = 0.8461 and Ce2Pd9Sb3, own structure type, space groupCmcm,
a = 1.3769,b = 0.80412,c= 0.93482 (X-ray single crystal diffraction).

3.1.4.20.Ce–Ag–Sb. The CeAgSb2 compound was observed and studied by Sologub et al.
(1995a). It was found to crystallize with HfCuSi2 type structure with the lattice parameters
as followsa = 0.43641,c = 1.0722 by X-ray single crystal diffraction of an arc melted and
annealed at 870 K for 14 days sample. The purity of starting materials was 99.9 wt.%. The
existence and crystal structure of CeAgSb2 compound were independently confirmed by Bry-
lak et al. (1995) (a = 0.4363,c= 1.0699; X-ray single crystal method). A single crystal was
obtained by reaction of the elemental components in a NaCl/KCl flux. The starting ratio was
Ce:Ag:Sb:NaCl/KCl= 1:1:2:20. The sample was annealed for 2 weeks at 1070 K, cooled to
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960 K at a rate of 3◦C/hr, and quenched in ice water. The NaCl/KCl flux was dissolved in
H2O using an ultrasonic bath. The starting metals were Ce 99.9%, Ag M3N, and Sb 325 mesh,
M2N5.

3.1.4.21.Ce–Cd–Sb. Sologub et al. (1995b) reported the crystallographic data for the
CeCdSb2 compound (HfCuSi2 type structure,a = 0.43751,c = 1.0900; X-ray powder dif-
fraction) which had been obtained from a multiphase alloy. For sample preparation and purity
of starting materials, see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crystal structure
using X-ray powder diffraction:a = 0.43761,c = 1.0912 for CeCd1−xSb2. For experimen-
tal details, see LaMn0.721(1)Sb2. The purities of the starting elements were Ce, greater than
99.9%, Cd, greater than 99.8%, Sb 99.9%.

3.1.4.22.Ce–In–Sb. The crystal structure of the CeIn0.8Sb2 compound (LaIn0.8Sb2 structure
type,a = 0.4478,b = 0.4323,c = 1.1796,β = 99.36◦) was investigated by Ferguson et al.
(1999) from X-ray powder diffraction.

3.1.4.23.Ce–Sn–Sb. Ferguson et al. (1996) studied the crystal structure of the CeSnxSb2 by
powder diffraction, LaSnSb2 structure type,a = 0.4228,b= 2.2868,c= 0.4478. The sample
has been synthesized through direct reaction of the elements at 1223 K.

3.1.4.24.Ce–Te–Sb. The formation and crystal structure of CeTexSb1−x was studied by
Ravot et al. (1982) and Rossat-Mignod et al. (1983) from the samples obtained by heat-
ing in molybdenum crucibles at 2273 K and slow cooling: NaCl structure type,x = 0–0.5,
a = 0.6422–0.6403.

Charvillat et al. (1977) established the Cu2Sb structure type for the CeSbTe compound,
a = 0.4365,c= 0.945.

3.1.4.25.Ce–Hf–Sb. The crystal structure of the Ce3HfSb5 compound was determined by
Bollore et al. (1995). It was found to adopt the Hf5CuSn3 anti-type structure,a = 0.9483,
c= 0.6298 (X-ray powder diffraction).

3.1.4.26.Ce–Os–Sb. The crystal structure of the CeOs4Sb12 compound was investigated by
Braun and Jeitschko (1980). It forms the LaFe4P12 type structure,a = 0.93011 (X-ray powder
diffraction). The purities of starting materials and experimental procedure were the same as
for LaFe4Sb12.

3.1.4.27.Ce–Pt–Sb. CePtSb belongs to the CaIn2 type structure,a = 0.4550,c = 0.8077
(powder diffraction; Rossi et al., 1981). The alloy was melted in an induction furnace under
argon in tantalum crucible, annealed at 773 for 1 week. The purity of starting materials was
Ce (3N), Pt and Sb (4N) each.

Kasaya et al. (1991) reported the Y3Au3Sb4 type structure for the compound Ce3Pt3Sb4,
a = 0.9820 (powder diffraction; arc melted alloy).



58 O.L. SOLOGUB AND P.S. SALAMAKHA

3.1.4.28.Ce–Au–Sb. The HfCuSi2 type structure with the lattice parameters asa = 0.44081,
c = 1.0339 was reported for the CeAuSb2 compound (Sologub et al., 1994). The alloy
was prepared by argon arc melting ingots of the elements with the nominal composition
Ce25Au25Sb50 and annealed at 670 K in evacuated quartz tubes for 2 weeks and quenched
in water. The materials used were Ce 99.9%, Au 99.9%, and Sb 99.9%. Wollesen et al. (1996)
confirmed the crystal structure using X-ray powder diffraction:a = 0.4381,c = 1.0772 for
CeAuSb2. The sample was prepared by annealing cold-pressed and arc melted mixtures of
starting materials taken with the atomic ratio 1:1:2 in evacuated sealed silica tubes for 10 days
at 1070 K followed by cooling at a rate of 100◦C/h. The purities of starting elements were
Ce, greater than 99.9%, Au, greater than 99.9%, Sb 99.9%.

CeAuSb crystallizes with CaIn2 type structure,a = 0.4616,c = 0.8322 after Suzuki et al.
(1993) from powder diffraction of arc melted and annealed at 1273 K for 48 h alloy.

Kasaya et al. (1991) reported a Y3Au3Sb4 type structure for the compound Ce3Au3Sb4,
a = 1.0058 (powder diffraction; powder metallurgical technique). The formation and crystal
structure of this compound (Y3Au3Sb4 type,a = 1.00443) was confirmed by Sologub et al.
(1998) from X-ray powder diffraction of arc melted and annealed at 1070 K for two weeks
alloys.

3.1.5. Pr–M–Sb systems
3.1.5.1. Pr–Li–Sb. The formation of one ternary compound was reported by Fischer and
Schuster (1982): PrLi2Sb2, CaBe2Ge2 type structure,a = 0.4329,c = 1.0990 (X-ray single
crystal data). The alloy was prepared by heating the elements in a Ta crucible at 870–1170 K
for 24–48 h.

3.1.5.2. Pr–Ti–Sb. Bollore et al. (1995) investigated the crystal structure of the Pr3TiSb5

compound by X-ray powder diffraction. It crystallizes with the Hf5CuSn3 anti-type structure,
a = 0.9401,c= 0.6224.

3.1.5.3. Pr–V–Sb. PrVSb3 has the CeCrSb3 structure type structure,a = 1.3121, b =
0.62380,c= 0.60182 (X-ray powder diffraction; Brylak and Jeitschko, 1995).

3.1.5.4. Pr–Cr–Sb. PrCrSb3 crystallizes with the CeCrSb3 type structure:a = 1.3043,b =
0.618831,c = 0.60738 (X-ray powder diffraction; Brylak and Jeitschko, 1995). The crystal
structure was confirmed by Ferguson et al. (1997)a = 1.3127,b= 0.6199,c= 0.6092 (X-ray
powder diffraction).

3.1.5.5. Pr–Mn–Sb. Sologub et al. (1995b) reported the lattice parameters for PrMn0.82Sb2

(HfCuSi2-type,a = 0.43362,c = 1.0628; X-ray powder diffraction) obtained from a multi-
phase alloy. For experimental details, see LaMn0.87Sb2. Wollesen et al. (1996) confirmed the
crystal structure using X-ray powder diffraction:a = 0.4333,c = 1.0627 for PrMn1−xSb2.
For experimental details, see LaMn0.721(1)Sb2. The purities of the starting elements were Pr,
greater than 99.9%, Mn, greater than 99.8%, Sb 99.9%.
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3.1.5.6. Pr–Fe–Sb. Leithe-Jasper and Rogl (1994) investigated the formation and crys-
tal structure of the PrFe1−xSb2 compound by X-ray powder analysis of the alloy
Pr30−30.5Fe13−14.5Sb57−55 (HfCuSi2 type structure,a = 0.43638–0.43616,c = 0.97390–
0.97552). For sample preparation and purity of starting materials, see LaFe1−xSb2.

The crystal structure of the PrFe4Sb12 compound was studied by Braun and Jeitschko
(1980). It was found to form the LaFe4P12 type structure,a = 0.91351 (X-ray powder dif-
fraction). The purities of starting materials and experimental procedure were the same as for
LaFe4Sb12.

From room temperature X-ray powder diffraction analysis the Pr6Fe13Sb was found to
crystallize with the ordered La6Co11Ga3, i.e., the Nd6Fe13Si type,a = 0.8108,c = 2.3303
(Weitzer et al., 1993). An alloy was synthesized from ingots and compacted powders of the
constituent elements, 99.9% pure, by arc melting, followed by annealing at 1273 for 2 days
and quenched in cold water.

3.1.5.7. Pr–Co–Sb. Leithe-Jasper and Rogl (1994) investigated the formation and crystal
structure of the PrCo1−xSb2 compound by X-ray powder analysis of the alloy Pr28Co17Sb55
(HfCuSi2-type structure,a = 0.43415,c = 0.96700). For sample preparation and purity of
starting materials, see LaFe1−xSb2. Wollesen et al. (1996) confirmed the crystal structure us-
ing X-ray powder diffraction:a = 0.43463,c = 0.9694 for PrCo1−xSb2. For synthesis, see
LaMn0.721(1)Sb2. The purities of the starting elements were Pr, greater than 99.9%, Co, greater
than 99.8%, Sb 99.9%.

3.1.5.8. Pr–Ni–Sb. Pankevich et al. (1983) reported the crystal structure for the PrNiSb2
compound to have the HfCuSi2 type structure,a = 0.4379,c = 0.9672 (X-ray powder dif-
fraction; arc melted and annealed at 870 K for two weeks alloy). The crystallographic charac-
teristics were confirmed by Sologub et al. (1994),a = 0.43853,c= 0.9699. For experimental
details, see LaNiSb2.

Early investigations of the PrNiSb compound showed that it had the AlB2-type structure
with a = 0.4376,c = 0.4053 (Pecharsky et al., 1983a; X-ray powder analysis). For exper-
imental procedure, see ScNiSb. At variance with these data, Hartjes and Jeitschko (1995)
suggested a ZrBeSi type structure,a = 0.4375,c = 0.8123 from X-ray powder diffraction.
For experimental details, see LaNiSb.

The CeGa2Al2 type structure was announced for PrNi2Sb2 compound by Pecharsky et al.
(1982),a = 0.4367,c = 0.9904 from X-ray powder diffraction. For sample preparation, see
CeNi2Sb2. Hoffman and Jeitschko (1988) established the defect CaBe2Ge2 type structure for
PrNi2−xSb2, a = 0.4399,c= 0.9778, X-ray powder diffraction. For the experimental details,
see CeNi2−xSb2. CaBe2Ge2 type structure was confirmed from an arc melted alloy PrNi2Sb2:
a = 0.4360,c = 0.9970; a monoclinic distortion was observed after annealing at 1070 K
for one week:a = 0.4365,b = 0.4355,c = 0.9969,β = 90.20◦ (X-ray powder diffraction;
Slebarski et al., 1996).

3.1.5.9. Pr–Cu–Sb. A ternary compound of praseodymium with copper and antimony of the
stoichiometric ratio 3:3:4 was identified and studied by means of X-ray analysis by Skolozdra
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et al. (1993). Pr3Cu3Sb4 compound was found to have the Y3Au3Sb4 type structure with the
lattice parameter ofa = 0.9695 (X-ray powder diffraction). For experimental details, see the
Y–Cu–Sb system.

PrCuSb2 was found to form the HfCuSi2 type structure with the lattice parameters ofa =
0.43250,c= 1.0159 (Sologub et al., 1994). For experimental details, see LaNiSb2.

The CaBe2Ge2 type structure was established for PrCu2Sb2 from an arc melted alloy:a =
0.4329,c= 1.0183 (X-ray powder diffraction; Slebarski et al., 1996).

3.1.5.10.Pr–Zn–Sb. Sologub et al. (1995b) reported on the crystallographic data for the
PrZn1−xSb2 compound (HfCuSi2 type structure,a = 0.43398,c = 1.0373; X-ray powder
diffraction) obtained from a multiphase alloy. For the sample preparation and the purity of the
starting materials, see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crystal structure by
using X-ray powder diffraction:a = 0.43400,c = 1.0358 for PrZn1−xSb2. For experimental
details, see LaMn0.721(1)Sb2. The purities of the starting elements were Pr, greater than 99.9%,
Zn, greater than 99.8%, Sb 99.9%.

The crystal structure of the Pr6ZnSb15 compound was investigated by Sologub et al.
(1996b) by X-ray powder diffraction. It was found to crystallize with the La6MnSb15 structure
type,a = 1.5136,b = 1.9180,c= 0.42898. For sample preparation, see Ce6ZnSb15.

3.1.5.11.Pr–Ga–Sb. Mills and Mar (2000) studied the crystal structure of Pr12Ga4Sb23 by
X-ray single crystal diffraction. This compound has its own structure type, space groupImmm,
a = 0.4283,b = 1.9394,c = 2.6553. The crystal was obtained from the sample synthesized
through the direct reaction of the elements in evacuated silica tubes.

3.1.5.12.Pr–Ge–Sb. The Pr6Ge5−xSb11+x compound was observed and investigated by
Lam et al. (2001) using X-ray powder diffraction and found that it had the La6Ge2.8Sb13.2

structure type,a = 0.42674,b = 1.0677,c= 2.6626.

3.1.5.13.Pr–Zr, Nb–Sb. The Pr3ZrSb5 and Pr3NbSb5 compounds belong to the Hf5CuSn3
anti-type structure with lattice parameters ofa = 0.9450,c = 0.6293 anda = 0.9396,c =
0.6201 respectively (Bollore et al., 1995; X-ray powder diffraction).

3.1.5.14.Pr–Ru–Sb. Braun and Jeitschko (1980) reported the crystal structure of the
PrRu4Sb12 compound to be of the LaFe4P12 type structure,a = 0.92648 (X-ray powder dif-
fraction). The purities of starting materials and experimental procedure were the same as for
LaFe4Sb12.

3.1.5.15.Pr–Rh–Sb. Malik and Adroja (1991b) established a KHg2 type with a = 0.4596,
b= 0.7391,c= 0.7848 for the PrRhSb compound by using X-ray powder diffraction of an arc
melted alloy. The purities of the metals were better than 99.99%. Adroja et al. (1999) observed
the TiNiSi structure type for the PrRhSb0.976 compound from metallographic analyses and
powder diffraction.
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The existence of PrRh2Sb2 with a tetragonal structure was reported by Menon Latica and
Malik (1996).

3.1.5.16.Pr–Pd–Sb. Marazza et al. (1980) reported the CaIn2 type structure witha =
0.4593, c = 0.7805 for the PrPdSb compound from X-ray powder diffraction and metal-
lographic analyses. For the sample preparation and the purity of starting components, see
Y–Pd–Sb system. The crystallographic characteristics were also confirmed from powder dif-
fraction data of arc melted and annealed at 1073 K alloys (Zygmunt and Szytula, 1995): CaIn2

type structure,a = 0.4588,c= 0.7836. Adroja et al. (1999) observed a LiGaGe structure type
for the PrPdSb0.952compound from metallographic analyses and powder diffraction.

PrPdSb2 was found to adopt the HfCuSi2 type structure with the lattice parameters asa =
0.44707,c= 0.9790 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Hoffman and Jeitschko (1988) established a CaBe2Ge2 structure for PrPd2Sb2 alloy, X-ray
powder diffraction. Sample was synthesized in the same manner as LaPd2Sb2.

3.1.5.17.Pr–Ag–Sb. The PrAgSb2 compound was observed and studied by Sologub et al.
(1995a). It was found to crystallize with HfCuSi2 type structure with lattice parameters as
follows a = 0.43506,c = 1.0679 by X-ray powder diffraction of arc melted and annealed
at 870 K for 14 days alloy. The purity of starting materials was 99.9 wt.%. The existence
and crystal structure of PrAgSb2 were independently confirmed by Brylak et al. (1995) (a =
0.43499,c = 1.0670; X-ray powder diffraction). For sample preparation, see YAgSb2. The
starting materials purities were Pr 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.5.18.Pr–Cd–Sb. Sologub et al. (1995b) reported on the crystallographic data for the
PrCdSb2 compound (HfCuSi2 type structure,a = 0.43574,c = 1.0864; X-ray powder dif-
fraction) obtained from a multiphase alloy. For the sample preparation and the purity of the
starting materials, see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crystal structure us-
ing X-ray powder diffraction:a = 0.43588,c = 1.08555 for PrCd1−xSb2. For experimental
details, see LaMn0.721(1)Sb2. The purities of the starting elements were Pr, greater than 99.9%,
Cd, greater than 99.8%, Sb 99.9%.

3.1.5.19.Pr–In–Sb. The crystal structure of the PrIn0.8Sb2 (LaIn0.8Sb2 structure type,a =
0.4465,b = 0.4303,c = 1.1733,β = 99.45◦) was investigated by Ferguson et al. (1999) by
using X-ray powder diffraction.

3.1.5.20.Pr–Sn–Sb. Ferguson et al. (1996) investigated the crystal structure of the PrSnxSb2

compound by X-ray powder diffraction: LaSnSb2 structure type,a = 0.4204,b = 2.2700,
c= 0.4469. The sample was synthesized by direct reaction of the elements at 1223 K.

3.1.5.21.Pr–Te–Sb. Charvillat et al. (1977) reported a Cu2Sb structure type for the PrTeSb
compound,a = 0.4344,c= 0.9396.
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3.1.5.22.Pr–Hf–Sb. The crystal structure of the Pr3HfSb5 compound was studied by Bollore
et al. (1995). It was found to form the Hf5CuSn3 anti-type,a = 0.9419,c = 0.6271 (X-ray
powder diffraction).

3.1.5.23.Pr–Os–Sb. The crystal structure of the PrOs4Sb12 compound was investigated by
Braun and Jeitschko (1980). It belongs to the LaFe4P12 type structure,a = 0.92994 (X-ray
powder diffraction). The purities of the starting materials and the experimental procedure were
the same as for LaFe4Sb12.

3.1.5.24.Pr–Pt–Sb. Wenski and Mewis (1986a) reported the LiGaGe type structure for the
PrPtSb compound,a = 4537,c= 0.7963 from X-ray powder diffraction. The sample was arc
melted and annealed at 1273–1373 K for 3–4 weeks. The starting components were Pr (3N),
Pt (3N), Sb (3N).

Kasaya et al. (1991) observed the Y3Au3Sb4 type structure for the compound Pr3Pt3Sb4,
a = 0.9981 (powder diffraction; arc melted alloy).

3.1.5.25.Pr–Au–Sb. PrAuSb2 was found to adopt a HfCuSi2 type structure with the lattice
parameters asa = 0.43933,c= 1.0290 (Sologub et al., 1994). The alloy was prepared in the
same manner as YCuSb2.

Kasaya et al. (1991) reported the Y3Au3Sb4 type structure for the compound Pr3Au3Sb4,
a = 1.0013 (powder diffraction; powder metallurgical technique).

3.1.6. Nd–M–Sb systems
3.1.6.1. Nd–Li–Sb. No ternary phase diagram exists for the Nd–Li–Sb system, however
the formation of one ternary compound has been reported by Fischer and Schuster (1982):
NdLi2Sb2 with the CaBe2Ge2 type structure,a = 0.4280,c = 1.0910 (X-ray single crystal
data). The alloy was prepared by heating the elements in a Ta crucible at 870–1170 K for
24–48 h.

3.1.6.2. Nd–Ti–Sb. The crystal structure of the Nd3TiSb5 compound was investigated by
Bollore et al. (1995). It was found to form the Hf5CuSn3 anti-type structure,a = 0.9353,
c= 0.6196 (X-ray powder diffraction).

3.1.6.3. Nd–V–Sb. The only information available on the interaction of the components in the
Nd–V–Sb system is the formation of the NdVSb3 compound observed by Brylak and Jeitschko
(1995). It was reported to adopt the CeCrSb3 type structure,a = 1.3040,b = 0.6226,c =
0.6008 from X-ray powder diffraction.

3.1.6.4. Nd–Cr–Sb. The partial isothermal section of the Nd–Cr–Sb system (33.0–100.0 at.%
Sb) at 870 K was constructed by Sologub and Salamakha (1999) (fig. 9). The formation and
crystal structure of one ternary compound NdCrSb3 (1) has been confirmed: CeCrSb3 type
structure,a = 1.2970,b = 0.61679,c = 0.60592 (Brylak and Jeitschko, 1995 and Ferguson
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Fig. 9. Nd–Cr–Sb, partial isothermal sec-
tion at 870 K (33.0–100.0 at.% Sb).

et al., 1997). The solubility of third component in the binary compounds was found to be neg-
ligible. The ternary samples used to derive the phase relations in the ternary sections at 870 K,
each weighting 1 g, were synthesized by arc melting the proper amounts of the constituent el-
ements under high purity argon on a water cooled copper hearth. The starting materials were
used in the form of ingots of high purity elements – Nd (99.9%), Cr (99.99%), Sb (99.999%).
The alloys were annealed at 870 K in evacuated quartz tubes for 2 weeks and quenched in
water.

3.1.6.5. Nd–Mn–Sb. Phase equilibria were established in the Nd–Mn–Sb ternary system for
an isothermal section at 870 K by Sologub et al. (1996a) (fig. 10). Three ternary compounds
were observed:∼Nd26Mn8Sb66 (1) (type unknown), Nd29Mn13Sb58 (2) (type unknown) and
NdMn1−xSb2, x =∼0.15 (3). For the sample preparation, see Ce–Mn–Sb system.

Sologub et al. (1995b) reported on the crystal structure for the NdMn0.83Sb2 compound
(HfCuSi2 type structure,a = 0.43097,c = 1.0672; X-ray powder diffraction). For experi-
mental details, see LaMn0.87Sb2. Wollesen et al. (1996) confirmed the crystal structure using
X-ray powder diffraction:a = 0.43174,c = 1.0599 for NdMn1−xSb2. For experimental de-
tails, see LaMn0.721(1)Sb2. The purities of the starting elements were: Nd, greater than 99.9%,
Mn, greater than 99.8%, Sb 99.9%.

3.1.6.6. Nd–Fe–Sb. Two ternary compounds (NdFe4Sb12 (1) and NdFe1−xSb2 (2) have been
observed as a result of X-ray phase analyses of 30 ternary neodymium–iron–antimony alloys
within the concentration region 33.0–100.0 at.% Sb at 870 K (fig. 11) (Sologub and Sala-
makha, 1999). The solubilities of third component in the binary compounds were found to be
negligible. A small homogeneity range was observed for the NdFe1−xSb2 compound. For the
sample preparation, see Nd–Cr–Sb system. The starting materials were used in the form of
ingots of high purity elements – Nd (99.9%), Fe (99.99%), Sb (99.999%).
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Fig. 10. Nd–Mn–Sb, isothermal section at
870 K.

Fig. 11. Nd–Fe–Sb, partial isothermal sec-
tion at 870 K (33.0–100.0 at.% Sb).

Leithe-Jasper and Rogl (1994) investigated the formation and crystal structure of the
NdFe1−xSb2 compound by X-ray powder analysis of the alloy Nd31−32Fe14−13Sb57−55

(HfCuSi2 type structure,a = 0.43457–0.43479,c = 0.96405–0.96554). These results were
confirmed by the same authors using X-ray single crystal analysis: NdFe0.6Sb2, HfCuSi2 type
structure,a = 0.43514,c = 0.96518. For the sample preparation and the purity of starting
materials, see LaFe1−xSb2.
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The crystal structure of the NdFe4Sb12 compound was studied Evers et al. (1995). It was
found to adopt the LaFe4P12 type structure,a = 0.9130 (X-ray powder and single crystal dif-
fraction). The purities of the materials were 99.9% or better. Filings of the neodymium were
prepared under argon and annealed with the corresponding amounts of antimony in evacuated
sealed silica tubes for two days at 723 K, followed by five days at 1023 K. The resulting
antimonide NdSb was ground together with appropriate amounts of Fe and Sb, pressed into
pellets and sealed in evacuated silica tubes. The ampules were quickly heated to 933 K, kept
at this temperature for 3 h, cooled at 1◦C/h to 873 K and then quenched. The starting com-
position was Nd:Fe:Sb= 2:4:13. The excess antimony was removed by treating the product
for several days with concentrated hydrochloric acid.

From room temperature X-ray powder diffraction analysis Nd6Fe13Sb was found to crystal-
lize with the ordered La6Co11Ga3, i.e., the Nd6Fe13Si type structure,a = 0.8098,c= 2.3232
(Weitzer et al., 1993). An alloy was synthesized from ingots and compacted powders of the
constituent elements, 99.9% pure, by arc melting, followed by annealing at 1073 for 7 days
and quenched in cold water.

Leithe-Jasper (1994) reported the single crystal investigations for two compounds with
unique structure types: NdFe3Sb2, a = 0.42879,c= 2.57048 and NdFe2−xSb2, a = 0.42965,
b = 0.42759,c= 2.57887.

Zhang et al. (2000) reported that the Nd2Fe17 binary compound dissolves about 3 at.% of
Sb at 1223 K.

3.1.6.7. Nd–Co–Sb. The 870 K isothermal section of the Nd–Co–Sb system was reported
by Sologub and Salamakha (1999) from an X-ray powder analysis of 68 alloys (fig. 12).
For the sample preparation, see Nd–Cr–Sb system. The purity of the starting components

Fig. 12. Nd–Co–Sb, isothermal section at
870 K.
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Fig. 13. Nd–Ni–Sb, isothermal section at
870 K.

was Nd 99.9%, Co 99.99%, and Sb 99.999%. The existence of the ternary NdCo1−xSb2 (3)
phase has been confirmed. The crystal structures of two other compounds, NdCo3Sb2 (1) and
Nd6CoSb15 (2) have not been investigated.

Leithe-Jasper and Rogl (1994) investigated the formation and crystal structure of the
NdCo1−xSb2 compound by X-ray powder analysis of Nd30−25Co15−25Sb55−50 (HfCuSi2-
type structure,a = 0.43306–0.43453,c= 0.96138–0.96918). For the sample preparation and
the purity of the starting materials, see LaFe1−xSb2. Wollesen et al. (1996) confirmed the
crystal structure using X-ray powder diffraction:a = 0.43357,c= 0.96587 for NdCo1−xSb2.
For synthesis, see LaMn0.721(1)Sb2. The purities of the starting elements were: Nd, greater
than 99.9%, Co, greater than 99.8%, Sb 99.9%.

3.1.6.8. Nd–Ni–Sb. The isothermal section of the Nd–Ni–Sb system at 870 K is shown in
fig. 13, after Salamakha (1998). Three ternary compounds have been found: NdNi2Sb2 (1),
NdNiSb2 (2) and NdNiSb (3). The solubility of third component in the binary compounds was
found to be negligible. For the sample preparation, see Nd–Cr–Sb system. The purity of the
starting components was: Nd 99.9%, Ni 99.99%, and Sb 99.999%.

Pankevich et al. (1983) reported the crystal structure of NdNiSb2 to be the HfCuSi2 type,
a = 0.4364,c = 0.9614 (X-ray powder diffraction; arc melted and annealed at 870 K for
two weeks). The crystallographic characteristics were confirmed by Sologub et al. (1994),
a = 0.43674,c= 0.9629. For experimental details, see LaNiSb2.

Early investigations of the NdNiSb compound showed that it had the AlB2-type witha =
0.4372,c = 0.3991 (Pecharsky et al., 1983a; X-ray powder analysis). For the experimental
procedure, see ScNiSb. At variance with these data, Hartjes and Jeitschko (1995) suggested
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Fig. 14. Nd–Cu–Sb, isothermal section at
870 K.

that the compound had the ZrBeSi type structure,a = 0.4377,c= 0.7997 from X-ray powder
diffraction. For experimental details, see LaNiSb.

The CeGa2Al2 type structure was reported for NdNi2Sb2 by Pecharsky et al. (1982),
a = 0.43022, c = 0.99125 from X-ray powder diffraction. For sample preparation, see
CeNi2Sb2. Hoffman and Jeitschko (1988) established a defect CaBe2Ge2 type structure for
NdNi2−xSb2 alloy, a = 0.4300,c = 1.001, X-ray powder diffraction. For the experimental
details, see CeNi2−xSb2.

3.1.6.9. Nd–Cu–Sb. The isothermal section for the Nd–Cu–Sb system at 870 K was estab-
lished by Zaplatynsky and Salamakha (1994) (fig. 14). For sample preparation, see Nd–Cr–Sb.
The purity of the starting components was: Nd 99.9%, Ni 99.99%, and Sb 99.999%. Three
ternary compounds were found to exist. No homogeneous ranges were encountered for the
ternary compounds.

A ternary compound of neodymium with copper and antimony of the stoichiometric ratio
3:3:4 was identified and studied by means of X-ray analysis by Skolozdra et al. (1993). The
Nd3Cu3Sb4 compound (3) was found to have the Y3Au3Sb4 type structure with a lattice
parameter ofa = 0.9661 (X-ray powder diffraction). For experimental details, see the Y–Cu–
Sb system.

NdCuSb2 (2) was found to adopt a HfCuSi2 type structure with lattice parameters ofa =
0.43118,c= 1.0111 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Crystal structure of the compound NdCu6Sb3 (1) has not been investigated.

3.1.6.10.Nd–Zn–Sb. The results of an X-ray phase analysis of 25 ternary neodymium-zinc-
antimony alloys for the Sb-rich region (33.0–100.0 at.% of Sb) are presented in fig. 15 (So-
logub and Salamakha, 1999). The alloys were obtained via a powder metallurgical reaction,
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Fig. 15. Nd–Zn–Sb, partial isothermal
section at 870 K (33.0–100.0 at.% Sb).

the sintering of Zn and Sb powders with fine filings of neodymium. The thoroughly mixed
blends were compacted in the steel dies and then sealed in evacuated silica ampoules. After
slowly heating to about 870 K for the first reaction, the hard sintered pellets were reground
under C6H12 and recompacted for the final heat treatment at 870 K for 300 h and finally
quenched by submerging the silica capsules in cold water.

Phase field distribution is characterized by the existence of three ternary compounds. The
obtained data on formation and crystal structure of two compounds NdZn1−xSb2 (2) (HfCuSi2
type structure,a = 0.43305,c = 1.03482, X-ray powder diffraction) and Nd6ZnSb15 (3)
(La6MnSb15 type, a = 1.5109,b = 1.9026,c = 0.42447, X-ray powder diffraction) are in
good agreement with the results of former investigations (Sologub et al., 1995b; Sologub
et al., 1996b). Wollesen et al. (1996) confirmed the crystal structure for the NdZn1−xSb2

(a = 0.43229,c = 1.03334) from the X-ray powder diffraction. The purity of the starting
components and the sample preparation procedure were the same as for LaMn0.721(1)Sb2.

The crystal structure of the∼NdZn2Sb2 (1) ternary phase has not been determined yet
(Sologub and Salamakha, 1999).

3.1.6.11.Nd–Ga–Sb. Mills and Mar (2000) investigated by X-ray powder diffraction the
crystal structure of the Nd12Ga4Sb23 compound, Pr12Ga4Sb23 type structure,a = 0.4268,
b = 1.308, c = 2.6425. The sample was synthesized by direct reaction of the elements in
evacuated silica tubes.

3.1.6.12.Nd–Ge–Sb. Lam et al. (2001) determined the crystal structure of the Nd6Ge3.6Sb12.4

compound from X-ray single crystal diffraction, La6Ge2.8Sb13.2 structure type,a = 0.4210,
b= 1.06362,c= 2.6536. The crystal was obtained from a sample synthesized by direct reac-
tion of the elements at 1223 K.
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3.1.6.13.Nd–Zr, Nb–Sb. The compounds Nd3ZrSb5 and Nd3NbSb5 belong to the Hf5CuSn3
anti-type structure with the lattice parametersa = 0.9413,c = 0.6275, anda = 0.9360,c =
0.6186, respectively (Bollore et al., 1995; X-ray powder diffraction).

3.1.6.14.Nd–Ru–Sb. The crystal structure of the NdRu4Sb12 compound was investigated by
Braun and Jeitschko (1980). It was found to form the LaFe4P12 type, a = 0.92642 (X-ray
powder diffraction). The purities of the starting materials and the experimental procedure
were the same as for LaFe4Sb12.

3.1.6.15.Nd–Rh–Ge. Malik and Adroja (1991b) established the KHg2 type structure with
a = 0.4584,b = 0.7329,c = 0.7838 for the NdRhSb compound by using X-ray powder dif-
fraction of an arc melted alloy. The purities of the metals were better than 99.99%.

The existence of NdRh2Sb2 with a tetragonal structure was reported by Menon Latica and
Malik (1996).

3.1.6.16.Nd–Pd–Sb. Marazza et al. (1980) established the CaIn2 type structure witha =
0.4580,c = 0.7716 for NdPdSb compound by using X-ray powder diffraction and metal-
lographic analyses. For the sample preparation and the purity of starting components, see
Y–Pd–Sb system. The crystallographic characteristics were confirmed from powder diffrac-
tion of arc melted and annealed at 1073 K alloys witha = 0.4577,c= 0.7676 (Zygmunt and
Szytula, 1995). Mehta et al. (1995) reported an orthorhombic structure for NdPdSb at room
temperature: SGPmma, a = 0.45833,b= 0.77189,c= 0.7937.

NdPdSb2 was found to crystallize with the HfCuSi2 type structure with lattice parameters
of a = 0.44647,c= 0.9738 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Hoffman and Jeitschko (1988) established the CaBe2Ge2 type structure for NdPd2Sb2,
X-ray powder diffraction. The sample was synthesized in the same manner as LaPd2Sb2.

3.1.6.17.Nd–Ag–Sb. The isothermal section for the Nd–Ag–Sb system at 870 K was estab-
lished by Zaplatynsky and Salamakha (1994) (fig. 16). For the sample preparation, see Nd–
Cr–Sb. The purity of the starting components was: Nd 99.9%, Ag 99.99%, and Sb 99.999%.
One ternary compound NdAgSb2 (1) was found to exist. Its crystal structure was indepen-
dently investigated by two groups of authors (Sologub et al., 1995a; Brylak et al., 1995). This
compound was found to belong to the HfCuSi2 type structure,a = 0.43357,c= 1.0624. The
alloys were prepared in the same manner as YAgSb2.

3.1.6.18.Nd–Cd–Sb. Figure 17 represents the partial isothermal section of the Nd–Cd–Sb
system (33.0–100.0 at.% of Sb) at 870 K, after Sologub and Salamakha (1999). For the sample
preparation, see Nd–Zn–Sb system. The phase relations are characterized by the existence of
three ternary compounds: NdCdSb2 (1),∼Nd6CdSb15 (2) and∼NdCdSb (3).

Sologub et al. (1995b) reported on the crystallographic data for the NdCdSb2 (1) com-
pound (HfCuSi2-type structure,a = 0.43454,c= 1.0827; X-ray powder diffraction) obtained
from a multiphase alloy. For the sample preparation and the purity of the starting materials,



70 O.L. SOLOGUB AND P.S. SALAMAKHA

Fig. 16. Nd–Ag–Sb, isothermal section at
870 K.

Fig. 17. Nd–Cd–Sb, partial isothermal section
at 870 K (33.0–100.0 at.% Sb).

see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crystal structure using X-ray pow-
der diffraction:a = 0.43405,c = 1.0820 for NdCd1−xSb2. For experimental details, see
LaMn0.721(1)Sb2. The purities of the starting elements were: Nd, greater than 99.9%, Cd,
greater than 99.8%, Sb 99.9%.

3.1.6.19.Nd–In–Sb. The crystal structure of the NdIn0.8Sb2 compound was investigated by
Ferguson et al. (1999) using X-ray powder diffraction: LaIn0.8Sb2 structure type,a = 0.4445,
b= 0.4297,c= 1.1677,β = 99.22◦.

3.1.6.20.Nd–Sn–Sb. Ferguson et al. (1996) studied the crystal structure of the NdSnxSb2 by
using a powder diffraction method,a = 0.4195,b = 2.2606,c = 0.4449. The sample was
synthesized by direct reaction of the elements at 1223 K.
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3.1.6.21.Nd–Te–Sb. The completec–T diagram was presented for the Nd2Te3–Sb2Te3 sec-
tion by Geidarova and Rustamov (1985). The NdTe3Sb compound, which formed incongru-
ently, was observed to have the: Bi2Te3 structure type,a = 0.432,c = 2.940 (Geidarova and
Rustamov, 1985).

NdSbTe has the Cu2Sb type structure,a = 0.4312,c= 0.9371 (Charvillat et al., 1977).

3.1.6.22.Nd–Hf–Sb. Bollore et al. (1995) reported that Nd3HfSb5 (studied by X-ray powder
diffraction) has the Hf5CuSn3 anti-type structure,a = 0.9390,c= 0.6261.

3.1.6.23.Nd–Os–Sb. The crystal structure of the NdOs4Sb12 compound was investigated by
Braun and Jeitschko (1980). It was found to adopt the LaFe4P12 type structure,a = 0.92989
(X-ray powder diffraction). The purities of the starting materials and the experimental proce-
dures were the same as for LaFe4Sb12. These results were confirmed by Evers et al. (1995),
a = 0.9300 from X-ray single crystal analysis.

3.1.6.24.Nd–Pt–Sb. NdPtSb crystallizes with the CaIn2 type structure,a = 0.4544, c =
0.7878 (Rossi et al., 1981; powder X-ray diffraction data). For the experimental details, see
the LaPtSb. At variance with these data, Wenski and Mewis (1986a) reported the LiGaGe
type structure for the NdPtSb compound,a = 0.4535,c = 0.7866 from X-ray single crystal
investigation. For the sample preparation, see PrPtSb.

3.1.6.25.Nd–Au–Sb. The partial isothermal section of the Nd–Au–Sb system (33.0–100.0
at.% of Sb) at 870 K is shown in fig. 18 after Zaplatynsky (2000). Two ternary compounds
were found to exist within investigated concentration region. For sample preparation, see Nd–
Zn–Sb system.

Fig. 18. Nd–Au–Sb, partial isothermal
section at 870 K (33.0–100.0 at.% Sb).
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The Y3Au3Sb4 type structure was reported by Dwight (1977) for the Nd3Au3Sb4 alloy (2)
(a = 0.9961; X-ray powder diffraction). The conditions of synthesis were not specified. The
formation and crystal structure of the Nd3Au3Sb4 compound (Y3Au3Sb4 type,a = 1.99716)
was confirmed by Sologub et al. (1998). For the sample preparation, see Nd3Au3Sb4.

NdAuSb2 (1) was found to adopt the HfCuSi2 type structure with the lattice parameters as
a = 0.43870,c = 1.0192 (Sologub et al., 1994). The alloy was prepared in the same manner
as YCuSb2.

3.1.7. Sm–M–Sb systems
3.1.7.1. Sm–Ti–Sb. The crystal structure of the Sm3TiSb5 compound was investigated by
Bollore et al. (1995). It was found to form the Hf5CuSn3 anti-type structure,a = 0.9275,
c= 0.6162 (X-ray powder diffraction).

3.1.7.2. Sm–V–Sb. The SmVSb3 compound has the CeCrSb3 type structure:a = 1.2904,b =
0.6213,c= 0.5980 (X-ray powder diffraction; Brylak and Jeitschko, 1995).

3.1.7.3. Sm–Cr–Sb. SmCrSb3 crystallizes with the CeCrSb3 type structure:a = 1.2838,b =
0.61594,c = 0.6032 (X-ray powder diffraction; Brylak and Jeitschko, 1995). The structure
was confirmed by Ferguson et al. (1997),a = 1.2847,b= 0.6164,c= 0.6038 (X-ray powder
diffraction).

3.1.7.4. Sm–Mn–Sb. Sologub et al. (1995b) reported on the lattice parameters for the
SmMn0.90Sb2 compound (HfCuSi2-type, a = 0.42899,c = 1.0569; X-ray powder diffrac-
tion) which was obtained from a multiphase alloy. For experimental details, see LaMn0.87Sb2.
Wollesen et al. (1996) confirmed the crystal structure using X-ray powder diffraction:a =
0.4298,c= 1.0520 for SmMn1−xSb2. For experimental details, see LaMn0.721Sb2. The puri-
ties of the starting elements were: Sm, greater than 99.9%, Mn, greater than 99.8%, Sb 99.9%.

3.1.7.5. Sm–Fe–Sb. Leithe-Jasper and Rogl (1994) investigated the formation and crys-
tal structure of the SmFe1−xSb2 compound by X-ray powder analysis of the alloy
Sm30−32Fe13Sb57−55 (HfCuSi2 type structure,a = 0.43252–0.43261,c= 0.95025–0.95156).
For the sample preparation and the purity of starting materials, see LaFe1−xSb2.

The crystal structure of the SmFe4Sb12 compound was studied by Evers et al. (1995). It
was found to adopt the LaFe4P12 type,a = 0.9130 (X-ray powder diffraction). The purities
of the materials were 99.9% or better. Filings of the samarium were prepared under argon and
annealed with the corresponding amounts of antimony in evacuated sealed silica tubes for two
days at 723 K, followed by five days at 1023 K. The resulting antimonide SmSb was ground
together with appropriate amounts of Fe and Sb, pressed into pellets and sealed in evacuated
silica tubes. The ampoules were quickly heated to 913 K, kept at this temperature for 24 h,
and then quenched. The starting composition was Sm:Fe:Sb= 2:4:13. The excess antimony
was removed by treating the product for several days with concentrated hydrochloric acid.

From a room temperature X-ray powder diffraction analysis Sm6Fe13Sb was found to
crystallize with the ordered La6Co11Ga3, i.e., the Nd6Fe13Si type,a = 0.8041,c = 2.3048
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(Weitzer et al., 1993). An alloy was synthesized from ingots and compacted powders of the
constituent elements 99.9% pure by arc melting followed by annealing at 1073 for 3 days and
quenched in cold water.

The binary Sm2Fe17 compound dissolves about 6 at.% of Sb at 1223 K (Zhang et al., 2000).

3.1.7.6. Sm–Co–Sb. Leithe-Jasper and Rogl (1994) investigated the formation and crystal
structure of the SmCo1−xSb2 compound by X-ray powder analysis of the alloy Sm28Co17Sb55

(HfCuSi2 type structure,a = 0.43415,c = 0.96700). For the sample preparation and the pu-
rity of starting materials, see LaFe1−xSb2. Wollesen et al. (1996) confirmed the crystal struc-
ture by using X-ray powder diffraction:a = 0.43346,c = 0.9650 for SmCo1−xSb2. For syn-
thesis, see LaMn0.721Sb2. The purities of the starting elements were: Sm, greater than 99.9%,
Co, greater than 99.8%, Sb 99.9%.

3.1.7.7. Sm–Ni–Sb. Pankevich et al. (1983) reported the crystal structure for the SmNiSb2

compound, HfCuSi2 type structure,a = 0.4335,c = 0.9513 (X-ray powder diffraction; arc
melted and annealed at 870 K for two weeks). The crystallographic characteristics were
confirmed by Sologub et al. (1994),a = 0.43406,c = 0.9523. For experimental details, see
LaNiSb2.

Early investigations of SmNiSb showed that it had the AlB2 type structure witha = 0.4372,
c= 0.3843 (Pecharsky et al., 1983a; X-ray powder analysis). For experimental procedure, see
ScNiSb. At variance with these data, Hartjes and Jeitschko (1995) suggested ZrBeSi type
structure,a = 0.4387,c = 0.7699 from X-ray powder diffraction. For experimental details,
see LaNiSb.

CeGa2Al2 type structure was reported for SmNi2Sb2 by Pecharsky et al. (1982),
a = 0.4261, c = 0.9838 from X-ray powder diffraction. For sample preparation, see
CeNi2Sb2. Hoffman and Jeitschko (1988) established a defect CaBe2Ge2 type structure for
SmNi2−xSb2 alloy, a = 0.4281,c = 0.9838, X-ray powder diffraction. Sample preparation,
see CeNi2−xSb2.

3.1.7.8. Sm–Cu–Sb. A ternary compound of samarium with copper and antimony of the sto-
ichiometric ratio 3:3:4 was identified and studied by means of X-ray analysis by Skolozdra et
al. (1993). The compound Sm3Cu3Sb4 was found to have the Y3Au3Sb4 type structure with a
lattice parameter ofa = 0.9620 (X-ray powder diffraction). For experimental details, see the
Y–Cu–Sb system.

SmCuSb2 crystallizes with a HfCuSi2 type structure with the lattice parameters ofa =
0.42939,c= 0.9999 (Sologub et al., 1994). For experimental details, see LaNiSb2.

3.1.7.9. Sm–Zn–Sb. Sologub et al. (1995b) reported on the crystallographic data for the
SmZn1−xSb2 compound (HfCuSi2 type structure,a = 0.42997,c = 1.0272; X-ray powder
diffraction) which was obtained from a multiphase alloy. For the sample preparation and
the purity of starting materials, see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crys-
tal structure of SmZn1−xSb2 by using X-ray powder diffraction:a = 0.43010,c = 1.0271.
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For experimental details, see LaMn0.721Sb2. The purities of the starting elements were: Sm,
greater than 99.9%, Zn, greater than 99.8%, Sb 99.9%.

The crystal structure of the Sm6ZnSb15 compound was investigated by Sologub et al.
(1996b) by the X-ray powder diffraction. It was found to crystallize with the La6MnSb15

structure type,a = 1.5004,b= 1.8794,c= 0.41769. For sample preparation, see Ce6ZnSb15.

3.1.7.10.Sm–Ga–Sb. SmGaSb2 crystallizes with the NaCl type structure,a = 0.60896
(Kuliev et al., 1990).

Mills and Mar (2000) established the crystal structure for the Sm12Ga4Sb23 compound
from X-ray powder diffraction (Pr12Ga4Sb23 type,a = 0.4213,b= 1.9120,c= 2.6009). The
sample was synthesized by direct reaction of the elements in evacuated silica tubes.

3.1.7.11.Sm–Ge–Sb. Lam et al. (2001) investigated the crystal structure of the
Sm6Ge5−xSb11+x compound using X-ray powder diffraction (La6Ge2.8Sb13.2 type structure,
a = 0.41942,b= 1.0537,c= 2.6350).

3.1.7.12.Sm–Se–Sb. Rustamov et al. (1981b) reported from X-ray powder diffraction the
crystal structure of the compound Sm3Se9Sb4 obtained by using a chemical vapour transport
technique, Eu3S9Sb4 structure type,a = 1.744,b = 0.410,c= 2.492.

3.1.7.13.Sm–Nb–Sb. Sm3NbSb5 crystallizes with the Hf5CuSn3 anti-type structure,a =
0.9344,c= 0.6234 (X-ray powder diffraction; Bollore et al., 1995).

3.1.7.14.Sm–Ru–Sb. The crystal structure of the SmRu4Sb12 compound was investigated by
Evers et al. (1995). It crystallizes with the LaFe4P12 type structure,a = 0.9259 (X-ray powder
diffraction). The purities of the materials were 99.9% or better. Filings of samarium were
prepared under argon and annealed with the corresponding amounts of antimony in evacuated
sealed silica tubes for two days at 723 K, followed by five days at 1023 K. The resulting
antimonide SmSb was ground together with appropriate amounts of Ru and Sb, pressed into
pellets and sealed in evacuated silica tubes. The ampules were quickly heated to 873 K, were
kept at this temperature for 24 h, and were then quenched. The starting composition was
Sm:Ru:Sb= 2:4:13. The excess antimony was removed by treating the product for several
days with concentrated hydrochloric acid.

3.1.7.15.Sm–Pd–Sb. Marazza et al. (1980) established the CaIn2 type structure witha =
0.4572,c = 0.7546 for the SmPdSb compound by using X-ray powder diffraction and met-
allographic analyses. For the sample preparation and the purity of the starting components,
see Y–Pd–Sb system. The crystallographic characteristics were confirmed from X-ray powder
diffraction of arc-melted and annealed at 1073 K alloys: CaIn2 type,a = 0.4578,c= 0.7527
(Zygmunt and Szytula, 1995).

SmPdSb2 was found to adopt the HfCuSi2 type structure with lattice parameters ofa =
0.44315,c= 0.9627 (Sologub et al., 1994). For experimental details, see LaNiSb2.
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Hoffman and Jeitschko (1988) established the CaBe2Ge2 type structure for SmPd2Sb2,
X-ray powder diffraction. The sample was synthesized in the same manner as LaPd2Sb2.

3.1.7.16.Sm–Ag–Sb. SmAgSb2 was observed and studied by Sologub et al. (1995a). It
was found to crystallize with HfCuSi2 type structure with lattice parameters as follows
a = 0.43126,c = 1.0548 by X-ray powder diffraction of arc melted and annealed at 870 K
for 14 days alloy. The purity of the starting materials was 99.9 wt.%. The existence and crys-
tal structure of SmAgSb2 compound were independently confirmed by Brylak et al. (1995)
(a = 0.4312,c = 1.0555; X-ray powder diffraction). For sample preparation, see YAgSb2.
The starting materials were: Sm 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.7.17.Sm–Cd–Sb. Sologub et al. (1995b) reported on the crystallographic data for the
SmCdSb2 compound (HfCuSi2 type structure,a = 0.43301,c = 1.0782; X-ray powder dif-
fraction) which obtained from a multiphase alloy. For the sample preparation and the purity of
the starting materials, see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crystal structure
by using X-ray powder diffraction:a = 0.43165,c= 1.078 for SmCd1−xSb2. For experimen-
tal details, see LaMn0.721(1)Sb2. The purities of the starting elements were: Sm, greater than
99.9%, Cd, greater than 99.8%, Sb 99.9%.

3.1.7.18.Sm–Sn–Sb. The NdTe3 type structure was reported for Sm2SnSb3, a = 0.4228,b =
2.299,c = 0.4478 from an X-ray single crystal investigation (Wang et al., 1967). The single
crystal was isolated from a sample obtained by heating starting components at 773 K for 24 h,
973 K for 1 week and 1023 K for 15 days.

Ferguson et al. (1996) investigated the crystal structure of the SmSnxSb2 by using X-ray
powder diffractiona = 0.4174,b= 2.2384,c= 0.4416. The sample was synthesized by direct
reaction of the elements at 1223 K.

3.1.7.19.Sm–Te–Sb. The completec–T diagrams were presented for the Sb2Te3–Sm2Te3

and Sb2Te3–SmTe sections by Geidarova and Rustamov (1985) and Sadygov et al. (1988a),
respectively. The SmTe3Sb compound, which formed by incongruent melting, was observed
by Geidarova and Rustamov (1985) to have the Bi2Te3 structure type,a = 0.446,c = 3.020.
Sadygov et al. (1988a) reported from X-ray powder diffraction the crystal structure for two
compounds: SmTe4Sb2, Th3P4 structure type,a = 1.049 and SmTe7Sb4, Th3P4, a = 1.072.
The samples were prepared by heating in evacuated quartz tubes at 1450 K and oven cooling.

SmSbTe crystallizes with the Cu2Sb structure type,a = 0.4287,c= 0.9307 after Charvillat
et al. (1977).

3.1.7.20.Sm–Hf–Sb. Bollore et al. (1995) studied the crystal structure of the Sm3HfSb5 com-
pound. It was found to form the Hf5CuSn3 anti-type structure,a = 0.9340,c= 0.6230 (X-ray
powder diffraction).
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3.1.7.21.Sm–Os–Sb. The SmOs4Sb12 compound forms the LaFe4P12 type structure,a =
0.93009 after Braun and Jeitschko (1980) (X-ray powder diffraction). The purities of the
starting materials and the experimental procedure were the same as for LaFe4Sb12.

3.1.7.22.Sm–Pt–Sb. SmPtSb crystallizes with the MgAgAs-type structure,a = 0.6554
(Rossi et al., 1981; powder X-ray diffraction data). For the experimental details, see the
LaPtSb system.

3.1.7.23.Sm–Au–Sb. The Y3Au3Sb4 type structure was reported by Dwight (1977) for the
Sm3Au3Sb4 alloy (a = 0.9909; X-ray powder diffraction). The conditions of synthesis were
not specified.

SmAuSb2 was found to adopt the HfCuSi2 type structure with lattice parameters ofa =
0.43653,c= 1.0134 (Sologub et al., 1994). For experimental details, see LaNiSb2.

3.1.8. Eu–M–Sb systems
3.1.8.1. Eu–Li–Sb. The EuLiSb compound has the TiNiSi structure type:a = 0.7914,b =
0.4773,c= 0.8358 (Albering et al., 1997).

3.1.8.2. Eu–Mn–Sb. Rühl and Jeitschko (1979) reported the results of an X-ray powder in-
vestigation of EuMn2Sb2 which has the CaAl2Si2 type structure,a = 0.4570,c= 0.7660. The
proper amounts of the starting elements were heated in an evacuated tube at 1200–1250 K for
1 week and rapidly quenched.

Eu14MnSb11 forms the Ca14AlSb11 type structure,a = 1.7300,c = 2.2746 (X-ray single
crystal diffraction; Rehr and Kauzlarich, 1994). A single crystal was isolated from a sample
obtained by heating the starting components (Eu, Mn, and Sb (6N)) in a quartz tube under
argon at 1523 K for 24 hours.

3.1.8.3. Eu–Fe–Sb. The crystal structure of the EuFe4Sb12 compound was investigated by
Evers et al. (1995). It was found to adopt the LaFe4P12 type structure,a = 0.9165 (X-ray
powder diffraction). The purities of the materials were 99.9% or better. Filings of europium
were prepared under argon and annealed with the corresponding amounts of antimony in
evacuated sealed silica tubes for two days at 723 K, followed by five days at 1023 K. The
resulting antimonide EuSb2 was ground together with the appropriate amounts of Fe and Sb,
pressed into pellets and sealed in evacuated silica tubes. The ampules were quickly heated to
933 K, kept at this temperature for 3 h, cooled at 1◦C/h to 873 K and then quenched. The
starting composition was Eu:Fe:Sb= 2:4:14. The excess antimony was removed by treating
the product for several days with concentrated hydrochloric acid.

3.1.8.4. Eu–Ni–Sb. Marchand and Jeitschko (1978) investigated the crystal structure of the
EuNi2Sb2 compound (ThCr2Si2 type structure:a = 0.43834,c = 1.0664; X-ray powder dif-
fraction). Stoichiometric amounts of the elemental components (Eu, Ni better than 99.5%, Sb
better than 99%) were sealed under argon in silica tubes, heated at 920 K for 12 h, followed
by 4 h at1250 K and rapid cooling. The samples were then ground to powder, cold pressed to
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small pellets, resealed in silica tubes under Ar, and annealed for 15 h at 1250 K. The structure
refinement from single crystal data confirmed the structure type and established the compo-
sition as EuNi1.53Sb2 and the lattice parameters asa = 0.4340,c = 1.0597 (Hoffman and
Jeitschko, 1985). A single crystal was selected from a sample prepared by annealing the ele-
mental components for 5 days at 1073 K. The resulting button was melted in a high-frequency
furnace and quenched.

3.1.8.5. Eu–Cu–Sb. EuCuSb was found to crystallize with the ZrBeSi type structure with
lattice parameters ofa = 0.4512,c = 0.8542 (Tomuschat and Schuster, 1981; X-ray photo-
graphic powder method).

Dunner et al. (1995) reported the crystal structure for the EuCu2Sb2 compound to have
the CaBe2Ge2 type structure,a = 0.4504,c= 1.0824 (powder and single crystal diffraction).
The sample was obtained by the reaction: 2Eu+ 2CuCl+ 2Sb→ EuCu2Sb2 + EuCl2, and
annealed at 1120 K for 100 h.

3.1.8.6. Eu–Zn–Sb. EuZn2Sb2 with the CaAl2Si2 type structure (a = 0.4489,c = 0.7609;
X-ray powder diffraction data) was obtained by Klüfers et al. (1980) from an alloy melted in
a corundum crucible at 1173–1373 K for 4–6 hours and annealed at 1373–1473 K for 4–48
hours.

3.1.8.7. Eu–Se–Sb. EuSe4Sb2 was found by Rustamov et al. (1977) to form PbS4Bi2 struc-
ture type,a = 1.14,b = 0.376,c = 1.42 in an alloy obtained by melting the starting compo-
nents in evacuated quartz tube at 1373–1423 K. The crystal structure was confirmed by Aliev
et al. (1978) for a sample prepared by a chemical transport reaction technique:a = 1.137,
b = 0.400,c= 1.135 from single crystal X-ray diffraction.

Rustamov et al. (1981b) and Aliev et al. (1986) reported the crystal structure for the
Eu3Se9Sb4 compound, Eu3S9Sb4 structure type,a = 1.717,b= 0.406,c= 2.488 from X-ray
powder diffraction. The sample was prepared by a chemical vapour transport technique.

3.1.8.8. Eu–Ru–Sb. The crystal structure of the EuRu4Sb12 compound was investigated by
Braun and Jeitschko (1980). It was found to form the LaFe4P12 type structure,a = 0.92824
(X-ray powder diffraction). The purities of starting materials and experimental procedure were
the same as for LaRu4Sb12. These results were confirmed by Evers et al. (1995),a = 0.9284
from an X-ray single crystal analysis.

3.1.8.9. Eu–Pd–Sb. The structure refinement from single crystal data established the
CaBe2Ge2 type structure for EuPd2Sb2 a = 0.4629,c = 1.0568 (Hoffman and Jeitschko,
1985). A single crystal was isolated from the sample prepared by annealing the elemental
components for 10 days at 1020 K. The resulting button was oven cooled.

EuPdSb crystallizes with the TiNiSi type structure,a = 0.7627,b = 0.4695,c = 0.7925
(Malik and Adroja, 1991c; powder X-ray diffraction data). Starting elements (Eu 4N, Pd 4N,
Sb 4N) were arc melted under argon.
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3.1.8.10.Eu–Ag–Sb. EuAgSb was found to crystallize with the ZrBeSi type structure with
lattice parameters ofa = 0.4755,c= 0.8283 (Tomuschat and Schuster, 1981).

3.1.8.11.Eu–Sn–Sb. The ternary compound EuSn3Sb4 was synthesized at 1173 K in a tin
flux, and its crystal structure was determined by X-ray single crystal diffraction methods.
It crystallizes in the orthorhombicPnma space group with lattice parametersa = 0.9954,
b= 0.43516,c= 2.2650 (Lam et al., 2000).

3.1.8.12.Eu–Te–Sb. Aliev and Rustamov (1978) reported thec–T diagram for the EuTe–
Sb2Te3 section.

EuTe4Sb2 belongs to a Th3P4 structure type,a = 1.044 after Aliev et al. (1985). The same
group of authors studied the crystal structure for EuTe7Sb4, Th3P4 structure type,a = 1.062
(Aliev et al., 1986).

Hulliger and Ott (1977) reported the anti-Th3P4 structure type for Eu4TeSb2, a = 0.9814
from X-ray powder diffraction. The sample was placed in tantalum or molybdenum crucible
and heated in quartz tube below 1273 K.

3.1.8.13.Eu–Os–Sb. The crystal structure of the EuOs4Sb12 compound was investigated by
Braun and Jeitschko (1980). It belongs to the LaFe4P12 type structure,a = 0.93187 (X-ray
powder diffraction). The purities of the starting materials and the experimental procedure were
the same as for LaFe4Sb12.

3.1.8.14.Eu–Pt–Sb. EuPtSb was found to form the TiNiSi type structure (a = 0.7581,b =
0.4642,c= 0.7893) from X-ray single crystal diffraction by Wenski and Mewis (1986b).

3.1.8.15.Eu–Au–Sb. Tomuschat and Schuster (1981) reported the ZrBeSi type structure for
EuAuSb,a = 0.4669,c = 0.8486 (X-ray photographic powder method). The sample was
synthesized by melting the starting components in corundum crucible under argon at 1273 K
12–16 h and annealing at 1373 K 14 h. Suzuki et al. (1993) established a CaIn2 type structure
for EuAuSb,a = 0.4681,c= 0.8422. For the sample preparation, see CeAuSb.

3.1.9. Gd–M–Sb systems
3.1.9.1. Gd–Li–Sb. A systematic study of the Gd–Li–Sb system at 470 K was performed
by Pavlyuk (1993) over the whole concentration region by means of X-ray powder analysis
(fig. 19). The samples were prepared by arc melting under argon and annealed in evacu-
ated quartz ampoules at 470 K for 10 days. Five ternary phases were observed, the crys-
tal structure was established only for two of them: GdLi3Sb2 (2), YLi3Sb2 type structure,
a = 0.4547,c = 0.7196 (powder diffraction) and Gd3Li4Sb4 (3), Gd6Cu8Ge8 type structure,
a = 1.4594,b = 0.4513,c= 0.7100 (powder diffraction). Crystal structure for last three com-
pounds∼GdLi7Sb2 (1),∼Gd4Li3Sb4 (4) and∼Gd2LiSb (5) have not been investigated. No
homogeneous ranges were encountered for the ternary compounds. The liquid immiscibility
region, existing in the Gd–Li binary system, extends to 20 at.% Ge in the ternary system.
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Fig. 19. Gd–Li–Sb, isothermal section at
470 K.

3.1.9.2. Gd–Cr–Sb. Ferguson et al. (1997) investigated the crystal structure of the GdCrSb3
compound (CeCrSb3 type structure:a = 1.2760,b = 0.6153,c = 0.6004, X-ray powder dif-
fraction).

3.1.9.3. Gd–Fe–Sb. Leithe-Jasper and Rogl (1994) investigated the formation and crystal
structure of the GdFe1−xSb2 compound by X-ray powder analysis of the alloy Gd35Fe10Sb55
(HfCuSi2 type structure,a = 0.43080,c = 0.94125). For the sample preparation and the pu-
rity of the starting materials, see LaFe1−xSb2.

3.1.9.4. Gd–Ni–Sb. GdNiSb2 is isostructural with the HfCuSi2 type structure with lattice
parameters ofa = 0.43345,c = 0.9452 (Sologub et al., 1994). The alloy was prepared in the
same manner as YCuSb2.

Early investigations of the GdNiSb compound showed that it had the MgAgAs-type with
a = 0.6340 (Dwight, 1974) from X-ray powder analysis of an alloy arc melted under argon
and annealed at 973 K. Hartjes and Jeitschko (1995) confirmed the crystal structure and ob-
tained the lattice parameter ofa = 0.6323 by X-ray powder diffraction. For experimental
details, see LaNiSb. At variance to these data, Pecharsky et al. (1983a) suggested the AlB2
type structure witha = 0.4329,c= 0.3918 from X-ray powder analysis of an alloy arc melted
under argon and annealed at 870 K.

Marchand and Jeitschko (1978) investigated the crystal structure of GdNi2Sb2 compound
(ThCr2Si2 type structure:a = 0.4259,c = 0.9809; X-ray powder diffraction). For the sam-
ple preparation, see EuNi2Sb2. A later investigation (Hoffman and Jeitschko, 1988) estab-
lished the defect CaBe2Ge2 type structure for the GdNi2−xSb2 alloy,a = 0.4261,c= 0.9741,
X-ray powder diffraction. For the experimental details, see CeNi2−xSb2. The same authors
investigated the antimony rich section of the ternary system Gd–Ni–Sb at 1070 K. Except for
GdNi2−xSb2, no other ternary compound with a high antimony content was observed. In sam-
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ples quenched from 1070 K GdNi2−xSb2 was found to be in equilibrium with GdSb, elemen-
tal antimony, NiSb and the high temperature modification of Ni3Sb. Kaczmarska et al. (1995)
confirmed the crystal structure with similar lattice parameters for GdNi2Sb2; CaBe2Ge2 type
structure,a = 0.4288,c= 0.9763 from powder diffraction of arc melted alloys.

Mozharivskyj and Franzen (2000b) reported the crystal structure of the Gd5Ni2Sb
(Mo5B2Si structure type,a = 0.7698, c = 1.3403) from X-ray powder diffraction of arc
melted and annealed at 1070 K for 10 days alloy.

3.1.9.5. Gd–Cu–Sb. A ternary compound of gadolinium with copper and antimony of the
3:3:4 stoichiometric ratio was identified and studied by means of X-ray analysis by Skolozdra
et al. (1993). Gd3Cu3Sb4 compound was found to have the Y3Au3Sb4 type with the lattice
parameter ofa = 0.9571 (X-ray powder diffraction). For experimental details, see the Y–Cu–
Sb system. At variance with these data, Patil et al. (1996) reported a tetragonal distortion of the
cubic crystal structure Y3Cu3Sb4 for the Gd3Cu3Sb4 alloy which was prepared by arc melting
the constituent elements of purity better than 99.9% in an argon atmosphere and annealed at
1070 K for one week (a = 0.958,c= 0.972; X-ray powder diffraction).

GdCuSb2 was found to form the HfCuSi2 type structure with lattice parameters ofa =
0.42783,c= 0.9946 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Kaczmarska et al. (1995) established the crystal structure for the GdCu2Sb2 compound;
CaBe2Ge2 type structure,a = 0.4266,c = 0.9953 from powder diffraction of arc melted al-
loys.

3.1.9.6. Gd–Zn–Sb. Sologub et al. (1995b) reported on the crystallographic data for the
GdZn1−xSb2 compound (HfCuSi2 type structure,a = 0.42838,c = 1.0242; X-ray powder
diffraction) which was obtained from a multiphase alloy. For the sample preparation and the
purity of the starting materials, see CeZn1−xSb2. Wollesen et al. (1996) confirmed the crys-
tal structure by using X-ray powder diffraction:a = 0.42748,c = 1.02614 for GdZn1−xSb2.
For experimental details, see LaMn0.721(1)Sb2. The purities of the starting elements were: Gd,
greater than 99.9%, Zn, greater than 99.8%, Sb 99.9%.

The crystal structure of the Gd6ZnSb15 compound was investigated by Sologub et al.
(1996a) by the X-ray powder diffraction. It was found to crystallize with the La6MnSb15 struc-
ture type,a = 1.4942,b = 1.8740,c= 0.41528. For the sample preparation, see Ce6ZnSb15.

3.1.9.7. Gd–Ge–Sb. Lam et al. (2001) determined the crystal structure of the Gd6Ge4.3Sb11.7

compound,a = 0.41509,b = 1.04438,c= 2.6240 from X-ray single crystal diffraction data.
The sample was synthesized by direct reaction of the elements at 1223 K.

3.1.9.8. Gd–Se–Sb. Aliev et al. (1977) constructed the completec–T diagram for the
Gd2Se3–Sb2Se3 section. The GdSe30Sb19 compound with the S3Sb2 type structure,a =
1.173,b = 0.412,c = 1.1846 was observed from a sample annealed at 723–773 K for 300 h.
A small homogeneity field was found for (GdxSb1−x )2Se3: x = 0–0.05,a = 1.162–1.173,
b= 0.396–0.412,c= 1.177–1.1846.
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3.1.9.9. Gd–Zr–Sb. Morozkin and Sviridov (2001) investigated the crystal structure of the
GdZrSb compound by X-ray powder diffraction. The CeScSi structure type was established,
a = 0.4261,c= 1.6455.

3.1.9.10.Gd–Pd–Sb. Marazza et al. (1980) established the CaIn2 type structure witha =
0.4566,c = 0.7452 for the GdPdSb compound by using X-ray powder diffraction and met-
allographic analyses. For the sample preparation and the purity of the starting components,
see Y–Pd–Sb system. Malik and Adroja (1991a) confirmed the crystal structure and lattice
parameters,a = 0.4565,c= 0.7443 (X-ray diffraction; arc melted alloy).

GdPdSb2 was found to adopt a HfCuSi2 type structure with lattice parameters ofa =
0.44150,c= 0.9567 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Mozharivskyj and Franzen (2000b) established the crystal structure of Gd5Pd2Sb to be iso-
typic with Mo5B2Si type structure,a = 0.7812,c= 1.3645 from the X-ray powder diffraction
of arc melted and annealed at 1070 K for 10 days alloy.

3.1.9.11.Gd–Ag–Sb. GdAgSb2 compound was observed and studied by Sologub et al.
(1995a). It was found to crystallize with HfCuSi2 type structure with lattice parameters
of a = 0.42965,c = 1.0518 by X-ray powder diffraction of arc melted and annealed at
870 K for 14 days alloy. The purity of the starting materials was 99.9 wt.%. The existence
and crystal structure of GdAgSb2 compound were independently confirmed by Brylak et al.
(1995) (a = 0.42952,c= 1.0506; X-ray powder diffraction). For the sample preparation, see
YAgSb2. The purity of the starting materials was: Gd 99.9%, Ag M3N, and Sb 325 mesh,
M2N5.

3.1.9.12.Gd–Te–Sb. The completec–T diagram was presented for the GdTe–Sb2Te3 section
by Rustamov and Geidarova (1984).

Charvillat et al. (1977) determined the Cu2Sb structure type for the GdSbTe compound,
a = 0.4262,c= 0.9258 from a GdSb0.97Te alloy and observed the existence of a homogeneity
field: GdTexSb,x = 0.86–0.97,a = 0.4274–0.4262,c= 0.9243–0.9258.

3.1.9.13.Gd–Pt–Sb. The X-ray powder analysis of the GdPtSb compound showed that it had
the MgAgAs type structure witha = 0.6585 (Dwight, 1974). For the sample preparation, see
ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure for the Gd5Pt2Sb com-
pound from X-ray powder diffraction data: Mo5B2Si type structure, which is an ordered ver-
sion of the Cr5B3 structure type,a = 0.7801,c= 1.3556. For the experimental procedure, see
Y5Pt2Sb.

3.1.9.14.Gd–Au–Sb system. The Y3Au3Sb4 type structure was reported by Dwight (1977)
for the Gd3Au3Sb4 alloy (a = 0.9864; X-ray powder diffraction). The conditions of synthesis
were not specified.
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Table 2
Lattice parameters of the Gd4(BixSb1−x )3 alloys

Bi concentration,x a

0 0.92328
0.25 0.92680
0.50 0.93072
0.75 0.93449
1.00 0.93906

3.1.9.15.Gd–Bi–Sb. Niu et al. (2001) reported on the lattice parameters for the Gd4(BixSb1−x )3
series withx = 0,0.25,0.5,0.75 and 1 (table 2).

3.1.10. Tb–M–Sb
3.1.10.1.Tb–Li–Sb. One ternary compound, TbLi2Sb2, was observed with an unknown crys-
tal structure (Pavlyuk, 1993).

3.1.10.2.Tb–Cr–Sb. Ferguson et al. (1997) established the crystal structure of the TbCrSb3
compound: CeCrSb3 type structure,a = 1.2680,b = 0.6143,c= 0.6003 from X-ray powder
diffraction.

3.1.10.3.Tb–Ni–Sb. Mozharivskyj and Kuz’ma (1996) investigated the crystal structure of
Tb5Ni2Sb (Mo5B2Si type structure,a = 0.7641,c = 1.3266; X-ray powder diffraction). The
alloy was prepared in the same manner as Y5Ni2Sb. The starting materials were Tb not less
than 99.8 wt.%, Ni and Sb 99.9 mass%.

TbNiSb2 was found to crystallize with the HfCuSi2 type structure with lattice parameters of
a = 0.43201,c = 0.9361 (Sologub et al., 1994). The alloy was prepared in the same manner
as YCuSb2.

An early investigation of the TbNiSb compound showed that it had the MgAgAs-type with
a = 0.6327 (Dwight, 1974), from an X-ray powder analysis of an alloy arc melted under argon
and annealed at 973 K. Pecharsky et al. (1983a) and Hartjes and Jeitschko (1995) confirmed
the crystal structure and obtained the lattice parameters asa = 0.6302 anda = 0.6304, re-
spectively, by X-ray powder diffraction. For experimental details, see ScNiSb and LaNiSb
respectively.

Hoffman and Jeitschko (1988) established the defect CaBe2Ge2 type structure for
TbNi2−xSb2, a = 0.42496,c= 0.9649, X-ray powder diffraction. For the sample preparation,
see CeNi2−xSb2.

3.1.10.4.Tb–Cu–Sb. A ternary compound of terbium with copper and antimony of the 3:3:4
stoichiometric ratio was identified and studied by means of X-ray analysis by Skolozdra et al.
(1993). Tb3Cu3Sb4 was found to have the Y3Au3Sb4 type structure with a lattice parameter
of a = 0.9522 (X-ray powder diffraction). For experimental details, see the Y–Cu–Sb system.

TbCuSb2 was found to adopt the HfCuSi2 type structure with lattice parameters ofa =
0.42683,c = 0.9877 (Sologub et al., 1994). The alloy was prepared in the same manner as
YCuSb2.
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3.1.10.5.Tb–Zn–Sb. Wollesen et al. (1996) reported on the crystallographic data for the
TbZn1−xSb2 compound (HfCuSi2 type structure,a = 0.42611,c = 1.02297; X-ray powder
diffraction). For experimental details, see LaMn0.721(1)Sb2. The purities of the starting ele-
ments were: Tb, greater than 99.9%, Zn, greater than 99.8%, Sb 99.9%.

3.1.10.6.Tb–Ge–Sb. Lam et al. (2001) investigated the crystal structure of the
Tb6Ge5−xSb11+x compound using X-ray powder diffraction:a = 0.41305,b = 1.0393,
c= 2.6139.

3.1.10.7.Tb–Zr–Sb. Morozkin and Sviridov (2001) reported the crystal structure for the
TbZrSb compound from X-ray powder diffraction data: CeScSi type structure,a = 0.4251,
c= 1.6380.

3.1.10.8.Tb–Pd–Sb. Marazza et al. (1980) established the CaIn2 type structure witha =
0.4550,c = 0.7384 for the TbPdSb compound by using X-ray powder diffraction and met-
allographic analyses. For the sample preparation and the purity of the starting components,
see Y–Pd–Sb system. The crystallographic characteristics were confirmed from powder dif-
fraction data of arc melted and annealed at 1073 K alloys: CaIn2 type structure,a = 0.4551,
c= 0.7411 (Zygmunt and Szytula, 1995).

TbPdSb2 was found to adopt the HfCuSi2 type structure with lattice parameters ofa =
0.44097,c= 0.9480 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Mozharivskyj and Franzen (2000b) investigated the crystal structure of Tb5Pd2Sb, which
has the Mo5B2Si structure type,a = 0.7730,c = 1.3508 by X-ray powder diffraction of arc
melted and annealed at 1070 K for 10 days alloy.

3.1.10.9.Tb–Ag–Sb. TbAgSb2 compound was observed and studied by Sologub et al.
(1995a). It was found to crystallize with HfCuSi2 type structure with lattice parameters as
follows: a = 0.42774,c= 1.0477 by X-ray powder diffraction of arc an melted and annealed
at 870 K for 14 days alloy. The purity of starting materials was 99.9 wt.%. The existence and
crystal structure of the TbAgSb2 compound were independently confirmed by Brylak et al.
(1995) (a = 0.42833,c= 1.0476; X-ray powder diffraction). For the sample preparation, see
YAgSb2. The starting materials were: Tb 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.10.10.Tb–Te–Sb. Rustamov and Geidarova (1984) constructed the completec–T dia-
gram for the TbTe–Sb2Te3 section.

3.1.10.11.Tb–Pt–Sb. An investigation of the TbPtSb compound by X-ray powder diffrac-
tion showed that it had the MgAgAs type structure witha = 0.6540 (Dwight, 1974). For the
sample preparation, see ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure for the Tb5Pt2Sb compound
from X-ray powder diffraction data: Mo5B2Si type structure, which is an ordered version
of the Cr5B3 structure type,a = 0.7748,c = 1.3463. For the experimental procedure, see
Y5Pt2Sb.
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3.1.10.12.Tb–Au–Sb. The Tb3Au3Sb4 alloy was reported by Dwight (1974) to have the
Y3Au3Sb4 type structure (a = 0.9834; X-ray powder diffraction). The conditions of synthe-
sis were not specified. The same structure type was confirmed by Shaked et al. (1979) for
a Tb3Au3Sb4 sample obtained by arc melting the correct amounts of the elemental materi-
als in a helium/argon atmosphere. The alloy was annealed at 960 K for one week and water
quenched.

3.1.11. Dy–M–Sb systems
3.1.11.1.Dy–Cr–Sb. Ferguson et al. (1997) investigated the crystal structure of the DyCrSb3
compound, CeCrSb3 type structure:a = 1.229, b = 0.6135,c = 0.5978 by X-ray powder
diffraction.

3.1.11.2.Dy–Ni–Sb. Mozharivskyj and Kuz’ma (1996) investigated the crystal structure of
Dy5Ni2Sb (Mo5B2Si type structure,a = 0.7593,c= 1.3258; X-ray powder diffraction). The
alloy was prepared in the same manner as Y5Ni2Sb. The starting materials were: Dy not less
than 99.8 wt.%, Ni and Sb 99.9 wt.%.

DyNiSb2 was found to adopt the HfCuSi2 type structure with the lattice parameters of
a = 0.43029,c= 0.9305 (Sologub et al., 1994). For experimental details, see LaNiSb2.

Dwight (1974) investigated the solubility of Ni in DySb:(DySb)1−xNix , x = 0–0.26, NaCl
type structure,a = 0.6155–0.6255. The same author established from X-ray powder analysis
the crystal structure of DyNiSb: MgAgAs-type,a = 0.6308 (Dwight, 1974). For the sam-
ple preparation, see ScNiSb. Pecharsky et al. (1983a) and Hartjes and Jeitschko (1995) con-
firmed the crystal structure and obtained lattice parameters ofa = 0.6279 anda = 0.6298,
respectively, by X-ray powder diffraction. For experimental details, see ScNiSb and LaNiSb,
respectively.

Hoffman and Jeitschko (1988) established the defect CaBe2Ge2 type structure for
DyNi2−xSb2 alloy, a = 0.4207,c= 0.9587, X-ray powder diffraction. For the sample prepa-
ration, see CeNi2−xSb2.

3.1.11.3.Dy–Cu–Sb. A ternary compound of dysprosium with copper and antimony of the
3:3:4 stoichiometric ratio was identified and studied by means of X-ray analysis by Skolozdra
et al. (1993). Dy3Cu3Sb4 compound was found to have the Y3Au3Sb4 type structure with a
lattice parameter ofa = 0.9503 (X-ray powder diffraction). For experimental details, see the
Y–Cu–Sb system.

DyCuSb2 was found to form the HfCuSi2 type structure with lattice parameters ofa =
0.42669,c= 0.9817 (Sologub et al., 1994). For the experimental details, see LaNiSb2.

3.1.11.4.Dy–Ge–Sb. Lam et al. (2001) investigated the crystal structure of the
Dy6Ge5−xSb11+x compound by using an X-ray powder diffraction method: La6Ge2.8Sb13.2
type structure,a = 0.41032,b = 1.0345,c= 2.6041.

3.1.11.5.Dy–Zr–Sb. Morozkin and Sviridov (2001) determined the crystal structure of the
DyZrSb compound from X-ray powder diffraction data, CeScSi type structure,a = 0.4240,
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c = 1.6349. Later Morozkin et al. (2002) from phase diagram investigation at 1070 K estab-
lished that this compound has a homogeneity field: Dy33−28Zr33−38Sb33.

3.1.11.6.Dy–Pd–Sb. Marazza et al. (1980) established the MgAgAs type structure with
a = 0.6533 for the DyPdSb compound using X-ray powder diffraction and metallographic
analyses. For the sample preparation and the purity of the starting components, see Y–Pd–Sb
system. At variance with these data, Zygmunt and Szytula (1995) reported the CaIn2 type
structure for this compound,a = 0.4543,c = 0.7352 from powder diffraction of arc melted
and annealed at 1073 K alloys. Malik and Adroja (1991c) also observed CaIn2 type struc-
ture,a = 0.4526,c= 0.7325 for DyPdSb (powder X-ray diffraction data). Their sample also
contained the MgAgAs phase. For the experimental details, see EuPdSb.

DyPd2Sb was reported to be isotypic with the crystal structure of MnCu2Al with a lattice
parameter ofa = 0.6682 (Riani et al., 1995) from powder diffraction of the induction melted
alloy.

Mozharivskyj and Franzen (2000b) investigated the crystal structure of the Dy5Pd2Sb com-
pound from an arc melted and annealed at 1070 K for 10 days alloy by using X-ray powder
diffraction. The Mo5B2Si type structure was established,a = 0.7715,c= 1.3507.

3.1.11.7.Dy–Ag–Sb. DyAgSb2 compound was observed and studied by Sologub et al.
(1995a) It was found to crystallize with the HfCuSi2 type structure with lattice parame-
ters as followsa = 0.42733,c = 1.0453 by X-ray powder diffraction of an arc melted and
annealed at 870 K for 14 days alloy. The purity of starting materials was 99.9 wt.%. The
existence and crystal structure of DyAgSb2 were independently confirmed by Brylak et al.
(1995) (a = 0.42743,c= 1.0442; X-ray powder diffraction). For the sample preparation, see
YAgSb2. The starting materials were: Dy 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.11.8.Dy–Te–Sb. The completec–T diagrams were presented for the Sb2Te3–Dy2Te3
section by Geidarova and Rustamov (1985) and by Geydarova et al. (1985), respectively.
The DyTe3Sb compound formed by incongruent melting and has the Bi2Te3 structure type,
a = 0.446,c= 3.020 (Geidarova and Rustamov, 1985).

3.1.11.9.Dy–Pt–Sb. An investigation of DyPtSb showed that it had the MgAgAs-type with
a = 0.6531 (Dwight, 1974) from X-ray powder analysis. For the sample preparation, see
ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure for the Dy5Pt2Sb com-
pound from X-ray powder diffraction: Mo5B2Si type structure, which is an ordered version
of the Cr5B3 structure type,a = 0.7686,c = 1.3420. For the experimental procedure, see
Y5Pt2Sb.

3.1.11.10.Dy–Au–Sb. The Y3Au3Sb4 type structure was reported by Dwight (1977) for the
Dy3Au3Sb4 alloy (a = 0.9811; X-ray powder diffraction). The conditions of synthesis were
not specified.
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Fig. 20. Ho–Ni–Sb, isothermal sections at
770 K (0–50 at.% Sb) and 1070 K (50–
100 at.% Sb).

3.1.12. Ho–M–Sb systems
3.1.12.1.Ho–Ni–Sb. Information on the phase equilibria in the ternary Ho–Ni–Sb system is
due to the work of Mozharivskyj et al. (1997) (fig. 20) who employed X-ray powder diffrac-
tion on samples prepared by arc melting of the pure components. The resulting alloys were
annealed at 770 K (0–50 at.% Sb) and 1070 K (50–100 at.% Sb) for 300 hours. The isothermal
sections are shown in fig. 20. Six ternary compounds were observed.

Mozharivskyj and Kuz’ma (1996) investigated the crystal structure for Ho5Ni2Sb (6)
(Mo5B2Si type structure,a = 0.7563,c = 1.3250; X-ray powder diffraction). The alloy was
prepared in the same manner as Y5Ni2Sb. The starting materials were: Ho not less than
99.8 wt.%, Ni and Sb 99.9 wt.%.

HoNiSb2 (1) was found to adopt the HfCuSi2 type structure with lattice parameters of
a = 0.42989,c = 0.9257 (Sologub et al., 1994). The alloy was prepared in the same manner
as YCuSb2.

An early investigation of the HoNiSb (3) compound showed that it had the MgAgAs-type
with a = 0.6290 (Dwight, 1974) from an X-ray powder analysis. For the sample preparation,
see ScNiSb. Pecharsky et al. (1983a) and Hartjes and Jeitschko (1995) confirmed the crystal
structure and obtained the same lattice parameter ofa = 0.6262 by X-ray powder diffraction.
For experimental details, see ScNiSb and LaNiSb, respectively.

Hoffman and Jeitschko (1988) established the defect CaBe2Ge2 type structure for the
HoNi2−xSb2 (2) alloy, a = 0.4202,c = 0.9564, X-ray powder diffraction. For the sample
preparation, see CeNi2−xSb2.

3.1.12.2.Ho–Cu–Sb. A ternary compound of holmium with copper and antimony of the
3:3:4 stoichiometric ratio was identified and studied by means of an X-ray analysis by Skoloz-
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dra et al. (1993). Ho3Cu3Sb4 compound was found to have the Y3Au3Sb4 type structure with
the lattice parameter ofa = 0.9482 (X-ray powder diffraction). For experimental details, see
the Y–Cu–Sb system.

HoCuSb2 was found to form the HfCuSi2 type structure with lattice parameters ofa =
0.42529,c= 0.9811 (Sologub et al., 1994). For experimental details, see LaNiSb2.

3.1.12.3.Ho–Zr–Sb. Morozkin and Sviridov (2001) established the CeScSi structure type,
a = 0.4201,c= 1.6143, for the HoZrSb compound from X-ray powder diffraction data.

3.1.12.4.Ho–Pd–Sb. Mozharivskyj and Kuz’ma (1996) investigated the crystal structure for
Ho5Pd2Sb (Mo5B2Si type,a = 0.76795,c = 1.3476; X-ray powder diffraction). The alloy
was prepared in the same manner as Y5Ni2Sb. The starting materials were: Ho not less than
99.8 wt.%, Pd and Sb 99.9 wt.%.

Marazza et al. (1980) established the MgAgAs type structure witha = 0.6509 for the
HoPdSb compound by using X-ray powder diffraction and metallographic analyses. For the
sample preparation and the purity of the starting components, see Y–Pd–Sb system. The crys-
tallographic characteristics were confirmed from powder diffraction of arc melted and an-
nealed at 1073 K alloys: MgAgAs type,a = 0.6495 (Zygmunt and Szytula, 1995).

HoPd2Sb was reported to be isotypic with the crystal structure of MnCu2Al with a lattice
parameter ofa = 0.6677 (Riani et al., 1995) from powder diffraction of an induction melted
alloy.

3.1.12.5.Ho–Ag–Sb. HoAgSb2 was observed and studied by Sologub et al. (1995a). It
was found to crystallize with HfCuSi2 type structure with lattice parameters as follows
a = 0.42665,c= 1.0427 by X-ray powder diffraction of an arc melted and annealed at 870 K
for 14 days alloy. The purity of the starting materials was 99.9 wt.%. The existence and crys-
tal structure of HoAgSb2 compound were independently confirmed by Brylak et al. (1995)
(a = 0.42662,c = 1.0422; X-ray powder diffraction). For sample preparation, see YAgSb2.
The starting materials were: Ho 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.12.6.Ho–Pt–Sb. An X-ray powder diffraction analysis of the HoPtSb compound showed
that it had the MgAgAs type structure witha = 0.6508 (Dwight, 1974). For the sample prepa-
ration, see ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure for the Ho5Pt2Sb com-
pound from X-ray powder diffraction data: Mo5B2Si type structure, which is an ordered ver-
sion of the Cr5B3 structure type,a = 0.7681,c= 1.3365. For the experimental procedure, see
Y5Pt2Sb.

3.1.12.7.Ho–Au–Sb. The Ho3Au3Sb4 alloy was reported by Dwight (1977) to have the
Y3Au3Sb4 type structure (a = 0.788; X-ray powder diffraction). The conditions of synthe-
sis were not specified. These results were confirmed by Shaked et al. (1979) for a Ho3Au3Sb4
sample obtained by arc melting the appropriate amounts of the elemental materials in a he-
lium/argon atmosphere. The alloy was annealed at 960 K for one week and water quenched.
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3.1.13. Er–M–Sb systems
3.1.13.1.Er–Ni–Sb. Mozharivskyj and Kuz’ma (1996) investigated the crystal structure of
Er5Ni2Sb (Mo5B2Si type structure,a = 0.7531,c = 1.3178; X-ray powder diffraction). The
alloy was prepared in the same manner as Y5Ni2Sb. The starting materials were: Er not less
than 99.8 wt.%, Ni and Sb 99.9 wt.%.

Dwight (1974) investigated the solubility of Ni in ErSb:(ErSb)1−xNix , x = 0–0.27, NaCl
type structure,a = 0.6105–0.6220. The same author established from an X-ray powder analy-
sis the crystal structure of ErNiSb: MgAgAs-type,a = 0.6271 (Dwight, 1974). For the sample
preparation, see ScNiSb. Pecharsky et al. (1983a) and Hartjes and Jeitschko (1995) confirmed
the crystal structure and obtained lattice parameters ofa = 0.6229 anda = 0.6247, respec-
tively, by X-ray powder diffraction. For experimental details, see ScNiSb and LaNiSb respec-
tively.

Hoffman and Jeitschko (1988) established a defect CaBe2Ge2 type structure for ErNi2−xSb2,
a = 0.4194, c = 0.9608, X-ray powder diffraction. For the sample preparation, see
CeNi2−xSb2.

3.1.13.2.Er–Cu–Sb. ErCuSb2 was found to crystallize with the HfCuSi2 type structure and
lattice parameters ofa = 0.42433,c= 0.9788 (Sologub et al., 1994). The alloy was prepared
in the same manner as YCuSb2.

A ternary compound of erbium with copper and antimony of the 3:3:4 stoichiometric ratio
was identified and studied by means of an X-ray analysis by Skolozdra et al. (1993). The
Er3Cu3Sb4 compound was found to have the Y3Au3Sb4 type structure with a lattice parameter
of a = 0.9458 (X-ray powder diffraction). For experimental details, see the Y–Cu–Sb system.

3.1.13.3.Er–Zr–Sb. Morozkin and Sviridov (2001) investigated the crystal structure of the
ErZrSb compound by using an X-ray powder diffraction method: CeScSi structure type,a =
0.4204,c= 1.6159.

3.1.13.4.Er–Pd–Sb. Marazza et al. (1980) established the MgAgAs type structure with
a = 0.6467 for the ErPdSb compound by using X-ray powder diffraction and metallographic
analyses. For the sample preparation and the purity of the starting components, see Y–Pd–Sb
system.

ErPd2Sb was reported to be isotypic with the crystal structure of MnCu2Al with a lattice
parametera = 0.6667 (Riani et al., 1995) from X-ray powder diffraction of an induction
melted alloy.

Mozharivskyj and Franzen (2000b) investigated the crystal structure of the Er5Pd2Sb com-
pound from arc melted and annealed at 1070 K for 10 days alloy by using X-ray powder
diffraction. The Mo5B2Si structure type was established for this compound,a = 0.7641,
c= 1.3465.

3.1.13.5.Er–Ag–Sb. ErAgSb2 was observed and studied by Sologub et al. (1995a). It was
found to crystallize with the HfCuSi2 type structure with lattice parameters as followsa =
0.42541,c= 1.0413 by X-ray powder diffraction of an arc melted and annealed at 1070 K for
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14 days alloy. The purity of the starting materials was 99.9 wt.%. The existence and crystal
structure of the ErAgSb2 compound were independently confirmed by Brylak et al. (1995)
(a = 0.42565,c= 1.03900; X-ray powder diffraction). For sample preparation, see YAgSb2.
The starting materials were: Er 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.13.6.Er–Pt–Sb. An investigation of ErPtSb showed that it had the MgAgAs type struc-
ture witha = 0.6498 (Dwight, 1974) from an X-ray powder analysis. For the sample prepa-
ration, see ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure of the Er5Pt2Sb compound
from X-ray powder diffraction data: Mo5B2Si type structure, which is an ordered version of
Cr5B3 structure type,a = 0.7666,c= 1.3391. For the experimental procedure, see Y5Pt2Sb.

3.1.13.7.Er–Au–Sb. The Y3Au3Sb4 type structure was reported by Dwight (1977) for
the Er3Au3Sb4 alloy (a = 0.9768; X-ray powder diffraction). The conditions of synthesis
were not specified. The same structure type was confirmed by Shaked et al. (1979) for an
Er3Au3Sb4 sample obtained by arc melting the appropriate amounts of the elemental materi-
als in a helium/argon atmosphere. The alloy was annealed at 960 K for one week and water
quenched.

3.1.14. Tm–M–Sb systems
3.1.14.1.Tm–Ni–Sb. An early investigation of the TmNiSb compound showed that it had
the MgAgAs type structure witha = 0.6241 (Dwight, 1974) from X-ray powder analysis.
For the sample preparation, see ScNiSb. Pecharsky et al. (1983a) and Hartjes and Jeitschko
(1995) confirmed the crystal structure and obtained lattice parameters ofa = 0.6225 anda =
0.6237, respectively, by X-ray powder diffraction. For the experimental details, see ScNiSb
and LaNiSb, respectively.

Mozharivskyj and Franzen (2000b) investigated the crystal structure of the Tm5Ni2Sb com-
pound of an melted and annealed at 1070 K for 10 days alloy by using X-ray powder diffrac-
tion. The Mo5B2Si structure type was established,a = 0.7459,c= 1.325.

3.1.14.2.Tm–Cu–Sb. TmCuSb2 was found to form the HfCuSi2 type structure with the lat-
tice parameters ofa = 0.42437,c = 0.9742 (Sologub et al., 1994). For experimental details,
see LaNiSb2.

3.1.14.3.Tm–Zr–Sb. Morozkin and Sviridov (2001) established the CeScSi structure type
with a = 0.4174,c= 1.5997 for the TmZrSb compound from X-ray powder diffraction data.

3.1.14.4.Tm–Pd–Sb. TmPdSb crystallizes with the MgAgAs-type structure,a = 0.6454
(Malik and Adroja, 1991c; powder X-ray diffraction data). For the experimental details, see
EuPdSb.

A Mo5B2Si structure type was established by Mozharivskyj and Franzen (2000b) for the
Tm5Pd2Sb compound,a = 0.7585,c = 1.3457 (X-ray powder diffraction of an arc melted
and annealed at 1070 K for 10 days alloy).
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3.1.14.5.Tm–Ag–Sb. TmAgSb2 was observed and studied by Sologub et al. (1995a). It was
found to crystallize with the HfCuSi2 type structure with lattice parameters as followsa =
0.42481,c= 1.0395, by X-ray powder diffraction of an arc melted and annealed at 870 K for
14 days alloy. The purity of the starting materials was 99.9 wt.%. The existence and crystal
structure of TmAgSb2 were independently confirmed by Brylak et al. (1995) (a = 0.42529,
c= 1.0390; X-ray powder diffraction). For the sample preparation, see YAgSb2. The starting
materials were: Tm 99.9%, Ag M3N, and Sb 325 mesh, M2N5.

3.1.14.6.Tm–Pt–Sb. TmPtSb forms the MgAgAs-type witha = 0.6483, Dwight (1974)
from an X-ray powder analysis. For the sample preparation, see ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure of the Tm5Pt2Sb compound
from X-ray powder diffraction data: Mo5B2Si type structure, which is an ordered version
of the Cr5B3 structure type,a = 0.7584,c = 1.3394. For the experimental procedure, see
Y5Pt2Sb.

3.1.14.7.Tm–Au–Sb. The Y3Au3Sb4 type structure was reported by Dwight (1977) for
the Tm3Au3Sb4 alloy (a = 0.9752; X-ray powder diffraction). The conditions of synthesis
were not specified. The same structure type was confirmed by Shaked et al. (1979) for a
Tm3Au3Sb4 sample obtained by arc melting the stoichiometric amounts of the elemental ma-
terials in a helium/argon atmosphere. The alloy was annealed at 960 K for one week and water
quenched.

3.1.15. Yb–M–Sb systems
3.1.15.1.Yb–Li–Sb. YbLiSb belongs to the TiNiSi structure type with the lattice parameters
of a = 0.7553,b= 0.4643,c= 0.8200 (Albering et al., 1997).

3.1.15.2.Yb–Al–Sb. Fisher et al. (2000) reported the crystal structure of the Zintl compound
Yb14AlSb11, to have the Ca14AlSb11 structure type,a = 1.6561,c = 2.2102 (X-ray single
crystal diffraction).

3.1.15.3.Yb–Mn–Sb. Rühl and Jeitschko (1979) reported the results of an X-ray powder in-
vestigation of the YbMn2Sb2 compound, CaAl2Si2 type, a = 0.4522,c = 0.7439. For the
experimental details, see EuMn2Sb2.

Yb14MnSb11 crystallizes with the Ca14AlSb11 structure type:a = 1.6615,c= 2.1948 after
Chan et al. (1998) from X-ray single crystal diffraction. A single crystal was obtained by
heating a mixture of elements to 1273–1473 K for 5–10 days and cooling the reaction to room
temperature at a rate of 60◦C/h. The starting materials were: dendritic Yb metal 99.999%;
Sb 99.9999%; Mn flakes 99.98%.

3.1.15.4.Yb–Ni–Sb. YbNiSb belongs to the MgAgAs type structure witha = 0.6238
(Dwight, 1974), from an X-ray powder analysis. For the sample preparation, ScNiSb.
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3.1.15.5.Yb–Cu–Sb. YbCuSb2 was found to form the HfCuSi2 type structure with lattice
parameters ofa = 0.43229,c = 0.9689 (Sologub et al., 1994). For experimental details, see
LaNiSb2.

The LiGaGe type structure was established for the YbCuSb compound (a = 0.4452,c =
0.7995) by Merlo et al. (1990) by the means of powder and single crystal diffraction data
of a sample obtained by melting stoichiometric amounts of the components in iron or in
tantalum crucibles and arc welded shut under an argon atmosphere. After slow cooling, no
further thermal treatments were applied. The purities of the metals were: Yb 99.9%, Cu and Sb
99.999%. At variance with these data, the ZrBeSi structure type was reported for the YbCuSb
compound,a = 0.4456,c = 0.8006 by Flandorfer et al. (1997) from a sample prepared by
high frequency melting of the components in a sealed Ta-crucible and annealed at 723 K for
168 h and finally quenched in cold water.

3.1.15.6.Yb–Zn–Sb. YbZn2Sb2 with the CaAl2Si2 type of structure (a = 0.4444, c =
0.7424; X-ray powder diffraction data) was observed by Klüfers et al. (1980) from an alloy
melted in a corundum crucible at 1173–1373 K for 4–6 hours and annealed at 1373–1473 K
for 4–48 hours. The crystal structure was refined by Salamakha and Mudryi (2001b) from an
alloy obtained by a powder metallurgical reaction,a = 0.444194,c = 0.741913. The proper
amounts of the respective powders were compacted and sealed in an evacuated silica cap-
sule. After slowly heating to 870 K, the pellet was reground under C6H12, recompacted and
annealed at 870 K for 400 h. The purity of starting materials was 99.9 wt.%.

According to Fisher et al. (2000), Yb14ZnSb11 compound crystallized in the Ca14AlSb11

structure type:a = 1.6562,c= 2.1859. The single crystal was grown from a Sn flux. Sologub
et al. (2001) confirmed the crystal structure from an alloy produced by powder reaction sin-
tering, and they obtained slightly enlarged lattice parameters,a = 1.6615,c= 2.1948 (X-ray
powder diffraction).

3.1.15.7.Yb–Se–Sb. The YbSe4Sb2 compound belongs to the PbS4Bi2 structure type,a =
1.150,b = 0.400,c= 1.402 (Aliev et al., 1986).

3.1.15.8.Yb–Pd–Sb. Marazza et al. (1980) established the MgAgAs type structure witha =
0.6471 for the YbPdSb compound by using X-ray powder diffraction and metallographic
analyses. For the sample preparation and the purity of starting components, see Y–Pd–Sb
system.

YbPd2Sb was reported to be isotypic with the crystal structure of MnCu2Al with a lattice
parametera = 0.6669 (Riani et al., 1995) from powder diffraction data of an induction melted
alloy.

3.1.15.9.Yb–Cd–Sb. Salamakha and Mudryi (2001b) observed the YbCd2Sb2 compound
and refined its crystal structure from X-ray powder diffraction data, CeAl2Si2 type structure,
a = 0.46494,c= 0.75673. For the synthesis, see YbZn2Sb2.
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3.1.15.10.Yb–Ag–Sb. The TiNiSi type structure was established for the YbAgSb compound
(a = 0.7668,b = 0.4596,c = 0.8353) by Merlo et al. (1990) by the means of powder and
single crystal diffraction data on a sample obtained by melting stoichiometric amounts of the
components in iron or in tantalum crucibles and arc welded shut under an argon atmosphere.
After slow cooling, no further thermal treatments were applied. Purities of the metals were
Yb 99.9%, Ag and Sb 99.999%. The formation and crystal structure of this compound was
confirmed by Sologub et al. (1995a) from an arc melted and annealed at 870 K alloy by X-ray
powder diffraction data and also by Flandorfer et al. (1997).

3.1.15.11.Yb–In–Sb. The ternary Yb5In2Sb6 compound was obtained from a direct element
combination reaction in a sealed graphite tube at 973 K, and its crystal structure was deter-
mined by X-ray single crystal diffraction methods. It crystallizes in the Ba5In2Sb6 structure
type with a unit cell ofa = 0.73992,b= 2.3001,c= 0.45139 (Kim et al., 2000).

3.1.15.12.Yb–Te–Sb. Aliev et al. (1985) constructed the completec–T diagrams for the
Sb2Te3–Sb3Yb4, Sb2Te3–Yb, Sb4Te7Yb–Te and Sb4Te7Yb–Yb sections.

The Sb2Te3–TeYb section was studied by Aliev and Rustamov (1978) and Rustamov et al.
(1981a). Three ternary phases were observed by X-ray powder diffraction method for samples
annealed at 673–773 K: Sb2Te4Yb, Th3P4 structure type,a = 1.040; Sb4Te7Yb, Th3P4 struc-
ture type,a = 1.0625;(YbTe)x(Te3Sb2)1−x , x = 0–0.06, Te3Bi2 structure type,a = 0.425–
0.425,c= 3.020–3.038.

3.1.15.13.Yb–Pt–Sb. An early investigation of the YbPtSb compound showed that it had the
MgAgAs-type witha = 0.647 (Dwight, 1974) from X-ray powder analysis. For the sample
preparation, see ScNiSb.

3.1.15.14.Yb–Au–Sb. The LiGaGe type was established for the YbAuSb compound (a =
0.4635,c= 0.7765) by Merlo et al. (1990) by means of powder and single crystal diffraction
method on a sample obtained by melting stoichiometric amounts of the components in iron or
in tantalum crucibles and arc welded shut under an argon atmosphere. After slow cooling, no
further thermal treatments were applied. The purities of the metals were: Yb 99.9%, Au and
Sb 99.999%. The crystal structure was confirmed by Flandorfer et al. (1997) by X-ray powder
diffraction.

3.1.16. Lu–M–Sb systems
3.1.16.1.Lu–Ni–Sb. Mozharivskyj and Kuz’ma (1996) investigated the crystal structure of
Lu5Ni2Sb (Mo5B2Si type,a = 0.7429,c = 1.3190; X-ray powder diffraction). The alloy
was prepared in the same manner as Y5Ni2Sb. The starting materials were: Lu not less than
99.8 wt.%, Ni and Sb 99.9 wt.%.

An early investigation of the LuNiSb compound showed that it had the MgAgAs-type with
a = 0.6219 (Dwight, 1974) from X-ray powder analysis. For the sample preparation, ScNiSb.
Pecharsky et al. (1983a) and Hartjes and Jeitschko (1995) confirmed the crystal structure and
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obtained the lattice parameters ofa = 0.6187 anda = 0.6218, respectively, by X-ray powder
diffraction. For experimental details, see ScNiSb and LaNiSb, respectively.

3.1.16.2.Lu–Cu–Sb. LuCuSb2 was found to form the HfCuSi2 type structure with lattice
parameters ofa = 0.42347,c = 0.9705 (Sologub et al., 1994) from an arc melted alloy. The
materials used were: Lu 99.9%, Cu 99.9%, and Sb 99.9%.

3.1.16.3.Lu–Zr–Sb. Morozkin and Sviridov (2001) investigated the crystal structure of the
LuZrSb compound by using X-ray powder diffraction. The CeScSi structure type was re-
ported,a = 0.4178,c= 1.5952.

3.1.16.4.Lu–Pd–Sb. Mozharivskyj and Franzen (2000b) investigated the crystal structure of
the Lu5Pd2Sb compound from an arc melted and annealed at 1070 K for 10 days alloy by
using X-ray powder diffraction. The Mo5B2Si structure type was established,a = 0.75531,
c= 1.3345.

3.1.16.5.Lu–Ag–Sb. The formation of LuAgSb compound with TiNiSi type was observed
by Sologub et al. (1995a) from an arc melted and annealed at 870 K alloy by using X-ray
powder diffraction.

3.1.16.6.Lu–Pt–Sb. The X-ray powder diffraction analysis of the LuPtSb compound showed
that it had the MgAgAs type structure witha = 0.6457 (Dwight, 1974). For the sample prepa-
ration, see ScNiSb.

Mozharivskyj and Franzen (2001) reported the crystal structure for the Lu5Pt2Sb compound
from X-ray powder diffraction data: Mo5B2Si type structure, which is an ordered version
of the Cr5B3 structure type,a = 0.7519,c = 1.3326. For the experimental procedure, see
Y5Pt2Sb.

3.1.16.7.Lu–Au–Sb. The Y3Au3Sb4 type structure was reported by Dwight (1977) for the
Lu3Au3Sb4 alloy (a = 0.9723; X-ray powder diffraction). The conditions of synthesis were
not specified.

3.2. R–R′–Sb systems

The ternaryR–R′–Sb systems have been studied mostly with respect to the formation of
compounds with specific compositions and structures (see table 3).

Ternary Nd–Pr–Sb alloys were studied by Riani et al. (1993) by using X-ray powder dif-
fraction, and optical and electron microscopy of the samples prepared by induction melt-
ing of mixtures of the elements in small tantalum crucibles sealed by welding shut under
argon. (Nd, Pr)2Sb (La2Sb type), (Nd, Pr)4Sb3 (anti-Th3P4 type), (Nd, Pr)Sb (NaCl type)
and (Nd, Pr)Sb2 (SmSb2 type) show complete solubility between Nd and Pr. The variation
of the lattice parameters as a function of the Nd to Pr ratio was determined. The alloy
Nd0.475Pr0.475Sb0.05 was investigated by differential thermal analysis; thermal effects were
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Table 3
Crystallographic characteristics of the compounds of theR–R′–Sb systems

Compound Structure type Space group Lattice parameters, nm References
a

La3YSb3 anti-Th3P4 I43d 0.9553 Hulliger and Ott, 1977
Yb3DySb3 anti-Th3P4 I43d 0.9333 Gambino, 1967
Eu3GdSb3 anti-Th3P4 I43d 0.8868 Gambino, 1967
Sm3NdSb3 anti-Th3P4 I43d 0.935 Gambino, 1967
Sm3GdSb3 anti-Th3P4 I43d 0.930 Gambino, 1967
Yb3GdSb3 anti-Th3P4 I43d 0.936 Gambino, 1967

observed at 1090 K and 1170 K corresponding to the eutectoid (βR→R+R2Sb) and eutec-
tic (L→ βR+R2Sb) reactions respectively.

Abulkhaev et al. (1989) reported the formation of continuous solid solutions GdxR5−xSb3
whenR = Y, Tb, Dy, Ho with the structure of Mn5Si3 type which originated at the isotypic
binary compounds.

3.3. R–U–Sb systems

R–U–Sb. A NaCl structure type was observed for continuous solid solution Y1−xUxSb al-
loys, x = 0–1,a = 0.6165–0.6208 by using X-ray powder diffraction method (Frick et al.,
1984).

Schmidt and Jeitschko (1998) reported the crystallographic data for the(R,U)3Sb7, R =
Gd, Tb, Dy, Ho (table 4) and(R,U)Sb2, R =Ce–Sm, Gd–Tm (table 5).

Table 4
Lattice parameters for the (R,U)3Sb7 (R =Gd, Tb, Dy, Ho) compounds, space groupImmm

Compound a b c

Gd2.31U0.69Sb7 0.4102 1.4643 1.8370
Gd1.5U1.5Sb7 0.4114 1.4532 1.8252
Tb1.5U1.5Sb7 0.4110 1.4517 1.8234
Dy1.5U1.5Sb7 0.4103 1.4500 1.8268
Ho1.47U1.53Sb7 0.4101 1.4477 1.8212

Table 5
Lattice parameters for the (R,U)Sb2 (R =Ce–Sm, Gd–Tm) compounds, space groupPnma

Compound a b c

Ce0.33U0.67Sb2 0.7582 0.4237 1.0348
Pr0.33U0.67Sb2 0.7582 0.4231 1.0323
Nd0.33U0.67Sb2 0.7579 0.4225 1.0317
Sm0.33U0.67Sb2 0.7553 0.4203 1.0274
Gd0.32U0.68Sb2 0.7546 0.4196 1.0257
Tb0.33U0.67Sb2 0.7546 0.4186 1.0242
Dy0.33U0.67Sb2 0.7543 0.4183 1.0236
Ho0.33U0.67Sb2 0.7539 0.4179 1.0231
Er0.33U0.67Sb2 0.7533 0.4179 1.0219
Tm0.33U0.67Sb2 0.7531 0.4172 1.0209
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Table 6
Lattice parameters of the Ce1−xLaxRhSb alloys, TiNiSi type structure

Composition Lattice parameters, nm
a b c

CeRhSb 0.742 0.469 0.7859
Ce1−xLaxRhSbx = 0.1 0.743 0.4626 0.7869
Ce1−xLaxRhSbx = 0.2 0.7455 0.4626 0.7876
Ce1−xLaxRhSbx = 0.4 0.747 0.4636 0.7888
Ce1−xLaxRhSbx = 0.6 0.7502 0.4639 0.7892
Ce1−xLaxRhSbx = 0.8 0.7521 0.4648 0.7905
LaRhSb 0.7541 0.4658 0.7924

Table 7
Crystallographic data for the EuCu1.75As2–EuCu2Sb2 alloys

Composition Structure type Lattice parameters, nm
a c

EuCu1.75As2 ThCr2Si2 0.4215 1.0185
EuCu1.8As1.5Sb0.5 ThCr2Si2 0.4277 1.0368
EuCu1.85AsSb ThCr2Si2 0.4349 1.0534
EuCu1.9As0.85Sb1.15 ThCr2Si2 0.4360 1.0579
EuCu2As0.65Sb1.35 CaBe2Ge2 0.4407 1.0619
EuCu2As0.6Sb1.4 CaBe2Ge2 0.4410 1.0614
EuCu2As0.5Sb1.5 CaBe2Ge2 0.4433 1.0644
EuCu2Sb2 CaBe2Ge2 0.4501 1.0824

Slovyanskikh et al. (1990) established the lattice parametersa = 13.67, b = 11.59, c =
7.26, and the space groupP21212 for GdU2Sb6.

4. Quaternary systems

Substitution of Ce by La in Ce1−xLaxRhSb,x = 0.1–1.0, TiNiSi type structure (table 6) was
investigated by Malik et al. (1995) in the course of studying of some of the physical properties
of these phases.

Dunner et al. (1995) investigated the crystallographic characteristics of the alloys with mod-
ified BaAl4 type structures within the EuCu1.75As2–EuCu2Sb2 region (table 7).

5. Structure types of the ternary antimonides

LaFe4P12 structure type. See fig. 21, table 8. SGIm3,Z = 2, a = 0.9300 nm for NdOs4Sb12
(Evers et al., 1995).

Ce2Pd9Sb3 structure type. See table 9. SGCmcm, Z = 8, a = 1.3769,b = 0.80412,c =
0.93482 (Gordon et al., 1996).
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Fig. 21. Projection of the NdOs4Sb12 unit cell and co-
ordination polyhedra of atoms.

Table 8

Atom Wyckoff notation x/a y/b z/c G, %
Nd 2(a) 0 0 0 100
Os 8(c) 1/4 1/4 1/4 100
Sb 24(g) 0 0.34021 0.15591 100

Table 9

Atom Wyckoff notation x/a y/b z/c G, %
Ce1 8(g) 0.34547 0.32828 1/4 100
Pd1 16(h) 0.17109 0.17061 0.08478 100
Pd2 8(f) 0 0.3323 0.5268 100
Pd3 4(c) 0 0.1457 1/4 100
Pd4 8(g) 0.09840 0.4582 1/4 100
Sb1 4(a) 0 0 0 100
Sb2 8(e) 0.32369 0 0 100

Table 10

Atom Wyckoff notation x/a y/b z/c G, %
Nd1 2(a) 0 0 0.1527 100
Fe1 8(g) 0 1/2 0.0517 100
Fe2 2(b) 0 0 1/2 100
Fe3 2(a) 0 0 0 100
Sb1 4(e) 0 0 0.3895 100
Sb2 4(d) 0 1/2 1/4 100

NdFe3Sb2 structure type. See fig. 22, table 10. SGI4/mmm, Z = 4, a = 0.42879,c =
2.57048 (Leithe-Jasper, 1994).

LaLi3Sb2 structure type. See table 11. SGP3m1, Z = 1, a = 0.4619,c = 0.7445 (Grund et
al., 1984).
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Fig. 22. Projection of the NdFe3Sb2 unit cell and coordination polyhedra of atoms.

Table 11

Atom Wyckoff notation x/a y/b z/c G, %
La 1(a) 0 0 0 100
Li1 2(d) 1/3 2/3 0.658 100
Li2 1(b) 0 0 1/2 100
Sb 2(d) 1/3 2/3 0.2577 100

Fig. 23. Projection of the Ce3Pd6Sb5 unit cell and coordination polyhedra of atoms.

Ce3Pd6Sb5 structure type. See fig. 23, table 12. SGPmmn, Z = 2, a = 1.3481,b = 0.4459,
c= 1.0050 nm (Gordon et al., 1995).



98 O.L. SOLOGUB AND P.S. SALAMAKHA

Table 12

Atom Wyckoff notation x/a y/b z/c G, %
Ce1 2(a) 1/4 1/4 0.75756 100
Ce2 4(f) 0.57480 1/4 0.75467 100
Pd1 4(f) 0.41109 1/4 0.00819 100
Pd2 2(b) 1/4 3/4 0.01545 100
Pd3 4(f) 0.56761 1/4 0.39730 100
Pd4 2(b) 1/4 3/4 0.47745 100
Sb1 4(f) 0.37627 1/4 0.47697 100
Sb2 4(f) 0.58653 1/4 0.13700 100
Sb3 2(a) 1/4 1/4 0.16899 100

Fig. 24. Projection of the YbZn2Sb2 unit
cell and coordination polyhedra of atoms.

Table 13

Atom Wyckoff notation x/a y/b z/c G, %
Yb 1(a) 0 0 0 100
Zn 2(d) 1/3 2/3 0.3619 100
Sb 2(d) 1/3 2/3 0.7407 100

Table 14

Atom Wyckoff notation x/a y/b z/c G, %
La 2(a) 0 0 0 100
X1 4(d) 0 1/2 1/4 100
X2 4(e) 0 0 0.383 100

X1= 0.83Sb+ 0.17Ni
X2= 0.17Sb+ 0.83Ni

CaAl2Si2 structure type. See fig. 24, table 13. SGP3m1,Z = 1,a = 0.444194,c= 0.741913
nm for YbZn2Sb2 (Salamakha and Mudryi, 2001b).

BaAl4 structure type. See table 14. SGI4/mmm, Z = 2, a = 0.4433,c = 1.0024 nm for
LaNi2Sb2 (Pecharsky et al., 1981).
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Fig. 25. Projection of the EuNi1.53Sb2 unit
cell and coordination polyhedra of atoms.

Table 15

Atom Wyckoff notation x/a y/b z/c G, %
Eu 2(a) 0 0 0 100
Ni 4(d) 0 1/2 1/4 76.6
Sb 4(e) 0 0 0.35895 99.5

Fig. 26. Projection of the LaNi1.51Ge2
unit cell and coordination polyhedra of
atoms.

CeGa2Al2 structure type. See fig. 25, table 15. SGI4/mmm, Z = 2, a = 0.4340,c= 1.0597
nm for EuNi1.53Sb2 (Hoffman and Jeitschko, 1988).

CaBe2Ge2 structure type. See fig. 26, table 16. SGP4/nmm, Z = 2, a = 0.4466,c= 0.9918
nm for LaNi1.51Sb2 (Hoffman and Jeitschko, 1988).
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Table 16

Atom Wyckoff notation x/a y/b z/c G, %
La 2(c) 1/4 1/4 0.74000 100
Ni1 2(a) 3/4 1/4 0 89.8
Ni2 2(c) 1/4 1/4 0.368 61.2
Sb1 2(b) 3/4 1/4 1/2 100
Sb2 2(c) 1/4 1/4 0.12653 100

Fig. 27. Projection of the
CeNi2.36Sb1.64 unit cell and
coordination polyhedra of
atoms.

Table 17

Atom Wyckoff notation x/a y/b z/c G, %
Ce 2(a) 0 0 0 100
X1 4(j) 1/2 0 0.256 100
X2 4(i) 0 0 0.3800 100

X = 0.59Ni+ 0.41Sb

LaPt2Ge2 structure type. SG P21m, Z = 2, a = 0.4365,b = 0.4355,c = 0.9969 nm,β =
90.20◦ for PrNi2Sb2 (Slebarski et al., 1996). Atomic coordinates have not been determined.

CeNi2+xSb2-x structure type. See fig. 27, table 17. SGImmm,Z = 2,a = 0.4285,b= 0.4312,
c= 1.0205 for CeNi2.36Sb1.64 (Pecharsky et al., 1982).

NdFe2Sb2 structure type. See fig. 28, table 18. SGImm2,Z = 2, a = 0.42965,b = 0.42759,
c= 2.57887 (Leithe-Jasper, 1994).

Ce8Pd24Sb structure type. See table 19. SGPm3m, Z = 1, a = 0.8461 nm (Gordon and
DiSalvo, 1996).
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Fig. 28. Projection of the NdFe2Sb2 unit cell and coordination polyhedra of atoms.

Table 18

Atom Wyckoff notation x/a y/b z/c G, %
Nd1 2(a) 0 0 0.1526 100
Nd2 2(a) 0 0 0.8462 100
Sb1 2(a) 0 0 0.3888 100
Sb2 2(a) 0 0 0.6109 100
Sb3 2(b) 1/2 0 1/4 100
Sb4 2(b) 1/2 0 0.7499 100
Fe1 2(a) 0 0 0.5044 100
Fe2 2(a) 0 0 0.0105 100
Fe3 2(b) 1/2 0 0.0513 100
Fe4 2(b) 1/2 0 0.4490 100

Table 19

Atom Wyckoff notation x/a y/b z/c G, %
Ce1 8(g) 0.25140 0.25140 0.25140 100
Pd1 6(f) 0.25552 1/2 1/2 100
Pd2 6(e) 0.31118 0 0 100
Pd3 12(h) 0.26675 1/2 0 100
Sb 1(a) 0 0 1/4 100

Table 20

Atom Wyckoff notation x/a y/b z/c G, %
Y 4(a) 0 0 0 100
Sb 4(b) 1/2 1/2 1/2 100
Pd 8(c) 1/4 1/4 1/4 100

MnCu2Al structure type. See table 20. SGFm3m, Z = 4, a = 0.6691 nm for YPd2Sb
(Ishikawa et al., 1982).
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Fig. 29. Projection of the CeAgSb2
unit cell and coordination polyhedra
of atoms.

Table 21

Atom Wyckoff notation x/a y/b z/c G, %
Ce 2(c) 1/4 1/4 0.23788 100
Ag 2(b) 3/4 1/4 1/2 99
Sb1 2(a) 3/4 1/4 0 100
Sb2 2(c) 1/4 1/4 0.67363 100

Table 22

Atom Wyckoff notation x/a y/b z/c G, %
La 2(a) 1/4 1/4 0.74071 100
Zn 2(b) 1/4 3/4 0.00299 60
Sb1 2(b) 3/4 1/4 0.49962 100
Sb2 2(a) 1/4 1/4 0.15410 100

Table 23

Atom Wyckoff notation x/a y/b z/c G, %
La 2(e) 0.8440 1/4 0.2160 100
In 2(e) 0.2139 1/4 0.4846 81
Sb1 2(e) 0.6158 1/4 0.6951 100
Sb2 2(e) 0.2489 1/4 0.0016 100

HfCuSi2 structure type. See fig. 29, table 21. SGP4/nmm, Z = 2, a = 0.43641,c = 1.0722
nm for CeAgSb2 (Sologub et al., 1995a).

NdAgAs2 structure type. See table 22, SGPmmn, Z = 2, a = 0.437935,b = 0.440222,c =
1.050438 nm for LaZnSb2 (Salamakha and Mudryi, 2001a).

LaInSb2 structure type. See table 23. SGP21/m,Z = 2,a = 0.4521,b= 0.4331,c= 1.1913
nm,β = 99.66◦ (Ferguson et al., 1999).
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Table 24

Atom Wyckoff notation x/a y/b z/c G, %
La 4(c) 0 0.86085 1/4 100
Sb1 4(c) 0 0.24860 1/4 81
Sb2 4(c) 0 0.59076 1/4 100
Sn1 8(f) 0 0.0065 0.1238 18.6
Sn2 4(c) 0 0.0089 1/4 18.6
Sn3 4(a) 0 0 0 19.7

Fig. 30. Projection of the La6MnSb15 unit cell and coordination polyhedra of atoms.

LaSnxSb2 (x = 0.75) structure type. See table 24. SGCmcm, Z = 4, a = 0.42435,b =
2.3121,c= 0.45053 nm (Ferguson et al., 1996).

La6MnSb15 structure type. See fig. 30, table 25. SGImm2,Z = 2,a = 1.51538,b= 1.93646,
c= 0.427422 nm for Ce6Mn0.4Sb15 (Sologub et al., 1996b).

La6Ge5-xSb11+x structure type. See table 26. SGImmm, Z = 2, a = 0.43034,b = 1.0851,
c= 27.073 nm (Lam et al., 2001).
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Table 25

Atom Wyckoff notation x/a y/b z/c G, %
Ce1 8(e) 0.1408 0.1322 0.0787 100
Ce2 4(d) 0 0.3232 0.0787 100
Mn 4(c) 0.2751 0 0.0787 40
Sb1 8(e) 0.2139 0.2979 0.0787 100
Sb2 8(e) 0.3595 0.1062 0.0787 100
Sb3 4(d) 0 0.1968 0.5787 100
Sb4 4(c) 0.1603 0 0.5787 100
Sb5 4(c) 0.4066 0 0.5787 100
Sb6 2(a) 0 0 0.0000 100

Table 26

Atom Wyckoff notation x/a y/b z/c G, %
La1 4(i) 0 0 0. 26676 100
La2 8(l) 0 0.19435 0.40544 100
Sb1 4(j) 1/2 0 0.35768 100
Sb2 8(l) 0 0.30535 0.28862 100
Sb3 4(g) 0 0.29207 0 100
Sb4 4(f) 0.4300 1/2 0 50
Sb5 4(f) 1/2 0 0.07187 100
X1 8(l) 0 0.1205 0.14765 100
X2 4(g) 0 0.03926 0 50

X1= 61% Ge+ 39% Sb
X2= 19% Ge+ 31% Sb

Table 27

Atom Wyckoff notation x/a y/b z/c G, %
La1 6(m) 0.58274 0.16547 1/2 100
La2 6(m) 0.16800 0.33600 1/2 100
La3 1a 0 0 0 86
Ga1 12(n) 0.1343 0 0.443 47
Ga2 4(h) 1/3 2/3 0.0663 47
Sb1 6(l) 0.24818 0.49636 0 100
Sb2 6(j) 0.24697 0 0 100
Sb3 6(k) 0.37508 0 1/2 100
Sb4 3(f) 1/2 0 0 100

La13Ga8Sb21 structure type. See table 27. SGP6/mmm,Z = 1,a = 1.7657,c= 0.43378 nm
(Mills and Mar, 2000).

Pr12Ga4Sb23 structure type. See table 28. SGImmm, Z = 2, a = 0.42162,b = 1.94070,
c= 2.63972 nm (Mills and Mar, 2000).

Nd6Fe13Si structure type. See fig. 31, table 29. SGI4/mcm,Z = 4,a = 0.80978,c= 2.32317
nm for Nd6Fe13Sb (Leithe-Jasper, 1994).
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Table 28

Atom Wyckoff notation x/a y/b z/c G, %
Pr1 8(l) 0 0.27695 0.40559 100
Pr2 8(l) 0 0.38900 0.26312 100
Pr3 4(j) 1/2 0 0.09340 100
Pr4 4(j) 1/2 0 0.38118 100
Ga1 4(i) 0 0 0.18986 96
Ga2 4(h) 0 0.181 1/2 2.7
Ga3 4(g) 0 0.43337 0 100
Sb1 8(l) 0 0.11138 0.43300 97.3
Sb2 8(l) 0 0.11584 0.14030 100
Sb3 8(l) 0 0.22151 0.28669 100
Sb4 8(l) 0 0.33456 0.14421 100
Sb5 4(i) 0 0 0.28911 100
Sb6 4(h) 0 0.38335 1/2 100
Sb7 4(g) 0 0.23336 0 100
Sb8 2(a) 0 0 0 100

Fig. 31. Projection of the Nd6Fe13Sb unit cell and coordination polyhedra of atoms.

Table 29

Atom Wyckoff notation x/a y/b z/c G, %
Nd1 16(l) 0.1691 0.6691 0.18595 100
Nd2 8(f) 0 0 0.39777 100
Fe1 16(l) 0.3824 0.8824 0.0917 100
Fe2 16(l) 0.1767 0.6767 0.0557 100
Fe3 16(k) 0.0652 0.2103 0 100
Fe4 4(d) 0 1/2 0 100
Sb 4(a) 0 0 1/4 100
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Fig. 32. Projection of the
Ce3Au3Sb4 unit cell and
coordination polyhedra of
atoms.

Table 30

Atom Wyckoff notation x/a y/b z/c G, %
Ce 12(a) 3/8 0 1/4 100
Au 12(b) 7/8 0 1/4 100
Sb 16(c) 0.0844 0.0844 0.0844 100

Table 31

Atom Wyckoff notation x/a y/b z/c G, %
Sm 1(a) 0 0 0 100
X 2(d) 1/3 2/3 1/2 100

X = 0.5Ni+ 0.5Sb

Y3Au3Sb4 structure type. See fig. 32, table 30. SGI43d, Z = 4, a = 1.00443 for Ce3Au3Sb4
(Sologub et al., 1998).

AlB2 structure type. See fig. 33, table 31. SGP6/mmm, Z = 1, a = 0.4372,c = 0.3843 nm
for SmNiSb (Pecharsky et al., 1983a, 1983b).

ZrBeSi structure type. See fig. 34, table 32. SGP63/mmc, a = 0.4404,c = 0.8403 nm for
LaNiSb (Hartjes and Jeitschko, 1995).

CaIn2 structure type. See table 33. SGP63/mmc,Z = 2,a = 0.4580,c= 0.7716 for NdPdSb
(Marazza et al., 1980).
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Fig. 33. Projection of the SmNiSb unit cell and
coordination polyhedra of atoms.

Fig. 34. Projection of the LaNiSb unit cell and coordi-
nation polyhedra of atoms.

Table 32

Atom Wyckoff notation x/a y/b z/c G, %
La 2(a) 0 0 0 100
Ni 2(c) 1/3 2/3 1/4 100
Sb 2(d) 1/3 2/3 3/4 100

Table 33

Atom Wyckoff notation x/a y/b z/c G, %
Nd 2(b) 0 0 0.25 100
X 4(f) 1/3 2/3 0.04 100

X = 0.5Pd+ 0.5Sb

NdPtSb (or LiGaGe) structure type. See fig. 35, table 34. SGP63mc, Z = 2, a = 0.4534,
c= 0.7866 nm (Wenski and Mewis, 1986a).
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Fig. 35. Projection of the NdPtSb (or LiGaGe) unit cell and
coordination polyhedra of atoms.

Table 34

Atom Wyckoff notation x/a y/b z/c G, %
Nd 2(a) 0 0 0.000 100
Pt 2(b) 1/3 2/3 0.7137 100
Sb 2(b) 1/3 2/3 0.2635 100

Fig. 36. Projection of the YZrSb unit cell
and coordination polyhedra of atoms.

KHg2 structure type. SGImma Z = 4, a = 0.4584,b = 0.7329,c = 0.7838 nm for NdRhSb
(Malik and Adroja, 1991b). Atomic coordinates have not been determined.

CeScSi structure type. See fig. 36, table 35. SGI4/mmm, Z = 4, a = 0.4245,c= 1.6306 nm
for YZrSb (Morozkin and Sviridov, 2001).
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Table 35

Atom Wyckoff notation x/a y/b z/c G, %
Y 4(e) 0 0 0.335 100
Zr 4(c) 0 1/2 0 100
Sb 4(e) 0 0 0.143 100

Table 36

Atom Wyckoff notation x/a y/b z/c G, %
Ce 4(c) 0.0118 1/4 0.7008 100
Rh 4(c) 0.2997 1/4 0.4172 96.6
Sb 4(c) 0.1908 1/4 0.0900 100

Fig. 37. Projection of the ScNiSb unit cell and coordina-
tion polyhedra of atoms.

Table 37

Atom Wyckoff notation x/a y/b z/c G, %
Sc 4(b) 1/2 1/2 1/2 100
Ni 4(c) 1/4 1/4 1/4 100
Sb 4(a) 0 0 0 100

Table 38

Atom Wyckoff notation x/a y/b z/c G, %
Ce 4(g) 0.1406 0 0 100
Ge 2(d) 0 0 0 100
Sb1 2(b) 1/2 0 0 100
Sb2 4(h) 0.3047 0 1/2 100

TiNiSi structure type. See table 36. SGPnma,Z = 4,a = 0.7581,b= 0.4642,c= 0.7893nm
for CeRhSb (Salamakha et al., 2000).

MgAgAs structure type. See fig. 37, table 37. SGF43m, Z = 4, a = 0.6055 nm for ScNiSb
(Pecharsky et al., 1983a, 1983b).

Te2Ag3Tl structure type. See fig. 38, table 38. SGCmmm, Z = 4, a = 1.8894,b = 0.4650,
c= 0.4299 for Ce2GeSb3 (Stetskiv et al., 1998).
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Fig. 38. Projection of the Ce2GeSb3 unit cell and coordination polyhedra of atoms.

Table 39

Atom Wyckoff notation x/a y/b z/c G, %
La 6(g) 0.6176 0 1/4 100
Ti 2(b) 0 0 0 100
Sb1 6(g) 0.2507 0 1/4 100
Sb2 4(d) 1/3 2/3 0 100

Table 40

Atom Wyckoff notation x/a y/b z/c G, %
La1 2(d) 1/3 2/3 0.07041 100
La2 2(c) 0 0 0.21173 100
Mg1 2(d) 1/3 2/3 0.4031 83
Mg2 2(d) 1/3 2/3 0.6733 100
Mg3 1(b) 0 0 1/2 82
Sb1 2(d) 1/3 2/3 0.28754 100
Sb2 2(d) 1/3 2/3 0.56417 100
Sb3 2(d) 1/3 2/3 0.85691 100
Sb4 1(a) 0 0 0 100

U3CrSb5 structure type (Hf5CuSb3-anti type). See table 39. SGP63/mcm, Z = 2, a =
0.95294,c= 0.62801 nm for La3TiSb5 (Bollore et al., 1995).

La4Mg5-xSb7 structure type. See table 40. SGP3m1, Z = 1, a = 0.46201,c = 2.6069 for
La4Mg4.48Sb7 structure (Ganguli et al., 1993).

La5-yMg2-xSb6 structure type. See table 41. SGR3m, Z = 3, a = 0.4616, c = 6.767 for
La4.89Mg1.539Sb6 (Ganguli et al., 1993).

La3Mg5-xSb6 structure type. See table 42. SGR3m, Z = 3, a = 0.4625, c = 6.691 for
La3Mg4.6Sb6 (Ganguli et al., 1993).
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Table 41

Atom Wyckoff notation x/a y/b z/c G, %
La1 6(c) 0 0 0.27869 100
La2 6(c) 0 0 0.44266 94.5
La3 3(a) 0 0 0 100
Mg 6(c) 0 0 0.15230 83.0
Sb1 6(c) 0 0 0.08289 100
Sb2 6(c) 0 0 0.19509 100
Sb3 6(c) 0 0 0.36087 100

Table 42

Atom Wyckoff notation x/a y/b z/c G, %
La1 6(c) 0 0 0.38795 100
La2 3(a) 0 0 0 100
Mg1 6(c) 0 0 0.12927 90
Mg2 6(c) 0 0 0.23407 100
Mg3 3(b) 0 0 1/2 80
Sb1 6(c) 0 0 0.08404 100
Sb2 6(c) 0 0 0.19154 100
Sb3 6(c) 0 0 0.30550 100

Table 43

Atom Wyckoff notation x/a y/b z/c G, %
Eu1 16(e) 1/4 0.6432 1/8 100
Eu2 32(g) 0.9565 0.6768 0.9528 100
Eu3 32(g) 0.9786 0.8741 0.1260 100
Eu4 32(g) 0.1808 0.1589 0.9679 100
Mn 8(a) 0 0 0 100
Sb1 8(b) 0 0 1/4 100
Sb2 16(f) 0.1332 0.1332 1/4 100
Sb3 32(g) 0.0034 0.8614 0.9374 100
Sb4 32(g) 0.8685 0.7244 0.0783 100

Ca14AlSb11 structure type. See table 43. SGI41/acd, Z = 8, a = 1.7300,c= 2.2746 nm for
Eu14MnSb11 (Rehr and Kauzlarich, 1994).

Ba5Al2Sb6 structure type. See table 44. SGPbam, Z = 2, a = 0.73992,b = 2.3001,c =
0.45139 nm for Yb5In2Sb6 (Mills and Mar, 2000).

La3InGe structure type. SGI4/mcm,Z = 16,a = 1.2012,c= 1.5485 nm for Ce3GeSb (Stet-
skiv et al., 1998). Atomic coordinates have not been determined.

Mo5B2Si structure type. See table 45. SGI4/mcm, Z = 4, a = 0.7593,c = 1.3258 nm for
Dy5Ni2Sb (Mozharivskyj and Kuz’ma, 1996).
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Table 44

Atom x/a y/b z/c G, %
Yb1 0.9584 0.0895 1/2 100
Yb2 0.0269 0.2446 1/2 100
Yb3 1/2 0 1/2 100
In 0.3244 0.1202 0 100
Sb1 0.5465 0.1369 0 100
Sb2 0.05465 0.1897 0 100
Sb3 0.1989 0.9992 0 100

Table 45

Atom Wyckoff notation x/a y/b z/c G, %
Dy1 4(c) 0 0 0 100
Dy2 16(i) 0.1597 0.6597 0.1385 100
Ni 8(h) 0.372 0.872 0 100
Sb 4(a) 0 0 1/4 100

6. Physical properties of the ternary antimonides

6.1. RM2Sb2 compounds

The CeNi2Sb2 compound was classified as Kondo system by Kaczmarska et al. (1993) from
magnetic properties and resistivity measurements. The resistivity shows a maximum at 2.5 K
and a minimum at 28 K (fig. 39). As reported by Skolozdra et al. (1994), it has a Curie–Weiss

Fig. 39. Resistivity vsT for LaNi2Sb2 and CeNi2Sb2.



RARE EARTH – ANTIMONY SYSTEMS 113

Fig. 40. χ in emu/g and 1/χ in (emu/mole)−1 vsT for PrNi1.8Sb2.

temperatureθp of−28 K,TN = 2.5 K and µeff = 2.60µB. The residual resistivity of LaNi2Sb2
is 80 µ� cm after Kaczmarska et al. (1993).

Slebarski et al. (1996) measured the magnetic properties for the PrM2Sb2 compounds
(fig. 40–42:TN = 6.24 K, θp = −4.0 K, µeff = 3.60µB, Hcr = 10.0 kOe atT = 4.2 for
PrNi1.8Sb2 (fig. 40);TN = 6.5 K, θp=−3.5 K,µeff = 3.58µB,Hcr= 10.3 kOe atT = 4.2 for
PrNi2Sb2 (fig. 41);TN = 6.0 K, θp=−1.5 K, µeff = 3.51µB, Hcr � 1.0 kOe atT = 4.2 for
PrCu2Sb2 (fig. 42). It was found from magnetic susceptibility measurements that Pr is nearly
trivalent.

Guzik and Pierre (1998) presented the magnetotransport properties of LaCu2Sb2 (fig. 43),
LaAg2Sb2 (fig. 43) and CeAg2Sb2 compounds (fig. 44). The resistivity of CeAg2Sb2 exhibits
a very broad plateau from room temperature down to 100 K then a slight increase down to
20 K followed by a sharp drop at the Néel temperature 9 K.

Skolozdra et al. (1994) reported Kondo-like behavior for the resistivity of CeCu2Sb2, with
a maximum at 17 K and a minimum at about 140 K of (fig. 45) andθp=−7 K, TN = 3 K and
µeff = 2.60µB.

Gordon et al. (1995) reported the physical properties of Ce3Pd6Sb5. The magnetic suscep-
tibility exhibits significant anisotropy with an effective high temperature momentum per Ce
of 2.67µB and antiferromagnetic ordering at 6 K. The resistance shows a minimum near 17 K
and an anomaly at 6 K.
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Fig. 41. χ in emu/g and 1/χ
in (emu/mole)−1 vs T for
PrNi2Sb2.

Fig. 42. χ in emu/g and 1/χ in
(emu/mole)−1 vsT for PrCu2Sb2.
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Fig. 43. Resistivity of LaCu2Sb2 and
LaAg2Sb2.

Fig. 44. Resistivity of CeAg2Sb2.

6.2. RNiSb compounds

Hartjes and Jeitschko (1995) measured the magnetic characteristics of the RNiSb compounds
(table 46). It was observed that the magnetic susceptibility of LaNiSb is nearly temperature
independent. The average value of the susceptibility for the temperature range between 100
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Fig. 45. Resistivity of CeCu2Sb2 (right hand scale) and CeCuSb2 (left hand scale).

Table 46
Magnetic properties ofRNiSb compounds (Hartjes and Jeitschko, 1995)

Compound Structure type µexp (µB) µeff (R
3+) (µB) θ (K) Type of magnetism

(theory)
LaNiSb ZrBeSi 0 0 – Pauli paramagnetic
CeNiSb ZrBeSi 2.59(5) 2.54 −9(1) Curie–Weiss
PrNiSb ZrBeSi 3.68(4) 3.58 0(1) Curie–Weiss
NdNiSb ZrBeSi 3.68(4) 3.62 16(2) Curie–Weiss
SmNiSb ZrBeSi 1.58(8) 1.60 – Van Vleck paramagnetic
GdNiSb MgAgAs 8.1(5) 7.94 −15(5) Curie–Weiss
TbNiSb MgAgAs 10.2(4) 9.72 −13(2) Curie–Weiss
DyNiSb MgAgAs 10.6(4) 10.63 −6(2) Curie–Weiss
HoNiSb MgAgAs 10.7(4) 10.60 0(3) Curie–Weiss
ErNiSb MgAgAs 9.5(3) 9.59 0(2) Curie–Weiss
TmNiSb MgAgAs 7.6(3) 7.57 0(1) Curie–Weiss
LuNiSb MgAgAs 0 0 – Pauli paramagnetic

and 300 K isχ = 1.8× (±0.1)× 10−9 m3/mol which is typical for the Pauli paramagnetism
of metallic conductors. The lutetium compound is also assumed to be Pauli paramagnetic. The
magnetic susceptibilities between 250 and 300 K are equally small as they are for LaNiSb. It
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Fig. 46. Resistivity vs temperature for CeNiSb.

was also reported in the same work that for compounds with magnetic lanthanide elements,
the magnetism is dominated by the magnetic moments of these elements. The samarium com-
pound shows van Vleck paramagnetism. All other compounds exhibit Curie–Weiss behav-
ior.

The magnetism and resistivity of CeNiSb were investigated by Skolozdra et al. (1994). The
susceptibility of CeNiSb follows a Curie–Weiss law above 35 K, with an effective moment of
2.70(5)µB and a Curie–Weiss temperature of∼15 K. However, susceptibility deviates from
this law at lowest temperatures, and diverges nearTC = 7 K, where spontaneous magnetiza-
tion appears. The ferromagnetic moment reaches 0.48µB at 1.5 K. The resistivity exhibits a
maximum at about 60 K and a minimum around 200 K (fig. 46). A kink in the curve occurs at
7 K, which confirms the Curie temperature. The maximum slope of resistivity vs temperature
is reached near 15 K. The magnetoresistance at low temperature is negative. The initial slope
is vanishing small in the paramagnetic range, and negative in the ferromagnetic state. Based on
these results, the authors announced CeNiSb to be a new ferromagnetic Kondo system. In con-
trast to this investigation, measurements on a sample in the later work performed by Hartjes
and Jeitschko (1995) show a normal Curie–Weiss behavior, and the effective magnetic mo-
ment calculated from the linear portion of the 1/χ vsT plot above 50 K ofµexp= 2.59(5)µB
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which is in good agreement with the theoretically expected effective moment for a free Ce3+
ion of 2.54µB.

Magnetic susceptibility and electrical resistivity measurements on CePdSb and GdPdSb
were carried out in the temperature range of 4.2–300 K by Malik and Adroja (1991a). The
measurements reveal that CePdSb orders ferromagnetically with an ordering temperature of
17 K while GdPdSb orders antiferromagnetically with a Néel temperature of 15.5 K. In the
paramagnetic state, the susceptibility of CePdSb follows Curie–Weiss behavior between 50
and 300 K but deviates from it below 50 K. Its saturation magnetic moment per formula unit
at 4.2 K is 1.2µB which is reduced from the free ion value of 2.14µB for the Ce3+ ion. The
resistivity of CePdSb shows a broad maximum at about 150 K and a ln(T ) behavior at high
temperatures, indicating the combined influence of crystalline electric fields and the Kondo
effect on the 4f moments. Thus the authors suggest that CePdSb is a Kondo-lattice system
with ferromagnetic ordering of cerium moments.

The compound CeRhSb, which crystallizes in the orthorhombic CeCu2-type structure, has
been synthesized by Malik and Adroja (1991b). Its unit-cell volume is anomalous in relation to
that of the isostructuralRRhSb compounds. Its magnetic susceptibility is weakly temperature
dependent and exhibits a broad maximum at about 113 K, characteristic of valence-fluctuating
Ce compounds. The resistivity also shows a broad maximum at 113 K followed by a rapid
rise below 21 K. The latter indicates gap formation in the electronic density of states. The gap
energy is estimated to be about 4 K. Thus CeRhSb appears to represent a valence fluctuating
cerium compound in which a pseudogap develops in the electronic density of states at low
temperatures. Adroja et al. (1999) performed the neutron scattering studies on CeRhSb and
PrMSb (M =Rh, Pd).

Aliev et al. (1988) reported the results of transport and magnetic measurements ofRNiSb,
R = Sc, Er, Ho, Tm, Yb. It was suggested that the gap in the electron energy spectrum in
these systems is due to the specific crystal structure with a vacancy in the Ni sublattice. It was
found that properties of RNiM compounds are strongly influenced by the annealing process.

Preliminary results on low temperature transport properties in YbPdSb system with
MgAgAs type structure are presented by Aliev et al. (1988). Resistivity shows a maximum
at T = 50–100 K and the Fermi-liquid decrease of� ≈ �0 + AT 2 at helium temperatures.
The high value of the A coefficient 5 µ� cm/K2 indicates the possibility of the heavy fermion
behavior withγ about 300–400 mJ/mol K2. The Seebeck coefficient S is positive and shows
a maximum Smax≈ 22 µV/K at T ≈ 200 K.

The electrical resistivity, magnetic susceptibility and magnetization for YbTSb compounds
(T = Cu, Ag, Au) were measured by Katoh et al. (1997); the results are presented in table 47
and fig. 47. Also, Flandorfer et al. (1997) classified the YbCuSb and YbAgSb compounds as
temperature independent Pauli-type paramagnets whereas a small magnetic moment≈ 1µB

was observed for YbAuSb. From X-ray absorption spectroscopy at 10 and 300 K, Yb was
determined to be dipositive with temperature independent valences for all compounds: 2.06
for M = Ag, 2.08 forM =Cu and 2.14 forM = Au.
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Table 47
Fitting parameters of magnetic susceptibility and electrical resistivity of YbTSb: C, Curie constant;θP, paramagnetic
Curie temperature;χ0, temperature independent susceptibility;χC, diamagnetic susceptibility; R, high temperature

slope;θR, characteristic temperature,�0, residual resistivity

Compound C, θP , χ0, χC, R, θR, �0,
e.m.u.Kmol−1 K e.m.u.mol−1 e.m.u.mol−1 µ� cm K−1 K µ� cm

YbCuSb 0.0376 −35.8 1.38× 10−4 −4.9× 10−5 0.44 170 260
YbAgSb 0.00245 −4.42 −7.69× 10−5 −6.1× 10−5 0.26 150 46
YbAuSb 0.00339 −4.37 −8.47× 10−5 −7.7× 10−5 0.21 140 48

Fig. 47. Electrical resistivity vs
for YbTSb compounds (T =
Cu, Ag, Au).

6.3. RMSb2 compounds

The magnetic data on theRM1−xSb2 (R = La, Ce, Pr, Nd and Sm andM =Mn, Zn) com-
pounds are summarized in table 48 (Sologub et al., 1995a). The magnetic behavior of the
RMnSb2 compounds is characterized by the onset of ferromagnetism of the Mn sublattice in
the temperature range between 100 and 520 K. Ordering of the rare earth sublattice below
50 K was observed for samples containing Ce, Pr and Nd. CeZnSb2 remains paramagnetic
over the temperature range investigated (4.2–550 K). From isothermal magnetization data at
5 K (fig. 48) the magnetic structures of theRM1−xSb2 phases (R = La, Ce, Pr, Nd and Sm)
were thought to be rather complex (metamagnetism).

The magnetic susceptibilities of theRMSb2 (M = Ni, Pd, Cu, Au) phases were gener-
ally measured over the temperature range from 4 K to 100 K (Sologub et al., 1994) (ta-
ble 49, figs. 49, 50). YCuSb2 and LaMSb2 are temperature independent paramagnets. The
RMSb2 compounds are found to order antiferromagnetically belowT = 20 K. PrPdSb2 and
TbPdSb2 undergo metamagnetic transitions, whereas PrCuSb2 and ErCuSb2 are simple fer-
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Table 48
Magnetic characteristics for theRMn1−xSb2 compounds,M =Mn, Zn

Compound Tc (K) σ (µa) θp (K) µeff/f.u (µB) µeff/Mn (µB)
LaMn0.87Sb2 ∼ 310 0.8b 228 4.6 4.6
CeMn0.85Sb2 ∼ 310 1.2c 104 4.8 4.3
PrMn0.82Sb2

a ∼ 390 1.0c

NdMn0.83Sb2 ∼ 250 0.6c 225 5.5 4.5
SmMn0.90Sb2

a ∼ 250 0.4b

CeZn1−xSb2 −11 2.6

aMultiphase samples.
bT = 5 K, H = 2 Tesla.
cT = 5 K, H = 3 Tesla.

Fig. 48. Magnetization vs magnetic field for
RMn1−xSb2 after Sologub et al. (1995a,
1995b, 1995c).

romagnets. The Sm-containing compounds are typical Van Vleck paramagnets owing to the
closely spaced multiplets.

According to Skolozdra et al. (1994), the resistivity for CeCuSb2 shows a maximum at
7 K and a minimum at 70 K, as for concentrated Kondo systems (fig. 45). The resistivity
of LaCuSb2 is that of a classical metallic system. The La0.4Ce0.6CuSb2 solid solution alloy
exhibits a strong increase of the resistivity at low temperature similar to that of the pure com-
pound with a maximum at 9 K. The magnetoresistance has been measured for the CeCuSb2
up to 5 T; a huge drop of resistivity is observed under a magnetic field. The summary of mag-
netic properties of CeCuSb2, CeNiSb2 and (Ce1−xLax )CuSb2 obtained by Skolozdra et al.
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Table 49
Magnetic characteristics of theRMSb2 compounds,M =Ni, Pd, Cu, Au (Sologub et al., 1994)

Compound TN (K) θp (K) µeff (µB)
LaNiSb2 TIP
CeNiSb2 < 4.0 0.0 1.44
PrNiSb2 6.0 −4.0 4.00
NdNiSb2 < 4.0 −12.0 4.30
SmNiSb2 1.80a

GdNiSb2 9.0 −44.0 9.60
TbNiSb2 12.0 −44.0 10.80
DyNiSb2 10.0 −27.0 12.00
HoNiSb2 < 4.0 −12.0 10.20
LaPdSb2 TIP
CePdSb2 < 4.0 −65.0 3.04
PrPdSb2 8.0b −13.0 4.00
NdPdSb2 < 4.0 −30. 3.50
SmPdSb2 1.50a

GdPdSb2 15.0 −41.0 7.90
TbPdSb2 18.0b −30.0 9.80
YCuSb2 TIP
LaCuSb2 TIP
CeCuSb2 8.0 −7.0 2.50
PrCuSb2 5.0c 3.5 3.60
NdCuSb2 < 4.0 −9.0 3.70
SmCuSb2 1.30a

GdCuSb2 12.0 −33.0 8.90
TbCuSb2 9.0 −23.0 9.40
DyCuSb2 6.0 −9.0 10.30
HoCuSb2 < 4.0 −4.0 10.40
ErCuSb2 < 4.0d −3.0 9.80
TmCuSb2 < 4.0 −3.0 7.30
LaAuSb2 TIP
CeAuSb2 6.0 2.0 2.30
PrAuSb2 9.0 −6.0 3.90
NdAuSb2 < 4.0 −9.6 3.40
SmAuSb2 1.50c

TIP temperature independent paramagnet.
aEffective moment at 80 K.
bMetamagnetism,µ0Hcrit > 2.5 T.
cFerromagnetic, magnetic moment (µ0H = 3 T at 5 K)= 1.7µB.
dFerromagnetic, magnetic moment (µ0H = 3 T at 5 K)= 5.6µB.

(1994) are presented in table 50, and the reciprocal magnetic susceptibility of the first and last
compounds is shown in fig. 51.

Vijaya Lakshmi et al. (1996) performed magnetic and electrical resistivity measurements
on LaMSb2 and CeMSb2,M =Ni, Cu (see fig. 52). CeNiSb2 orders ferromagnetically at 6 K
while CeCuSb2 orders antiferromagnetically at 5 K. The electrical resistivity of the two La
compounds, LaCuSb2 and LaNiSb2 show normal metallic behavior down to 5.4 K with no
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Fig. 49. Molar susceptibility vsT for theRMSb2, M =Ni, Pd, Cu after Sologub et al. (1994).

Fig. 50. Molar susceptibility vsT for theRAuSb2,R =Ce,
Pr after Sologub et al. (1994).

Table 50
Magnetic characteristics of theRMSb2 compounds,M =Ni, Cu (Skolozdra et al., 1994)

Compound µeff (µB) θp (K) Tc, TN (K)
CeCuSb2 2.57 −11 7
CeNiSb2 2.45 +6 7
Ce0.8La0.2CuSb2 2.59 −12 4
Ce0.6La0.4CuSb2 2.59 −11 < 2
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Fig. 51. 1/χvs T for CeCuSb2 and (Ce1−xLax )CuSb2 after Skolozdra et al. (1994).

superconducting transitions. The resistivity of CeCuSb2 and CeNiSb2 show broad minimum
typical for Kondo lattice systems. There is a low temperature drop in resistivity in both the
compounds due to magnetic ordering. In CeNiSb2 a second minimum (at 10 K) followed by a
maximum at 6 K is also observed. All compounds except CeNiSb2 exhibit positive magnetore-
sistance in the temperature range 1.5–4.5 K in fields up to 45 kOe. The CeNiSb2 compound
shows negative magnetoresistance.

Accordingly to Sologub et al. (1995a), magnetism of the RAgSb2 phases over the 2.5 to
300 K temperature range is characterized by tripositive paramagnetic behavior of the lan-
thanide atoms (table 51, fig. 53).RAgSb2 with R = Y, La are weakly temperature dependent
paramagnets. In contrast,RAgSb2 compounds withR = Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm are
weak antiferromagnets with ordering temperatures lower thanTN ∼ 13 K, and CeAgSb2 is a
noncolinear antiferromagnet (TM ∼ 12 K) with a remanent magnetizationµ= 0.15µB per Ce
atom.

André et al. (2000) reported results of neutron diffraction measurements performed on
RAgSb2 (R = Ce, Pr, Nd, Tb, Dy, Ho, Er, Tm). All compounds were found to be collinear
antiferromagnets with the Néel temperature between 2.0 K (for TmAgSb2) and 11.1 K (for
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Fig. 52. Resistivity vsT for
LaCuSb2, CeCuSb2, LaNiSb2
and CeNiSb2 after Vijaya Lak-
shmi et al. (1996).

TbAgSb2), except for CeAgSb2 which is a ferromagnet with a Ce magnetic moment equal to
0.33µB and parallel to thec-axis.

Thermal expansion, magnetostriction and magnetic susceptibility under pressure have been
measured on a polycrystalline CeAgSb2 sample by Thornton et al. (1999). It was observed that
in zero magnetic field the magnetic contribution to the linear thermal expansion coefficient
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j Fig. 53. Continued

has a broad maximum near 17 K with the value of 7.9× 10−6 K−1 but there is no peak at the
TN = 9.5 K. TN was found to decrease under pressure at the rate−10.1 Mbar−1.

Flandorfer et al. (1996) reported on the magnetic properties of CeFe0.6Sb2: TM = 9.5 K,
θp = −23 K, µeff/f.u. = 2.6µB. Magnetic characteristics for the CeM1−xSb2 compounds,
M = Mn, Ni, Pd, Cu, Ag, Au, Zn were also measured (fig. 54). The LIII absorption edge
measurements were performed on the CeMSb2 compounds,M = Fe, Co, Ni, Pd, Cu, Ag and
Au at 10 K and 300 K. The LIII absorption edge spectra are similar at both temperatures and
show that Ce in all compounds is in the trivalent, or nearly trivalent state.

6.4. R3M3Sb4 compounds

Shaked et al. (1979) reported on the results of magnetic susceptibilities measurements on the
R3Au3Sb4 compounds (R = Tb, Ho, Er and Tm) between 4 and 300 K (table 52, fig. 55). The
compounds were found to be paramagnetic down to 4 K.

Electrical resistivity, Hall constant, magnetic susceptibility and specific heat measurements
were performed on theR3Au3Sb4 (R = La, Ce, Pr) and theR3Pt3Sb4 (R = Ce, Pr) com-
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Table 51
Magnetic data of ternaryRAgSb2 compounds

Compound TN (K) θp (K) µeff (µB)
YAgSb2 χ0= 0.7× 10−6 cm3 g−1

LaAgSb2 χ0= 0.6× 10−6 cm3 g−1

CeAgSb2 12.0a −6 2.57
PrAgSb2 4.3 −2 3.61
NdAgSb2 4.4 −9 3.91
SmAgSb2 10.0 −41 0.8b

GdAgSb2 14.0 −35 7.8
TbAgSb2 13.0 −14 9.6
DyAgSb2 12.0 −12 10.5
HoAgSb2 6.0 −6 10.3c

ErAgSb2 4.8 −6 9.4
TmAgSb2 3.1 −8 7.5

Note. Error limits onTN, θp andµeff are±0.5 K,±1 K and±0.05µB, respectively.
aNoncolinear antiferromagnet, remanent magnetizationµ= 0.15µB/Ce.
bχ0= 1.8× 10−6 cm3 g−1.
cCorrected for∼15 mole% of excess free (Sb) in the alloy.

Fig. 54. Reciprocal susceptibility for the
CeM1−xSb2, M = Mn, Fe, Ni, Pd, Cu,
Ag, Au, Zn.
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Fig. 55. 1/χvsT for R3Au3Sb4,
R = Tb, Ho, Er, Tm after Shaked
et al. (1979).

Table 52
The experimental effective magnetic moment of theR3Au3Sb4 compounds (R = Tb, Ho,

Er and Tm) at 300 K after Shaked et al. (1979)

Tb3+ Ho3+ Er3+ Tm3+
µeff. (µB) 8.94 9.30 9.42 6.91

pounds by Kasaya et al. (1991). La3Au3Sb4 and Ce3Au3Sb4 show semi-metallic or semi-
conducting behaviors whereas Pr3Pt3Sb4 shows a metallic one. The valence of the Ce ions in
Ce3Au3Sb4 is 3+. The results indicate thatR3Au3Sb4 and R3Pt3Sb4 are narrow-gap semicon-
ductors and metals respectively. Ce3Pt3Sb4 shows semiconducting behavior and that the Ce
ions are in a mixed valence state. Magnetic susceptibility and inverse magnetic susceptibility
vsT curves for Ce3Au3Sb4 and Ce3Pt3Sb4 are presented in fig. 56.
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Fig. 56. χ and 1/χ vs T for
Ce3Au3Sb4 and Ce3Pt3Sb4
after Kasaya et al. (1991).

R3Au3Sb4 (R = Sm, Gd) showed semi-metallic behaviors (Katoh and Kasaya, 1993). They
are antiferromagnets withTN of 2 and 11 K, respectively. The same authors observed no
magnetic transitions down to 1.5 K in Ce3Au3Sb4 and foundC/T = 2500 mJ/mol K2 at
1.5 K which makes this compound a heavy Fermion material. The�(T ) curves forR3Au3Sb4

(R = La, Ce, Pr, Sm, Gd) given by Katoh and Kasaya (1993) are presented in figs. 57 and 58.
Kimura et al. (1995) reported on an investigation of the electronic structure ofR3Au3Sb4

(R = La, Ce, Pr) by reflectivity and resonant photoemission spectra. The hybridization be-
tween the Ce4f state and the Sb5p state valence band was found to be weak as deduced from
the resonant photoemission spectra of Ce3Au3Sb4. This result was found to be consistent with
the electronic structure derived from an analysis of the optical data about the energy gap.
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Fig. 57. � vsT for Ce3Au3Sb4.

Fig. 58. � vs T for R3Au3Sb4
(R = La, Pr, Sm, Gd).

Resistivity, magnetic susceptibility, specific heat and inelastic neutron scattering were mea-
sured for Ce3Au3Sb4 by Kasaya et al. (1994). The compound was found to be a semiconductor
with a resistivity of 22� cm at 0.13 K. Magnetic susceptibility and inelastic neutron scatter-
ing show that 4f electrons are in the localized 4f1 state. No anomaly in the thermomagnetic
curve down to 0.5 K has been observed. However, there exist a broad peak at 1.5 K in the
specific heat atC/T ∼ 2500 mJ/moleK2 and the peak, which is symmetrical in a logT plot,
shifts towards higher temperature values under the influence of a magnetic field.
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Fig. 59. Temperature depen-
dence of the electrical resistivity
for Ce3Au3Sb4 and Ce3Pt3Sb4
after Katoh and Kasaya (1996).

Fig. 60. Temperature depen-
dence of the electrical resistivity
for Ce3Au3−xPtxSb4 (x = 0.5,
1.0, 1.5, 2.25).

Kasaya et al. (1994) and Katoh and Kasaya (1996) measured the electrical resistivity, Hall
constant and magnetic susceptibility for the Ce3Au3−xPtxSb4 (x = 0.0, 0.5, 1.0, 1.5, 2.25,
3.0) (figs. 59, 60, table 53).

Resistivity and magnetic susceptibility were studied for theR3Cu3Sb4 compounds (R = Y,
La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er) by Skolozdra et al. (1993) (table 54). Resistivity
measurements indicates that all compounds are semiconductors. A linear�(T ) dependence
was observed for Y3Cu3Sb4, Nd3Cu3Sb4 and Gd3Cu3Sb4 while for Ce3Cu3Sb4 a minima
was observed at∼250 K. The temperature dependence of the magnetic susceptibilityχ(T )

for R3Cu3Sb4, R =Ce, Pr, Nd, Gd, Tb, Dy, Er can be described by the Curie–Weiss law with
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Table 53
Magnetic data for Ce3Au3−xPtxSb4 compounds (x = 0.0, 0.5, 1.0, 1.5, 2.25, 3.0)

Compound Temperature range C, emu/mole K θp (K) µeff (µB)
Ce3Au3Sb4 150∼ 300 0.79 -2.86 2.51
Ce3Au2.5Pt0.5Sb4 150∼ 300 0.807 -11.0 2.54
Ce3Au2PtSb4 80∼ 300 0.822 -45.6 2.56
Ce3Au1.5Pt1.5Sb4 170∼ 300 0.837 -100 2.59
Ce3Au0.75Pt2.25Sb4 480∼ 720 0.868 -236 2.63
Ce3Pt3Sb4 450∼ 700 1.083 -647 2.94

Table 54
Magnetic data for theR3Cu3Sb4 (Skolozdra et al., 1993)

Compound θp (K) µeff (µB/atom R)
Ce3Cu3Sb4 10 2.59
Pr3Cu3Sb4 11 3.31
Nd3Cu3Sb4 11 3.61
Gd3Cu3Sb4 59 7.72
Tb3Cu3Sb4 −10 9.96
Dy3Cu3Sb4 −7 11.02
Ho3Cu3Sb4 3 11.11
Er3Cu3Sb4 24 9.50

the values of the effective magnetic moments close to that of the freeR3+ ions. La3Cu3Sb4
and Y3Cu3Sb4 are diamagnets. For Sm3Cu3Sb4, theχ(T ) curve does not obey the Curie–
Weiss law.

Ce3Cu3Sb4 was found to be a semiconducting ferromagnet with ferromagnetic transition
temperature,Tm= 10 T while Gd3Cu3Sb4 was reported to be a metallic antiferromagnet with
TN = 12 K (Patil et al., 1996).

Patil et al. (1998) reported on measurements of magnetic susceptibility, electrical resistiv-
ity and magnetoresistivity for the Ce3Rh3Sb4 in the temperature range 2 K to 300 K. The
compound was found to order antiferromagnetically at 22 K. The magnetic resistivity shows
a broad maximum at about 50 K.

6.5. R6MSb15 compounds

Magnetic measurements were performed down to liquid helium temperature by Sologub
et al. (1996a) forR = Ce, Pr, Sm, Gd andM = Mn, Zn (table 55, fig. 61). Ce6MnSb15
and Gd6ZnSb15 undergo an antiferromagnetic transition at 7 and 15 K respectively.
Ce6ZnSb15 and Pr6ZnSb15 remain paramagnetic in the temperature range investigated,
whereas Sm6ZnSb15 is a van Vleck-type paramagnet.

Magnetic and transport properties have been measured by Deakin et al. (2001) for the series
of ternary rare-earth antimonidesR6Ge5−xSb11+x (R = La–Nd, Sm, Gd–Dy) (table 56). All
are metallic, with the members containing R, other than La, displaying kinks in their resistivity
vs temperature curves. Tb and Dy containing compounds exhibit Kondo-like behavior with
resistivity minima occurring at 10 and 150 K, respectively. TheR6Ge5−xSb11+x (R = Ce–
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Table 55
Magnetic data of the ternaryR6MSb15 compounds

Compound TN (K) θp (K) µeff.meas.(µB) µeff.theor.(µB)
Ce6MnSb15 7 −6 8.9 2.54
Ce6ZnSb15 −10 2.7 2.54
Pr6ZnSb15 −13 3.6 3.6
Sm6ZnSb15 9 0.5
Gd6ZnSb15 15 −34 7.7 7.9

Fig. 61. Reciprocal magnetic
susceptibility vs temperature for
Ce6MSb15, M = Mn, Zn. Inset:
Molar susceptibility vs temperature
for Ce6MnSb15.

Nd, Sm, Gd) members exhibit residual resistivity ratios (�300 K/�2 K) close to 2.0, consistent
with the partial disorder of Ge and Sb found in the crystal structure of these phases. For
the compounds withR = Ce, Pr, Nd, Sm, Gd, Tb, the magnetic susceptibility and electrical
resistivity measurements reveal long-range antiferromagnetic ordering withTN � 22 K. At
2 K, the Ce, Pr, and Nd members undergo metamagnetic transitions at critical fields between
1.0 and 4.0 T, while the Gd containing compound shows spin-flop behavior withHSF= 1.85 T
andHC= 5.75 T.

6.6. R14MSb11 compounds

Eu14MnSb11 was reported to be an intermetallic colossal magnetoresistive material having a
metal insulator transition associated with a ferromagnetic phase transition at 92 K (Chan et
al., 1997).

Temperature dependent dc susceptibility measurements were performed on the Yb14ZnSb11
compound in an applied field of 1 kOe in the [100], [110] and [001] directions (Fisher et al.,
2000). For temperatures above approximately 150 K, the susceptibility follows a Curie–Weiss
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Table 56
Summary of the resistivity and magnetism data for theR6Ge5−xSb11+x compounds

Compound �300 K/�2 K µeff (300 K) µRS θ TN (K) HSF(2 K) HC(2 K)
(µB/R

3+) (µB/R
3+) (K) (T) (T)

La6Ge5−xSb11+x 2.18
Ce6Ge5−xSb11+x 2.23 2.58 2.54 −27 4.0 1.0
Pr6Ge5−xSb11+x 2.03 3.54 3.58 −8 2.7 1.5
Nd6Ge5−xSb11+x 1.70 3.94 3.62 −53 4.2 4.0
Sm6Ge5−xSb11+x 2.05 1.2 0.85 8.3
Gd6Ge5−xSb11+x 1.77 7.08 7.94 −47 12.5 1.85 5.75
Tb6Ge5−xSb11+x 1.46 8.53 9.72 −10 22 > 7
Dy6Ge5−xSb11+x 0.92

temperature dependence with Curie constants (4.63, 4.13 and 5.68)±0.04× 10−4 emu K/g
and Weiss constants (−223,−294 and−474)±10 K for the field parallel to [100], [110]
and [001] directions, respectively. An intermediate Yb valence behavior with a spin fluctu-
ating temperature of approximately 85 K was determined from thermodynamic, magnetic
and transport measurement data. The resistivity of Yb14AlSb11 is typical of many Zintl com-
pounds and indicates that this material is a small gap semiconductor or a semimetal in contrast
to the more metallic behavior of Yb14ZnSb11 and Yb14MnSb11 (Fisher et al., 2000).

7. Peculiarities of the interaction of the rare earths and antimony

7.1. Binary systems

Similar to other binaryR–p-element systems, the formation of binary rare earth – antimonides
with a simple stoichiometry is a characteristic feature of these systems. The largest number
of structure types formed was encountered for the group ofRSb2 compounds (4 members).
The polymorphic modifications were observed for GdSb2 and TbSb2 as well as theRSb (R =
La, Ce) andR5Sb3 (R = Yb, Y and Sc) compounds were noted to undergo the solid state
transformations.

Although the phase diagrams have been constructed for allR–Sb systems except Eu and
Sc, there are many reports on the crystal structure of compounds which are not shown in the
corresponding phase diagram. The systematic thermochemical investigations of the rare earth
antimonides (R = Y, La, Ce, Pr, Nd, Sm and Dy) and optimization of the thermodynamic
data have been carried out by Cacciamani et al. (1996) and Ferro et al. (1988) respectively.
Later on, the same group of authors (Borzone et al., 2000) suggested that the poor reliability
of results for most of theR–Sb phase diagrams are attributable to experimental difficulties
arising from the high melting temperatures of the compounds, the high reactivity of samples,
and the high volatility of the antimony.

For Gd–Sb phase diagram, as an example, the GdSb2 (66.6 at% Sb) was reported to be the
richest in Sb compound with two structural modifications, SmSb2 and HoSb2 (Abdusalamova
et al., 1986). In more recent work, Altmeyer and Jeitschko (1998) established the existence
the Gd2Sb5 compound (71.42 at% Sb) with the monoclinic structure of the Dy2Sb5 type.
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Table 57
Isotypic compounds of the binaryR–Sb systemsa

Composition Structure La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
type

R2Sb La2Sb + + + + + – – – – – – – – – –
Cu2Sb – – – – – – – – – – – – – – +

R5Sb3 Mn5Sb3 + + + + + + + + + – + + + + –
Yb5Sb3 – – – – – – – – – + + + +

R4Sb3 anti-Th3P4 + + + + + + + + + + – + – +
R11Sb10 Ho11Ge10 – – – – – + – – – – – – + – –
RSb NaCl + + + + + + + + + + + + + + +

HgMn + +
R2Sb5 Dy2Sb5 + + + +
RSb2 SmSb2 + + + + + – + + – – – – – – –

HoSb2 – – – – – – + + + + + + – + +
CaSb2 – – – – – + – – – – – – – – –
ZrSi2 – – – – – – – – – – – – + – –

aSign+ means that the compound with corresponding structure type exists; – the compound was not observed.

Borzone et al. (2000) studying the phase diagram of Gd–Sb system, observed and determined
the crystal structure of Gd16Sb39 (70.91 at% Sb).

The structures of Eu containing binary antimonides are isotypic with binary antimonides of
alkaline earth metals (Ca, Ba, Sr) and do not have the analogues, except for Eu5Sb3, in other
R–Sb systems (table 57).

7.2. Ternary systems

As is evident from the foregoing paragraphs, the interaction of the components in the ternary
R–M–Sb systems have not been adequately studied. The isothermal sections (over all con-
centration region or partially) have been constructed for the limited number of ternary sys-
tems (22), and in other systems only the samples of specific compositions were synthesized
and investigated structurally with respect to the formation of isotypic compounds. This paucity
of data complicates the pursuance of a proper analysis and the derivation of regularities.

7.2.1. R–s-element–Sb
Few experimental data are available only for lithium and magnesium containing systems how-
ever the isothermal section is constructed for Gd–Li–Sb (5 ternary compounds have been ob-
served). The replacement of R element in theRLi2Sb2 compounds leads to the formation of
different structure type: CaAl2Si2 (R = Ce)→ CaBe2Ge2 (R = Pr, Nd)→ unknown struc-
ture (R = Tb). No comparative analysis can be made for the magnesium containing systems
since only the information regarding the existence of three compounds in the La–Mg–Sb sys-
tem is presented in the literature.

7.2.2. R–p-element–Sb
The isothermal sections have been constructed for the La–Al–Sb and Ce–Si(Ge)–Sb systems.
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Ternary compounds have been observed for theR–Si, Ge, Sn, Ga, In, Se, Te–Sb systems.
The systems with arsenic and bismuth are characterized by formation of substitutional solid
solutions between isotypic binary pnictides. No compounds have been found in the partly
investigated ternary La–Al–Sb system at 773 K (Muravjova, 1971). For the Yb–Al–Sb, the
formation and crystal structure of the Yb14AlSb11 have been reported (Fisher et al., 2000).

7.2.3. R–d-element–Sb
In spite of the fact that the isothermal sections have been investigated for the 18 ternary sys-
tems from 448 possibleR–d-element–Sb combinations, a considerable number of publica-
tions is devoted to the crystal structure investigations of ternary compounds that enables one
to consider more thoroughly the effect ofR-element and d-element interaction as well as the
formation, composition and crystal structure of ternary antimonides.

7.2.3.1.R–Ti(V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re)–Sb. For this combination of elements, the
R–Mo (Ta, W, Re)–Sb systems have not been studied, and as well no information is available
on the interaction of Eu and Yb with these d-elements. TheR3MSb5 series of compounds
was observed only for the light lanthanides and theRZrSb structure is typical for the yttric
subgroup.

The CeVSb3 type occurs in theR–V–Sb systems for the ceric subgroup and in theR–Cr–Sb
systems for both subgroups (R = La–Sm, Gd–Dy) (table 58).

7.2.3.2.R–Mn(Cd, Zn)–Sb. Analysis of the compositions and crystal structures of the inves-
tigatedR–3d-element–Sb systems established a vague similarity betweenR–Mn–Sb and the
cadmium and zinc containing systems (table 59):
(i) the HfCuSi2 and La6MnSb15 structures are typical for the ceric subgroup and Gd;
(ii) Eu and Yb form the CaAl2Si2 and Ca14AlSb11 types;
(iii) no compounds have been found in the Tb–Tm, Lu and Y, Sc containing systems.

7.2.3.3.R–Fe(Co, Ru, Rh, Os, Ir)–Sb. Among the ternaryR–Fe(Co, Ru, Rh, Os, Ir)–Sb sys-
tems, the Nd–Fe–Sb system is the most completely studied (Sologub and Salamakha, 1999;

Table 58
Isotypic compounds of the ternaryR–Ti(V, Cr, Zr, Nb, Hf)–Sb systemsa

Structure type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
U3CrSb5 Ti + + + + +

Zr + + + + +
Nb + + + + –
Hf + + + + +

CeVSb3 V + + + + +
Cr + + + + + + + +

CeScSi Zr + + + + + + + +
aSign+ means that the compound with corresponding structure type exists; – the compound was not observed.



138 O.L. SOLOGUB AND P.S. SALAMAKHA

Table 59
Isotypic compounds of the ternaryR–Mn(Zn, Cd)–Sb systemsa

Structure type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
HfCuSi2 Mn + + + + +

Zn + + + + + +
Cd + + + + +

CaAl2Si2 Mn – – + +
Zn – + +
Cd – + +

Ca14AlSb11 Mn – – + +
Zn – + +

La6MnSb15 Mn + + –
Zn + + + + + +

NdAgSb2 Zn + +
aSign+ means that the compound with corresponding structure type exists; – the compound was not observed.

Table 60
Isotypic compounds of the ternaryR–Fe(Co, Ru, Rh, Os, Ir)–Sb systemsa

Structure type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
HfCuSi2 Fe + + + + + +

Co + + + + +
LaFe4Sb12 Fe + + + + + + +

Ru + + + + + +
Rh +
Os + + + + + + +

TiNiSi or Co – +
KHg2 Rh + + + + +
Nd6Fe13Si Fe – + + + +

Co + –

aSign+ means that the compound with corresponding structure type exists; – the compound was not observed.

Leithe-Jasper, 1994). Information on the systematic investigations of the interaction of rare
earths and antimony with other metals of this subgroup is still lacking. The survey of the
isotypic compounds is presented in table 60.

No information is available on the ternaryR–Ir–Sb systems.

7.2.3.4.R–Ni(Pd, Pt)–Sb. Interaction of the components in these systems is the most com-
plicated and highly diversified (table 61).

The greatest efforts have concentrated on the systematic studies of the nickel containing
systems. The annealing temperature of theR–Ni–Sb alloys strongly affects the phase equilib-
ria as well as the crystal structure of ternary compounds. The isothermal section of Y–Ni–Sb
phase diagram at 870 K (0–50 at.% Sb) was studied by Zavalii (1982). For the La–Ni–Sb, Ce–
Ni–Sb and Nd–Ni–Sb systems the isothermal sections at 870 K were constructed by Zavalii
(1982), Pecharsky et al. (1983a, 1983b) and Salamakha (1998), respectively. Mozharivskyj
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Table 61
Isotypic compounds of the ternaryR–Ni(Pd, Pt)–Sb systemsa

Structure type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
CeGa2Al2 Ni + + + + + + + – – – –

Pd – – – – – – –
CaBe2Ge2 Ni + + + + + – + + + + +

Pd + + + + + + –
AlB2 or ZrBeSi Ni + + + + + – – – – – – – – – – –
CaIn2 or Pd + + + + + – + + + – – – –
LiGaGe Pt + + + + – – – – – – – – – – – –
MgAgAs Ni – – – – – – + + + + + + + + + +

Pd – – – – – – – – + + + + +
Pt – – – – + – + + + + + + + + + +

Mo5B2Si Ni – – – + + + + + + + +
Pd + + + + + + + +
Pt + + + + + + + +

HfCuSb2 Ni + + + + + – + + + + –
Pd + + + + + – + +

MgCu2Al Pd + + + + +
TiNiSi Pd – – – – – + – – – – – – – – – –

Pt – – – – – + – – – – – – – – – –

aSign+ means that the compound with corresponding structure type exists; – the compound was not observed.

et al. (1997) investigated the phase equilibria in the ternary Ho–Ni–Sb system at 770 K
(0–50 at.% Sb) and 1070 K (50–100 at.% Sb). Hoffman and Jeitschko (1988) reported some
results of phase equilibria studies of the La–Ni–Sb and Gd–Ni–Sb systems at 1070 K. The
compoundsRNi2−xSb2 with a defect CaBe2Ge2 structure were found and evaluated as the
highest antimony content compounds. In variance to these data, Zavalii (1982), Pecharsky et
al. (1983a, 1983b) and Salamakha (1998) reported on the existence and crystal structure for
theRNiSb2 (HfCuSi2 type structure) andRNi2Sb2 (CeGa2Al2 type structure) (R = La, Ce,
Nd) compounds from the alloys annealed at 870 K. Various authors investigated the crystal
structure of theRNiSb compounds (R = La–Sm) and found them to crystallize either with
AlB2 type (LT form) or ZrBeSi type (HT modification).

Although no phase diagram has been studied for the Ce–Pd–Sb system, seven ternary com-
pounds were observed and their crystal structures were investigated.

In theR–Pt–Sb systems, the compounds with Y3Au3Sb4 structure are found for both the
light and heavy rare earth elements. This structure occurs typically for copper and gold con-
taining antimonides, and unexpectedly, it was not observed for the systems with Ni and Pd.

7.2.3.5.R–Cu(Ag, Au)–Sb. The most prevailing structure types among the compounds
within R–Cu(Ag, Au)–Sb systems are the HfCuSi2 and Y3Au3Sb4 types. The compounds
of the Y3Au3Sb4 type have not been observed for the systems with silver. Table 62 lists the
isotypic series of compounds in theR–Cu(Ag, Au)–Sb systems.
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Table 62
Isotypic compounds of the ternaryR–Cu(Ag, Au)–Sb systemsa

Structure type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
HfCuSi2 Cu + + + + + – + + + + + + + + +

Ag + + + + + – + + + + + + – – +
Au + + + + +

Y3Au3Sb4 Cu + + + + + – + + + + + – – – + –
Au + + + + + – + + + + + + – + + –

ZrBeSi or Cu – – – + +
LiGaGe Ag – + – –

Au + – + +
La6MnSb15 Cu + +
CeGa2Al2 Cu – + + – + +

Ag + + –
TiNiSi Ag – – + +
aSign+ means that the compound with corresponding structure type exists; – the compound was not observed.

7.2.4. R–f-element–Sb
Only the formation of solid solutions between isotypic compounds has been observed in the
R–R′–Sb systems. For theR–U–Sb the formation of both solid solutions (Frick et al., 1984)
and ternary compounds (Schmidt and Jeitschko, 1998; Slovyanskikh et al., 1990) have been
reported.

7.3. Interconnection of the ternary antimonides with the binary structure types

The structure types of binary antimonides have been described by Hulliger (1984) in chap-
ter 33 of the Handbook.

Several families of ternary antimonides crystallize with structure types derived from those
of binary types by an insertion of third component in the structure of binary compounds, i.e.,
LaFe4P12 from CoAs3, Y3Au3Sb4 from Th4P3, U3CrSb5 from Mn5Si3.

Another subgroup of structure types of ternary antimonides contains the superstructures
of binary structures: LiGaGe→ CaIn2, ZrBeSi→ Ni2In, Mo5B2Si→ Cr5B3, MgAgAs→
CaF2, TiNiSi→Co2Si.

The structure of the MnCu2Al type compound can be considered as both an insertion phase
(NaCl) and a superstructure (BiF3).

The crystal chemistry of the ternary antimonides is discussed in the original papers. Here
we present only some regularities and peculiarities of the formation of ternary antimonides
and their structures depending on the qualitative and quantitative composition.

7.4. Ternary antimonides with the equiatomic composition

The RMSb compounds crystallize in eight structure types, for some of them the existence of
two polymorphic modifications have been reported (table 63). The crystal structure of EuMSb
compounds is always different than the structure of other RMSb compounds.
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Table 63
Structure types of theRMSb ternary antimonidesa

M/R La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc
Ni 1,2 1,2 1,2 1,2 1,2 1,3 3 3 3 3 3 3 3 3 3
Pd 4 4 4 4 4 5 4 4 3,4 3 3 3 3 3
Pt 4 4 6 4,6 3 5 3 3 3 3 3 3 3 3 3 3
Co 5
Rh 7 5,7 7 7
Cu 2 6
Ag 2 5 5
Au 4 2 6
Zr 8 8 8 8 8 8 8 8

aNumber 1 corresponds to AlB2 structure type; 2 – ZrBeSi; 3 – MgAgAs; 4 – CaIn2; 5 – TiNiSi; 6 – LiGaGe;
7 – KHg2; 8 – CeScSi.

7.5. Ternary antimonides with the R:Sb ratio equal to 1:2

A BaAl4 fragment is a filled up tetragonal antiprism. The structure types of ternary anti-
monides related to the BaAl4 type are presented in table 64. In the La(Ni, Sb)4 compound
(BaAl4 structure type), the atoms of (Ni, Sb) statistical mixture occupy two different crystal-
lographic positions. For the 1:2:2 composition, two ordered modifications of tetragonal cell
– CeGa2Al2 and CaBe2Ge2 – are known. An orthorhombic deformation of the BaAl4 with
unit cell dimensions similar to the BaAl4-type unit cell was found for the CeNi2+xSb2−x
compound.

The LaPt2Ge2 and Ce3Pd6Sb5 structure types can be formed in consequence of ordering
and distortion of the unit cell of the CaBe2Ge2 structure.

In the HfCuSi2 structure, a portion of the tetragonal antiprisms is unfilled. The outer de-
formation of this structure leads to the formation of two new structure types – NdAgAs2 and
LaInSb2.

Table 64
Structure types of antimonides with structures related to BaAl4 type structure

Structure types Space group Lattice parameters
a b c

BaAl4 I4/mmm a1 a1 c1
CeGa2Al2 I4/mmm a1 a1 c1
CaBe2Ge2 P4/nmm a1 a1 c1
CeNi2+xSb2−x Immm a1 a1 c1
LaPt2Ge2 P21 a1 a1 c1

β ∼ 91◦
Ce3Pd6Sb5 Pmmn 3a1 a1 c1
HfCuSi2 P4/nmm a1 a1 c1
NdAgAs2 Pmmn a1 a1 c1
LaInSb2 P21/m a1 a1 c1

β ∼ 99◦



142 O.L. SOLOGUB AND P.S. SALAMAKHA

The structure of the LaSnSb2 compound (Cmcm space group) is related to the structure of
YbSb2 (ZrSi2 structure type,Cmcm space group).

The structure of NdFe2Sb2 and NdFe3Sb2 compounds can be classified to the structures
with two short (∼ 4 Å) and one much more longer period (∼ 25 Å). These structures contain
the fragments of simple structures connected along long period.

The insertion of additional Li atom in the 0 0 0.5 site in the structure of theRLi2Sb2
compounds (CaAl2Si2 structure type) leads to the formation of the YLi3Sb2 structure type.
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�rH
◦ enthalpy of reaction

�subH enthalpy of sublimation

�trsH
◦ enthalpy of transition

�fusS
◦ entropy of fusion

�trsS
◦ entropy of transition

ε electronic energy

ν1 symmetric stretch

ν2 symmetric bend (inversion)

ν3 asymmetric stretch

ν4 asymmetric bend
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1. Introduction

The lanthanide trihalides have been subject of studies for many decades. The main incentive
has been the scientific interest in the physical and chemical properties of compounds of the
trivalent lanthanide ions, which are unique in the period system as they regularly vary along

http://www.its-90.com
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the series. This is due to the fact that the f electrons in the lanthanide ions are localised and do
not actively participate in the chemical bonding. A similar effect occurs in the heavy actinide
series for the elements beyond plutonium, which exhibit lanthanide-like properties. Because
these heavy actinides are highly active materials, understanding of the lanthanide properties
is the key to the prediction of the properties of the trivalent actinides, like americium and
curium.

The lanthanide halides also have important technological relevance. In the 1950s and 1960s
some interest in the fluorides originated from nuclear technology. The molten salt reactor
project in the USA initiated many studies on theLnF3 compounds as these are formed in the
(LiF-BeF2-ThF4) fuel that was used. Separation of these fission products from the actinides
during the pyrochemical reprocessing of the fuel was an important issue. A pyrochemical
process was also developed for the reprocessing of the metal fuel for the fast reactor pro-
gramme in the USA. This process is based on dissolution of the fuel in a high temperature
molten chloride salt and selective transport to a metal cathode. In recent years, these tech-
nologies have found re-newed interest in the nuclear community, mainly in the frame of the
actinide partitioning and transmutation programmes (Baetslé, 1999), for which the separation
of the lanthanide fission products from the (trivalent) actinides is a key issue.

Lanthanide bromides and iodides have found important applications in a completely differ-
ent field. They are added as additives in high-pressure discharge lamps in the lighting industry
to improve the arc stability and the colour quality. The latter is due to the contribution of the
multiline spectrum of the doped rare earths which are added to the salt mixture. Lanthanide
trihalides of dysprosium, holmium, thullium, gadolinium and lutetium are used frequently for
this purpose (Hilpert and Niemann, 1997).

These high temperature processes can be modelled adequately by equilibrium thermody-
namics. For such calculations reliable thermodynamic data are a priority. Although numerous
studies of the thermodynamic properties of the lanthanide trihalides have been published in
the past, the available information is still not complete. But because the properties change
regularly within the lanthanide series, estimates can help to obtain the data that are lacking.

In the present chapter the existing information is reviewed and emphasis is given to the
understanding of the trends in order to establish a basis for the estimations. The cited literature
is essentially from the period 1945–2002. The studies made before that period are considered
to be less reliable as the separation technology to obtain the lanthanide elements in pure form
was not sufficiently well developed before 1945 (Spedding and Daane, 1960).

2. Polymorphism

2.1. LnF3

Four crystallographic modifications have been reported for the lanthanide trifluorides (Greis
and Haschke, 1982; Meyer and Wickleder, 2000). The trifluorides of La, Ce, Pr and Nd have a
hexagonal/trigonal structure from room temperature up to the melting point. Greis and Cader
(1985) reported that these compounds undergo aλ-type second order transition before melt-
ing, which was easier to detect when the samples were heated at low heating rates. As a result
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Fig. 1. The polymorphism in the lanthanide tri-
fluorides.

the transition temperatures are not well defined. Greis and Cader (1985) argued that at low
temperatures a highly ordered superstructure exits (space groupP3c1) whereas the anion-
disordered structure (space groupP63cm) dominates at higher temperatures. The trifluorides
of Sm to Lu have an orthorhombic structure (space groupPnma) at room temperature. Tran-
sitions from the orthorhombic to a hexagonal structure at elevated temperature have been
reported for all compounds in the series Sm–Lu: the LaF3 type hexagonal structure for the tri-
fluorides of Sm to Ho and the YF3 hexagonal structure for the trifluorides of Er to Lu. Stankus
et al. (1999) concluded that the transition involves a deformation mechanism and may occur
over a broad temperature range. Pastor and Robinson (1974) and Sobolev et al. (1976a, 1976b)
discussed the variation in transition temperatures in view of hydroxide, oxygen and alkaline
earth impurities and argued that the transitions in TbF3, DyF3 and HoF3 do not occur and that
the reported claims are due to impurities. The polymorphism as a function of atomic number
is shown in fig. 1, which is essentially identical to the figure of Greis and Haschke (1982) in
an earlier chapter of this Handbook series.

The reported transition and melting temperatures are summarised in table A.1 of Appen-
dix A. As follows from the discussed above, there is quite some variation in the transition
temperatures, but there is generally good agreement for the melting temperatures of the lan-
thanide trifluorides. The selected values (considering corrections to ITS-90) are summarised
in table 1. Figure 1 shows that a minimum in the melting curve of the lanthanide trifluo-
rides occurs at ErF3: the melting point steadily decreases with increasing atomic number for
the light hexagonal/trigonal and orthorhombic but slightly increases for the heavy hexagonal
trifluorides. Since data for PmF3 are lacking, its melting point has been interpolated.

2.2. LnCl3

The lanthanide trichlorides of La to Eu have a hexagonal crystal structure (space group
P63/m) at room temperature. For GdCl3 the hexagonal as well as the orthorhombic struc-
tures have been reported at room temperature. There is some uncertainty which of these is the
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Table 1
The selected transition and melting temperatures for the lanthanide trihalides, in K

F Cl Br I

Ttrs Tfus Ttrs Tfus Ttrs Tfus Ttrs Tfus
La 1766±3 1133±5 1060±3 1045±3
Ce 1703±3 1090±2 1005±2 1033±2
Pr 1670±3 1060±2 965±3 1011±2
Nd 1649±3 1032±2 955±2 859±3 1059±2
Pm 1605±15 994±15 930±15 900±10 1090±10
Sm 743±3 1571±3 950±5 913±5 943±10 1123±5
Eu 973±3 1549±3 894±3 978±10 decomp.
Gd 1347±3 1501±3 872±10 875±2 1043±5 1013±5 1204±3
Tb 1446±3 783±5 855±3 1102±3 1080±5 1229±3
Dy 1426±3 611±5 924±3 1152±3 1101±5 1251±3
Ho 1416±3 820±20 993±3 1192±3 1150±15 1267±5
Er 1388±3 1413±3 1049±5 1196±5 1195±15 1288±3
Tm 1325±3 1431±3 1095±3 1228±3 1240±15 1294±5
Yb 1267±3 1435±3 1138±5 decomp. 1280±15 decomp.
Lu 1230±3 1455±3 1198±5 1298±5 1320±15 1323±5

thermodynamically stable form. Because Sommers and Westrum Jr. (1977) were not able to
transform the hexagonal form to the orthorhombic by annealing (367 K, 7 days) or cooling
(liquid nitrogen, 7 h), they considered the hexagonal structure to be the thermodynamically
stable form. This was confirmed by Raman spectroscopic studies by Daniel et al. (1989).
TbCl3 has an orthorhombic structure (space groupCmcm). The trichlorides of Dy to Lu have
a monoclinic crystal structure (space groupC2/m).

The hexagonal structure of the trichlorides of La to Eu persists up to the melting point,
whereas GdCl3 retains its hexagonal structure up to few degrees below to the melting point
(Daniel et al., 1989). The high temperature behaviour of the orthorhomic and monoclinic
lanthanide trichlorides is not so well known. The enthalpy increment studies for TbCl3, DyCl3
and HoCl3 (Dworkin and Bredig, 1971) do not reveal any phase transformations up to the
melting point (see below), but differential scanning calorimetric measurements of DyCl3 and
ErCl3 revealed transitions at 611 K and 1025 K (Gaune-Escard et al., 1994), respectively, the
nature of which was not explained. Büchel et al. (1995) claimed that in the case of ErCl3 the
DTA peak is due to the reaction with the silica crucible used by Gaune-Escard et al. (1994).
Morrison et al. (2000) studied the polymorphism of TbCl3 by Raman spectroscopy and X-
ray diffraction and demonstrated that a phase change occurs around 773 K and tentatively
assigned it to a tetragonal structure (space groupP42/mnm), in agreement with the work of
Gunselius et al. (1988).

The reported transition and melting temperatures are listed in table A.2 of Appendix A.
There is general agreement between the studies and the selected values (considering correc-
tions to ITS-90) are summarised in table 1. The polymorphism as a function of atomic number
is shown in fig. 2. The minimum in the melting curve of the lanthanide trichlorides occurs at
TbCl3 where a change in structure of theLnCl3 occurs, as was the case for the trifluorides.
Data for PmCl3 are lacking and its melting point has been interpolated in theLnCl3 series.
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Fig. 2. The polymorphism in the lanthanide
trichlorides.

2.3. LnBr3

The tribromides of La, Ce and Pr have a hexagonal structure (space groupP63/m), the tri-
bromides of Nd, Pm, Sm and Eu have an orthorhombic structure (space groupCmcm), and
the tribromides of Tb to Lu have a hexagonal/rhombohedral structure (space groupR3). For
GdBr3 several different crystal structures have been reported: hexagonal/rhombohedral, trig-
onal and monoclinic, the former being the thermodynamically stable phase.

Phase transformations have not been reported for any of the rare earth tribromides, but only
a few detailed studies of the high-temperature phase behaviour have been made. Brown et al.
(1968) did not find evidence for polymorphism in GdBr3 by X-ray diffraction; Dworkin and
Bredig (1971) none for LaBr3, CeBr3, PrBr3, NdBr3, GdBr3 or HoBr3 by drop-calorimetric
measurements; and Cordfunke et al. (Cordfunke and Blacquère, 1997; Cordfunke et al., 1999)
none for NdBr3 and DyBr3 by differential scanning calorimetric measurements.

The reported melting points for the tribromides are in good agreement as shown in table A.3
of Appendix A. The recommended melting points (considering corrections to ITS-90) are
listed in table 1, and shown as a function of atomic number in fig. 3. The minimum in the
melting curve of the lanthanide tribromides occurs at SmBr3 or perhaps PmBr3. Unlike the
fluoride, chloride and iodide series, no change in structure has been reported in the bromide
series at this point. This observation may, however, be an indication that a high-temperature
orthorhombic-hexagonal phase transformation occurs for EuBr3 and eventually for SmBr3,
and the stability fields in fig. 3 have been drawn schematically to reflect this. Because of these
uncertainties the melting point of PmBr3 is difficult to estimate accurately.

2.4. LnI3

The triiodides of La to Nd have an orthorhombic structure (space groupCcmm), the triiodides
of Sm to Lu have a hexagonal/rhombohedral structure (space groupR3). High temperature
transformations have been reported for the lanthanide triiodides from NdI3 to DyI3. The or-
thorhombic NdI3 probably transforms into the rhombohedral structure (Dworkin and Bredig,
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Fig. 3. The polymorphism in the lanthanide tri-
bromides.

Fig. 4. The polymorphism in the lanthanide tri-
iodides.

1971). The nature of the transformations in for the triiodides SmI3 to DyI3 is not defined and
it is unclear whether this transformation also occurs in HoI3, ErI3, TmI3 and LuI3 as these
compounds have hardly been studied. As the enthalpies of these transitions are small, it is
most likely that they involve a rearrangement of the rhombohedral lattice. For the diagram
in fig. 4 we have linearly extrapolated the transition temperatures beyond DyI3 based on the
straight line established by theLnI3 transformation temperatures forLn = Nd, Sm, Gd, Tb,
and Er. This figure is, however, of a speculative nature.

The melting points of LaI3 to NdI3 have been studied by several authors and the results
agree well and selected values (considering corrections to ITS-90) are given in table 1. For the
heavy lanthanide triiodides only a limited number of studies has been made, but the reliability
is good (see table A.4 of Appendix A). No experimental studies are known for PmI3, EuI3
and YbI3. The latter two compounds start to decompose below the melting point. The melting
point of PmI3 has been interpolated in theLnI3 series.
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3. Low-temperature heat capacity and standard entropy of the solid trihalides

3.1. LnF3

The heat capacity of hexagonal/trigonal LaF3, PrF3 and NdF3 and orthorhombic GdF3, DyF3,
ErF3 and LuF3 was measured by Lyon et al. (1978, 1979a, 1979b) and Flotow and O’Hare
(1981, 1984) using adiabatic low-temperature calorimetry in the 5 to 350 K range. The heat
capacity of CeF3 was measured by King and Christensen (1959) from 51 to 298.15 K, and
by Westrum Jr. and Beale Jr. (1961) from 5 to 300 K. The heat capacity curves of all these
compounds show a smooth and continuous increase up to 350 K, indicating no transitions.

The heat capacity of the trivalent lanthanide trihalides consists of a lattice compo-
nent, arising mainly from the vibrations of the ions in the crystal, and an excess compo-
nent (Westrum Jr. and Grønvold, 1962; Westrum Jr., 1970; Flotow and Tetenbaum, 1981;
Westrum Jr., 1983):

(1)Cp= Clat+Cexs.

The excess contribution is due to the distribution of the valence electrons over the energy
levels, and includes the splitting of the ground term by the crystalline electric field (Stark
effect) and is called the Schottky heat capacity or Schottky anomaly. It can be calculated from

Table 2
The crystal field energy levels for the lanthanide trifluorides (Dieke et al., 1968; Morrison and Leavitt, 1982)

compound state εi /cm−1

LaF3
1S0 0

CeF3
2F5/2 0, 151, 280
2F7/2 2160, 2240, 2635, 2845

PrF3
3H4 0.0, 59.7, 69.4, 134.7, 202.4, 222.6, 290.4, 330.7, 500.1

NdF3
4I9/2 0, 45, 136, 296, 500
4I11/2 1978, 2037, 2068, 2091, 2187, 2223

PmF3
2F7/2

SmF3
6H5/2 0.00, 44.5, 159.4
6H7/2 1003.4, 1047.0, 1100.6, 1187.0

EuF3
7F0 0.00
7F1 313, 375, 415
7F2 946, 997, 1098

GdF3
8F7/2 0

TbF3
7F6 0, 42, 60, 125, 140, 169, 209, 212, 217, 232, 319, 353, 488

DyF3
6H15/2 0, 42.3, 61.8, 110.9, 154.9, 210.7, 272.3, 468.5

HoF3
5I8 0, 7.3. 18.7, 32.5, 54.1, 76.7, 103.5, 125.3, 149.4, 204.2, 211.1

ErF3
4F15/2 0, 52.0, 64.3, 96.5, 113.7, 141.6, 181.0, 229.3

TmF3
3H6 0, 67, 118, 156, 204, 235, 272, 274, 349, 354, 400, 418, 441

YbF3
3F7/2 0, 78, 185, 401

LuF3
1S0 0
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the partitioning functionQ, which is described by the Maxwell–Boltzmann distribution law:

(2)Qexs=
n∑

i=0

gie
−εi/RT ,

whereεi is the energy andgi the degeneracy of leveli, R is the universal gas constant andT
is the absolute temperature. The excess heat capacity is then calculated from the equations:

(3)Cexs=R
d

dT

(
T 2d(lnQ)

dT

)
.

The electronic states of the lanthanide 3+ ions are characterised by(2J + 1)-fold degeneracy
which is removed by the crystalline electric field. For the ground state this results in a set
of energy levels generally below 1000 cm−1. These crystal-field states have been identified
for most of the lanthanide trifluorides, and are summarised in table 2. Examples ofCexs thus
calculated are shown in fig. 5 for PrF3, NdF3, DyF3, and ErF3.

In LaF3, GdF3 and LuF3 the excess contribution is zero which is due to the fact that these
lanthanide ions have an empty, half-filled and completely filled f-shell, respectively. This is
evident from a plot of theCp values at 298.15 K as a function of the atomic number as
shown in fig. 6 which indicates that the values for these three compounds form a straight
line, is spite of their different crystal structures. Flotow et al. resolved the lattice and excess
contribution by assuming the heat capacity of LaF3 to represent the lattice component of the
other hexagonal earth trifluorides (PrF3, NdF3) and GdF3 and LuF3 that of the orthorhombic
rare earth trifluorides. Flotow et al. obtained the values in between GdF3 and LuF3 by an
interpolation using weighing factorf based on the molar volume:

(4)Clat= (1− f )Clat(GdF3)+ fClat(LuF3).

Fig. 5. The excess heat capacity of PrF3, NdF3, DyF3 and ErF3 as calculated from the crystal field energies.
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Fig. 6. The variation ofCp
(298.15 K) in the lanthanide
trifluoride series (◦). The bro-
ken line connects the values
for LaF3, GdF3 and LuF3 for
whichCexs is zero at 298.15 K.
The solid circles show the val-
ues ofClat (298.15 K) obtained
by subtractingCexs (298.15 K)
from the experimental values.

Fig. 7. The excess heat capac-
ity of DyF3; curve shows the
values calculated from the crys-
tal field energies, symbols are
the values derived from the ex-
perimental data by subtracting
Clat, as explained in the text.

The experimental excess heat capacity thus obtained as the difference between measuredCp
andClat can then be compared to the values calculated from the crystal field levels. As an
example, fig. 7 shows the good agreement of the experimental and calculated excess heat
capacity of DyF3.

The standard molar entropies at 298.15 K derived from the low-temperature heat capacity
measurements are summarized in table 3. Similar to the heat capacity, the entropy can be
described as the sum of the lattice and excess components (Konings, 2001, 2002):

(5)S = Slat+ Sexs.

The excess entropy is then calculated from the following equation:

(6)Sexs=R lnQexs.

Combining eqs. (2) and (6) gives:

(7)Sexs=R ln(g0)+R ln

(
n∑

i=1

gie
−εi/RT

)
.

The first term of eq. (7) represents the temperature independent contribution of the ground
state, the second term the contribution of the excited energy levels.

The lattice contribution in the lanthanide fluorides is only known with sufficient accuracy
when the f shell of the metal ions is empty (4f0) or completely filled (4f14). In these casesSexs
is zero and the experimental entropy corresponds toSlat. Also in case the f-shell of the metal
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Table 3
The entropies of the solid lanthanide(III) fluorides and chlorides at 298.15 K, in J·K−1·mol−1

Calculated Experimentala

Slat Sexs Stot Sexp References
LaF3 105.84 0.00 105.84 106.98± 0.11 1
CeF3 104.97 13.73 118.70 115.23 2
PrF3 104.10 16.75 120.85 121.22± 0.12 3
NdF3 103.23 17.24 120.47 120.79± 0.12 4
PmF3 102.37 18.27 120.64 –
SmF3 101.50 15.00 116.50 –
EuF3 100.63 9.44 110.07 –
GdF3 99.76 17.29 117.05 114.77± 0.22 5
TbF3 98.90 20.07 118.97 –
DyF3 98.03 21.83 119.86 118.07± 0.12 6
HoF3 97.16 23.18 120.34 –
ErF3 96.29 22.62 118.91 116.86± 0.12 6
TmF3 95.42 19.56 114.98 –
YbF3 94.55 17.29 111.84 –
LuF3 93.69 0.00 93.69 94.83± 0.09 5
LaCl3 137.57 0.00 137.57 137.57 7
CeCl3 136.71 14.71 151.42 –
PrCl3 136.28 17.87 154.15 153.30 7
NdCl3 135.85 18.30 154.15 153.43 7
PmCl3 135.42 17.89 153.31 –
SmCl3 134.99 15.27 150.26 150.12 8
EuCl3 134.56 9.32 143.88 144.06 8
GdCl3 134.13 17.29 151.42 151.42 8
TbCl3 133.70 21.15 154.85 –
DyCl3 155.15 22.83 177.98 175.4 9
HoCl3 154.72 23.16 177.88 177.1 10
ErCl3 154.29 22.60 176.89 175.1 11
TmCl3 153.86 20.84 174.70 173.5 12
YbCl3 153.43 15.80 169.23 169.3 13
LuCl3 153.00 0.00 153.0 153.0 9

aThe uncertainty for the standard entropies derived from the calorimetric measurements has not been given in some
cases.

References

1. Lyon et al. (1978)
2. Westrum Jr. and Beale Jr. (1961)
3. Lyon et al. (1979a)
4. Lyon et al. (1979b)
5. Flotow and O’Hare (1981)

6. Flotow and O’Hare (1984)
7. Sommers and Westrum Jr. (1976)
8. Sommers and Westrum Jr. (1977)
9. Tolmach et al. (1987)
10. Tolmach et al. (1990a)

11. Tolmach et al. (1990b)
12. Tolmach et al. (1990c)
13. Gorbunov et al. (1986)

ion is half filled (4f7), Slat can be derived easily from the experimental entropy since only a
correction for the temperature independent term in eq. (7) needs to be made in the absence of
a significant crystal-field splitting of the ground state.

In fig. 8 the experimental entropies for the lanthanide trifluorides are plotted as a function of
the atomic number. The figure shows thatSlat for LaF3, GdF3 and LuF3 form approximately
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Fig. 8. The variation of the
Sexp (◦) andSlat (•) in the lan-
thanide trifluorides. The broken
line shows Slat derived from
the values for LaF3, GdF3 and
LuF3, the solid line showsSexs
derived from the experimental
data for the other configura-
tions.

a straight line, as was the case for the heat capacities at 298.15 K.Slat for the other lanthanide
compounds is then obtained by inter- or extrapolation of the data (which is a simpler, but
essentially identical approximation as the weighing factors based on the molar volume, as
indicated by eq. (4)). These numbers are listed in table 3. The excess contribution is calcu-
lated from eq. (7) using the crystal field energies listed in table 2, which are mainly based on
spectroscopic studies of the lanthanide ions in transparent host crystals. In case of PmF3 the
spectroscopic data are missing, andSexs is calculated from the degeneracy of the ground state
of the lanthanide ion. This neglect of the crystal energy splitting leads to a small overestima-
tion of Sexs at 298.15 K, which increases when the energy gap of the crystal-field splitting
becomes larger. For example, we obtainSexs= 17.24 J·K−1·mol−1 at 298.15 K for NdF3
from the known crystal field levels, whereas we obtainSexs=R ln(10)= 19.14 J·K−1·mol−1

at 298.15 K from the approximation.
The total entropy values thus obtained for CeF3, PrF3, NdF3, DyF3 and ErF3 compare well

with the experimental values by Flotow et al. and the differenceSexp− Stot is in the order
of 1–2%. The recommended entropy values are the experimental values of Flotow et al., and
the calculated values for those compounds for which no experimental data are available. An
uncertainty of±3.0 J·K−1·mol−1 has been assigned to the calculated values.

3.2. LnCl3

Heat capacity measurements in the 10 to 350 K temperature range have been reported by
Sommers and Westrum Jr. (1976, 1977) for the hexagonal lanthanide trichlorides and Tolmach
et al. for the monoclinic ones (Gorbunov et al., 1986; Tolmach et al., 1987, 1990a, 1990b,
1990c). No compound was measured in parallel by both groups but remarkable differences
are observed between the results of the two groups. This is shown in fig. 9 in which the heat
capacity curves of GdCl3 measured by Sommers and Westrum and LuCl3 by Tolmach et al.
are plotted. It can be seen that the heat capacity curve of LuCl3 is significantly higher than
that of GdCl3 up to about 150 K above which the heat capacity curve approach each other.
This is significantly different from the situation for the trifluorides where the curves of LaF3,
GdF3 and LuF3 have the same shape and the heat capacity slightly decreases with increasing
atomic number.

The differences in the entropy values derived for the two groups of compounds are also
significant: the lattice values at 298.15 K derived from the work of Tolmach et al. are about
20 J·K−1·mol−1 higher than the extrapolation of results for the hexagonal compounds, as
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Fig. 9. The heat capacity of GdCl3 (�)
and LuCl3 (	).

Fig. 10. The variation ofSexp
(◦, hexagonal;
, monoclinic)
and Slat (•) in the lanthanide
trichloride series at 298.15 K;
the broken line shows the lat-
tice contribution (see text).

Fig. 11. The molar volumes in
the LnF3 (◦) and LnCl3 series
(�) at 298.15 K.

shown in fig. 10. This suggests a distinct difference between entropies of hexagonal and mon-
oclinic crystallographic modifications. This difference is also evident in the molar volumes
(fig. 11):Vm of the lanthanide trifluorides, calculated from the lattice constants, decreases lin-
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Table 4
The corrected standard entropy values at 298.15 K for the monoclinic lanthanide(III) chlorides (in J·K−1·mol−1) as
derived from the work of Tolmach et al. (Tolmach et al., 1987, 1990a, 1990b, 1990c; Gorbunov et al., 1986);Tmin is

lower temperature limit of the measurements

Tmin Sexp(298.15 K− Tmin) Slat(Tmin) Sexs(Tmin) S◦(298.15 K)
DyCl3 0 169.6 0.00 5.76 175.4
HoCl3 6.61 170.1 0.25 6.74 177.1
ErCl3 9.86 168.1 1.25 5.76 175.1
TmCl3 15.34 166.5 3.35 3.68 173.5
YbCl3 0 163.5 0.00 5.76 169.3

Table 5
The crystal field energy levels for the lanthanide trichlorides (Morrison and Leavitt, 1982; Carnall, 1982)

compound state εi /cm−1

LaCl3
1S0 0

CeCl3
2F5/2 0, 37.5, 110
2F5/2 2166, 2208.6, 2282.6, 2399.5

PrCl3
3H4 0, 33.1, 96.4, 130.2, 137.0, 199.1

NdCl3
4I9/2 0, 115.4, 123.2, 244.4, 249.4
4I11/2 1973.85, 2012.58, 2026.90, 2044.19, 2051.60, 2058.90

PmCl3
2F7/2 0, 66.6, 84.5, 110.1, 127.0, 240.0

SmCl3
6H5/2 0, 40.7, 66.1
6H7/2 992.8, 1051.2, 1104.7, 1172.6

EuCl3
7F0 0
7F1 355,05, 405.27
7F2 1022.54, 1027.52, 1084.33

GdCl3
8F7/2 0

TbCl3
7F6 0, 56.8, 90.6, 97.2, 99.3, 104.6, 112.8, 118.0

DyCl3
6H15/2 0, 9.82, 9.97, 15.65, 40.8, 80.5, 121.7, 140.5

HoCl3
5I8 0, 12.5, 43.8, 66.4, 89.9, 104.1, 118.4, 154.2, 155.4, 203.7, 212.8

ErCl3
4F15/2 0, 37.9, 64.3, 96.5, 113.7, 141.6, 181.0, 229.43

TmCl3
3H6 0, 29, 92, 121, 127, 181, 193, 195, 207

YbCl3
3F7/2 0, 50, 185, 401

LuCl3
1S0 0

early along the series due to the lanthanide contraction with almost no difference between the
two crystal structures, whereasVm of the lanthanide trichlorides shows a distinct difference
between the hexagonal and the monoclinic compounds.

The data shown in fig. 10 are not the values reported by Gorbunov et al. (1986) and
Tolmach et al. (1987, 1990a, 1990b, 1990c), because they did not extrapolate their mea-
surements to 0 K in all cases. To deriveS◦ (298.15 K) we have assumed that the heat ca-
pacity of LuCl3 represents the lattice component, andSlat at the lower temperature limit
is derived from the results for this compound. The excess contribution at this temperature
is calculated from the crystal field energies (see table 5) derived from spectroscopic stud-
ies of the ions in transparent host crystals (Dieke et al., 1968; Morrison and Leavitt, 1982;
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Carnall, 1982). The ‘experimental’ standard entropy values thus obtained for the monoclinic
lanthanide trichlorides are listed in table 4.

The entropies for those compounds for which no experimental data have been reported
(CeCl3, PmCl3, TbCl3) are calculated according to the method outlined for the trifluorides.
The lattice component has been derived from linear interpolation between LaCl3 and GdCl3
for the hexagonal compounds and a parallel relation fitted to the LuCl3 value for the mon-
oclinic compounds. The excess entropies have been calculated from the energy levels of the
Ln3+ ions. The calculated values for the standard entropy at 298.15 K (Stot) are in good agree-
ment with the calculated values obtained from the sum of the lattice and excess contribution
at 298.15 K, as shown in table 3. Because there is only one ‘reference’ point for the lattice
contribution in the monoclinic series (LuCl3), the trend along this series is assumed to have
the same slope as the hexagonal trichlorides.

3.3. LnBr3 and LnI3

Only a few low-temperature heat capacity measurements have been reported for the lanthanide
tribromides and triiodides. Deline et al. (1975) measured the low-temperature heat capacity
of EuBr3, Gavrichev et al. (1992) of LuI3. These data are insufficient to derive the lattice
component as was done for the trifluorides and the trichlorides. In addition, few data on the
crystal field levels for the bromides and iodides are available (Morrison and Leavitt, 1982).
A number of assumptions thus had to be made. Figure 12 shows that the trends in the molar
volume of theLnBr3 andLnI3 series indicate two groups, as is the case for the trichlorides.
We therefore conclude that the entropies of the two groups must be derived separately. The
lattice entropies of the tribromides in the La–Eu series are obtained by subtractingSexs from
the measurements for EuBr3 and these values are used to approximateSlat, assuming that
this quantity will vary regularly through the orthorhombic and hexagonal series. An estimated
slope for the relation ofSlat versus atomic number dependence was used. The same was done
for rhombohedral triiodides using the experimental value for LuI3. The lattice entropy of the
rhombohedral tribromides and the orthorhombic triiodides have been derived by an extrapo-
lation of the experimental values for the lanthanum (including the value for LaBr3 obtained
indirectly from the experimental value of EuBr3) and lutetium trihalides, as shown in fig. 13.
The entropies of these compounds correlate perfectly with the logarithm of the molecular
weight of the halide ion. The crystal field levels in the tribromides and triiodides are assumed
to be the same as in the trichlorides, which can be justified by the experimental data for PrBr3,

Fig. 12. The molar volumes in
theLnBr3 (©) andLnI3 series
(�) at 298.15 K.
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Fig. 13. The standard molar entropy as a function of
the logarithm of the molecular weight of the halide
atom ln(M); LaX3 (◦), LuX3 (�) and EuX3 (	); es-
timated values are indicated by
 and�.

NdBr3 and ErBr3 doped in LaBr3 as given by Morrison and Leavitt (1982). The entropy data
thus obtained are summarised in table 6.

4. High-temperature heat capacity of the solid trihalides

4.1. LnF3

Enthalpy increment measurements to derive the high-temperature heat capacity have been
reported for all lanthanide trifluorides except PmF3, as summarised in table 7. The results of
the various authors are compared using the reduced enthalpy increment function:

(8)
{
H ◦(T )−H ◦(298.15 K)

}
/(T − 298.15).

Figure 14 shows a plot of this function for LaF3. It can be seen that the data for the en-
thalpy increment by Spedding and Henderson (1971) and Lyon et al. (1978) are in good

Fig. 14. The reduced en-
thalpy increment of LaF3 (in
J·K−1·mol−1); ◦, Henderson
(1970); � Lyon et al. (1978);
•, value at 298.15 K derived
from the low-temperature heat
capacity measurements of
Lyon et al. (1978).
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Table 6
The entropies of the solid lanthanide(III) bromides and iodides at 298.15 K, in J·K−1·mol−1

Calculated Experimentala

Slat Sexs Stot Sexp References
LaBr3 177.1 0.00 177.1 –
CeBr3 176.5 14.71 191.2 –
PrBr3 175.9 17.87 193.8 –
NdBr3 175.3 18.30 193.6 –
PmBr3 174.7 17.89 192.6 –
SmBr3 174.1 15.27 189.4 –
EuBr3 173.5 9.32 182.8 182.8 1
GdBr3 191.7 17.29 209.0 –
TbBr3 191.1 21.15 212.3 –
DyBr3 190.5 22.83 213.4 –
HoBr3 189.9 23.16 213.1 –
ErBr3 189.6 22.60 212.2 –
TmBr3 189.3 20.84 210.2 –
YbBr3 189.0 15.80 204.8 –
LuBr3 188.7 0.00 188.7 –

LaI3 196.3 0.00 196.3 –
CeI3 195.7 14.71 210.4 –
PrI3 195.1 17.87 213.0 –
NdI3 194.5 18.30 212.8 –
PmI3 212.7 17.89 230.6 –
SmI3 212.1 15.27 227.4 –
EuI3 212.5 9.32 220.8 –
GdI3 210.9 17.29 228.2 –
TbI3 210.3 21.15 231.5 –
DyI3 209.7 22.83 232.5 –
HoI3 209.1 23.16 232.3 –
ErI3 208.5 22.60 231.1 –
TmI3 207.9 20.84 228.7 –
YbI3 207.3 15.80 223.1 –
LuI3 206.7 0.00 206.7 206.7 2

aThe uncertainty for the standard entropies derived from the calorimetric measurements has not been given in some
cases.

References

1. Deline et al. (1975) 2. Gavrichev et al. (1992)

agreement, with the exception of the lowest data point of the former authors. The high-
temperature results also reasonably fit the low-temperature results by Lyon et al. (1978). The
combined results have been fitted to a polynomial equation, applying as boundary conditions
{H ◦(T )−H ◦(298.15 K)} = 0 at 298.15 K andCp (298.15 K)= 90.29 J·K−1·mol−1, as fol-
lowed from the low-temperature measurements. The coefficients of the polynomial are given
in table 8. The data for the other trifluorides have been evaluated in a similar way, and the re-
sults are also listed in table 8. The values forCp (298.15 K) of those compounds for which no
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Table 7
Summary of the enthalpy increment measurements for the lanthanide trifluorides

compound T /K number of data points References
LaF3 390–1831 33 1

425–1477 23 2
CeF3 398–1799 19 3

575–1373 9 4
400–1899 20 5

PrF3 390–1831 30 1
727–1243 6 4

NdF3 390–1831 31 1
727–1324 9 4

SmF3 400–1887 23 5
EuF3 400–1252 ? 5
GdF3 390–1831 27 1

576–1249 8 4
400–1803 ? 5

TbF3 400–1793 ? 5
DyF3 577–1173 7 4

400–1744 ? 5
HoF3 390–1831 27 1

432–1588 63 6
ErF3 400–1841 21 5
TmF3 400–1794 ? 5
YbF3 577–1175 7 4

400–1731 ? 5
LuF3 390–1831 30 1

References

1. Spedding and Henderson (1971)
2. Lyon et al. (1978)

3. King and Christensen (1959)
4. Charlu et al. (1970)

5. Spedding et al. (1974)
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Fig. 15. The reduced en-
thalpy increment of PrF3 (in
J·K−1·mol−1); ◦, Henderson
(1970);� Charlu et al. (1970);
•, value at 298.15 K derived
from the low-temperature heat
capacity measurements of
Lyon et al. (1979a).

low-temperature measurements have been reported are calculated from the sum of the lattice
and excess contributions (eq. (1)).

For most compounds there is good agreement between the various data sets, although the
results of Henderson (1970), Spedding and Henderson (1971), that were reported as poly-
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Table 8
Recommended high temperature heat capacity functions for the solid lanthanide trifluorides

compound Cp(298.15 K) Cp
◦(T )/J · K−1·mol−1= a + bT + cT 2+ dT 3+ eT−2 Tmax �trsH

◦

/kJ·mol−1 a b× 103 c× 106 d × 109 e× 10−6 /K /kJ·mol−1

LaF3 90.29± 0.09 122.1188 −22.4674 −16.3094 28.1746−2.17138 1766
CeF3 93.47± 0.09 103.2577 −12.9896 24.6881 −0.72087 1703
PrF3 92.65± 0.09 130.5994 −32.5026 18.1689 −2.65559 1670
NdF3 92.42± 0.09 103.3867 1.66688 10.3935 −1.10117 1649
PmF3 92.0
SmF3 hex 91.7 169.0564 −7.6809 −4.84076 743 1.784

orth 297.1925 −370.3989 189.2022 1571
EuF3 hex 97.9 117.4275 −1.73589 973 8.714

orth 150.6658 1549
GdF3 hex 88.39± 0.09 102.3403 6.0945 −1.40162 1347 6.029

orth 130.834 1501
TbF3 90.5 97.5769 19.8845 −1.15610 1446
DyF3 88.94± 0.09 91.2338 28.2118 −3.1553 −0.926687 1426
HoF3 88.6 131.7639 −65.0032 44.2500 −2.46383 1416
ErF3 orth 90.07± 0.09 121.3374 −30.3149 22.7317 −2.15564 1388 29.47

hex 135.0177 1413
TmF3 orth 90.8 115.6209 −17.1827 12.9143 −1.85306 1325 30.28

hex 97.8638 1431
YbF3 orth 89.4 103.7012 9.2366 −1.51608 1267 24.46

hex 119.5369 1435
LuF3 orth 87.07± 0.09 89.0368 19.2857 −0.68598 1230 25.07

hex 121.7126 1455

nomial equations only, tend to deviate at low temperatures in several of their measurements.
This is evident in their tables which show a minimum inCp around 500–600 K in those cases
(e.g., fig. 15). It is very likely caused by small errors which are amplified at low temperatures
by the non-constrained fitting procedure they used. In these cases the lowest temperature re-
sults have been omitted from our polynomial fitting. Only for GdF3 and HoF3 the reported
data are discordant. The results of Charlu et al. (1970), Spedding and Henderson (1971) and
Spedding et al. (1974) for GdF3 are significantly different. Since only the latter results agree
well with the low-temperature heat capacity, they have been selected here. For HoF3 the situ-
ation is less clear. The results of Spedding and Henderson (1971) and Lyapunov et al. (2000)
agree reasonably at low temperature, but the difference systematically increases with increas-
ing temperature. The reason for this is unclear. We have preferred the results of Spedding and
Henderson (1971) as their measurements on the other lanthanide trifluorides have proved to
be highly reliable.

In analogy with the approach that has been described in the section on the low-temperature
heat capacity, the high-temperature heat capacity of theLnX3 compounds can be described as
the sum of the lattice and excess contributions (eq. (1)). However, whereas at low temperature
the lattice heat capacity mainly arises from harmonic vibrations, at high temperatures the
effects of anharmonicity of the vibrations, of thermal dilation of the lattice and of thermally
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induced vacancies in the lattice heat capacity have to be taken into account:

(9)Clat= Char+Canh+Cdil +Cvac.

According to theory, the molar harmonic contribution approaches the limit of 3R per atom,
which corresponds to 12R for MX3 compounds. Figure 14 shows that the heat capacity of
LaF3 reaches this value around 900–1000 K but then increases strongly above 1100 K, an ef-
fect that is not seen very evident in any other lanthanide trifluoride (e.g., PrF3 in fig. 15). Lyon
et al. (1978) attributed this effect to the contribution ofCvac, and suggested that this contri-
bution can amount to about 60 J·K−1·mol−1 near the melting point. An alternative/additional
and more likely explanation can be found in the observations of Greis and Cader (1985) that
the hexagonal/trigonal lanthanide trifluorides undergo aλ-type second order transition before
melting, whose effect is strongest for LaF3 and becomes much weaker going from CeF3 to
EuF3.

4.2. LnCl3

The high-temperature heat capacity data for the lanthanide trichlorides are limited. Walden
and Smith (1961) measured the enthalpy increment of CeCl3, and Dworkin and Bredig (1971)
determined the enthalpy increments of GdCl3, TbCl3, DyCl3, and HoCl3 by drop calorimetry.
Gaune-Escard et al. (Gaune-Escard et al., 1996; Rycerz and Gaune-Escard, 2002a, 2002b)
measured the heat capacity of a selected number of compounds by differential scanning
calorimetry (DSC). Only in a some cases (CeCl3, GdCl3, DyCl3) a comparison can be made
between these studies and the agreement with the low-temperature heat capacity data checked.
In fig. 16 the results for GdCl3 are compared in a plot of the reduced enthalpy increment,
which shows that the low-temperature data of Sommers and Westrum Jr. (1976) and the high-
temperature data of Dworkin and Bredig (1971) are in excellent agreement. Also the results
of Gaune-Escard et al. (1996) agree well, although they indicate a somewhat different slope of
the curve. Figure 17 compares the results for LaCl3 of Gaune-Escard et al. (1996) again with
the low-temperature data of Sommers and Westrum Jr. (1977), but also with the DSC data by
Reuter and Seifert (1994). For this compound the results of Gaune-Escard et al. (1996) are
significantly lower than those of the other two studies, which agree very well.

Fig. 16. The reduced enthalpy
increment of GdCl3 (in
J·K−1·mol−1); •, Sommers
and Westrum Jr. (1977);◦,
Dworkin and Bredig (1971);
broken line, Gaune-Escard et
al. (1996).
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Fig. 17. The reduced en-
thalpy increment of LaCl3 (in
J·K−1·mol−1); •, Sommers and
Westrum Jr. (1976);◦, Dworkin
and Bredig (1963a); broken line
(1), Gaune-Escard et al. (1996);
broken line (2), Reuter and Seifert
(1994).

Fig. 18. The excess heat capacity
in LnCl3 compounds;•, CeCl3; ◦,
PrCl3; �, NdCl3; �, PmCl3; �,
SmCl3, �, EuCl3.

It is important to note that the curves for LaCl3 and GdCl3, both of which do not have an
electronic excess term due to the stable f0 and f7 electron configurations, are almost identical
below 1000 K. This indicates that the lattice heat capacities in the hexagonalLnCl3 com-
pounds between these compounds hardly vary. We thus can obtain the high-temperature heat
capacity by addingCexs to the lattice curve of LaCl3 or GdCl3. Cexs is calculated from the
known energy levels for these compounds, where not only the ground state energy levels but
also the excited states are taken into account. The latter values are not shown in table 2, but
can be found in the review by Morrison and Leavitt (1982). Figure 18 shows the variation
of Cexs with temperature for the compounds CeCl3 to EuCl3. Figure 19 shows that the heat
capacity of CeCl3 thus obtained is in good agreement with the results of the enthalpy incre-
ment measurements by Walden and Smith (1961), whereas the heat capacity data reported by
Gaune-Escard et al. (1996) are significantly lower. Similarly, fig. 20 shows that the calculated
heat capacity of PrCl3 is in much better agreement with the low-temperature data than the
experimental results of Gaune-Escard et al. (1996). For the monoclinic lanthanide trichlorides
for which no experimental data are available we have estimated the lattice heat capacity by
subtractingCexs from the values of DyCl3.

The recommended heat capacity equations for the lanthanide trichlorides are listed in ta-
ble 9.
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Fig. 19. The reduced en-
thalpy increment of CeCl3 (in
J·K−1·mol−1); �, Walden and
Smith (1961); •, estimated
Cp (298.15 K); broken line,
Gaune-Escard et al. (1996);
solid line, calculated fromClat
andCexs.

Fig. 20. The reduced en-
thalpy increment of PrCl3 (in
J·K−1·mol−1); •, Sommers
and Westrum Jr. (1976);◦,
Dworkin and Bredig (1963a);
broken line, Gaune-Escard et
al. (1996); solid line, calculated
from Clat andCexs.

4.3. LnBr3 and LnI3

Dworkin and Bredig (1971) measured the enthalpy increments of the lanthanide tribro-
mides CeBr3, NdBr3, GdBr3 and HoBr3 and triiodides LaI3, NdI3, GdI3 and TbI3 by drop-
calorimetry. The heat capacity of LaBr3 was measured by Rycerz and Gaune-Escard (1999a),
that of TmI3 by Gardner and Preston (1991) using differential scanning calorimetry. Low-
temperature data have not been reported for these compounds. As mentioned above, such data
are only available for EuBr3 and LuI3. We have fitted the experimental enthalpy data to poly-
nomial equations in the usual way, using estimatedCp (298.15 K) values as constraint. The
latter were deduced from the low-temperature measurements by assuming a slight change in
the lattice component along the series, as was observed for the trifluorides and trichlorides.
This approach was preferred to a non-constrained fitting procedure as this normally results
in too highCp (298.15 K) values. For example, the unconstrained fit of CeBr3 results inCp
(298.15 K)= 105.1 J·K−1·mol−1, whereas the estimated value is 101.9 J·K−1·mol−1.

The heat capacities for the other compounds were derived using the estimation procedure
described for the trichlorides, i.e., from the lattice and excess contributions. The former was
derived from the enthalpy measurements, the latter from the crystal field energies. As the
crystal energies of the tribromides and triiodides are poorly known, we have used the values
for the trichlorides to approximateCexs. The results thus obtained are listed in tables 10 and
11. The calculated data for TmI3 agree within 2% with the DSC results of Gardner and Preston
(1991).
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Table 9
High temperature heat capacity functions for the solid lanthanide trichlorides

compound Cp(298.15 K) Cp
◦(T )/J·K−1·mol−1= a + bT + cT 2+ dT 3+ eT−2 Tmax �trsH

◦

/J·K−1·mol−1 a b× 103 c× 106 d × 109 e× 10−6 /K /kJ·mol−1

LaCl3 98.03 74.9288 51.6544 0.68452 1133
CeCl3 98.6 90.9772 35.8123 −0.27153 1090
PrCl3 98.95 85.6511 39.5240 0.13465 1060
NdCl3 99.24 87.2834 38.5855 0.04021 1032
PmCl3 99.6
SmCl3 99.54 95.3748 33.4442 0.56135 950
EuCl3 106.98 100.9736 30.0922 −0.26362 894
GdCl3 97.78 88.7959 31.4441 −0.03475 875
TbCl3 orth 97.8 86.2920 38.5982 783 18.68

? 123.930 855
DyCl3 100.5 104.5279 −27.0190 45.3111 924
HoCl3 101.9 100.3820 5.0913 993
ErCl3 99.78 101.4247 −16.3266 36.2574 1049
TmCl3 100.0 102.0423 −17.9564 37.2518 1095
YbCl3 101.4 104.8985 −23.8396 40.6023 1138
LuCl3 96.62 98.3259 −17.9501 41.0146 1198

Table 10
High temperature heat capacity functions for the solid lanthanide tribromides

compound Cp(298.15 K) Cp
◦(T )/J ·K−1·mol−1 = a + bT + cT 2+ dT 3+ eT−2 Tmax �trsH

◦

/J·K−1·mol−1 a b× 103 c× 106 d × 109 e× 10−6 /K /kJ·mol−1

LaBr3 101.6 97.4736 17.9256 −0.10828 1061
CeBr3 101.9 89.7173 31.6041 0.24534 1005
PrBr3 102.3 93.6869 26.6878 −0.05833 965
NdBr3 103.1 81.7525 42.7393 0.76491 955
PmBr3 103.0
SmBr3 103.1 103.2523 20.7015 −0.56223 913
EuBr3 110.62± 0.11 100.8207 18.5433 0.37963 978
GdBr3 100.2 93.8256 14.2533 0.18888 1043
TbBr3 100.5 90.1490 22.3082 0.32889 1102
DyBr3 100.4 92.3542 16.8413 0.26887 1152
HoBr3 100.7 95.5581 15.5998 0.04363 1192
ErBr3 100.7 94.3588 13.7789 0.19850 1196
TmBr3 100.7 94.4929 13.6251 0.19066 1228
YbBr3 101.8 96.5726 11.6884 0.15489 1250a

LuBr3 99.5 95.8694 12.1770 1298

aDecomposes before melting.

5. Enthalpy of formation of the solid trihalides

5.1. LnF3

Three different methods have been used to determine the enthalpies of formation of the lan-
thanide trifluorides: fluorine combustion calorimetry, precipitation calorimetry and galvanic
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Table 11
High temperature heat capacity functions for the solid lanthanide triiodides

compound Cp(298.15 K) Cp
◦(T )/J·K−1·mol−1= a + bT + cT 2+ dT 3+ eT−2 Tmax �trsH

◦

/J·K−1·mol−1 a b× 103 c× 106 d × 109 e× 10−6 /K /kJ·mol−1

LaI3 102.5 90.1970 27.5096 0.36456 1045
CeI3 102.9 86.8928 35.1439 0.49150 1033
PrI3 103.3 87.7509 34.7680 0.46074 1011
NdI3 orth 104.1 103.6598 −19.9550 52.6734 0.15179 859 13.53

hex? 120.450 1059
PmI3 104.5
SmI3 104.1 100.9741 16.8259 −0.16808 1123
EuI3 111.6 106.0620 14.0032 0.12116 1100a

GdI3 hex 102.0 96.1164 13.1558 0.17434 1013 0.493
hex? 128.189 1204

TbI3 hex 102.3 89.3082 27.8840 0.41585 1080 1.15
hex? 124.334 1229

DyI3 102.3 95.8785 14.3586 0.19028 1251
HoI3 102.6 97.1180 12.2577 0.16244 1267
ErI3 102.7 97.4364 11.7695 0.15597 1288
TmI3 102.8 97.6703 11.4701 0.15200 1294
YbI3 103.9 99.5694 9.6833 0.12832 1300a

LuI3 101.7± 0.3 95.6752 13.5944 0.17526 1323

aDecomposes before melting.

cell studies. Combustion calorimetry is the most reliable of these three, though it is very sen-
sitive to impurities in the starting metals. It has been applied for most of the lanthanide trifluo-
rides and the results originate essentially from two laboratories, Argonne National Laboratory
(ANL) in the USA and Kyoto University in Japan. Unfortunately the agreement between these
two laboratories is variable for those cases where a comparison of the results can be made.
For GdF3 and HoF3 the results agree very well, but for ErF3 they differ by∼ 25 kJ·mol−1,
and for NdF3 by∼ 19 kJ·mol−1, which is well beyond the possible contribution of impurities.

The precipitation measurements of the equilibrium:

Ln3+(aq)+ 3F−(aq)= LnF3(cr)

are generally hindered by insufficient knowledge of the precipitated phase, which can be
amorphous instead of crystalline. The EMF measurements are in principle very accurate but
unwanted electrode reactions may affect the results. Tables B.1 to B.14 of Appendix B sum-
marise the data collected and reviewed for the lanthanide fluorides and show that the agree-
ment between the three techniques is indeed poor.

Several methods have been proposed to check and correlate the data for theLnF3 com-
pounds. A semi-empirical method was proposed by Kim and Johnson (1981) who used the
Born–Landé equation to estimate the lattice energyUlat:

(10)Ulat=NAZ1Z2e
2A(1− 1/n)/r0,
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Fig. 21. The enthalpy of formation of the lanthanide trifluorides as a function of the atomic number.◦ and� indicate
the experimental results from fluorine combustion studies at ANL and Kyoto University, respectively; the broken
curve shows the estimated values using the Born–Landé equation (Kim and Johnson, 1981); the solid curve shows

the values estimated values in this study (•).

whereNA is the Avogadro’s constant,Z1 andZ2 are the oxidation numbers of the ions,e

is the charge of a proton,A is the Madelung constant,n is the Born exponent andr0 is the
characteristic distance of the lattice. The values that were thus obtained agree well with those
derived from a Born–Haber cycle using the experimentally determined�fH

◦ (298.15 K)
values. Thus the calculatedUlat values could be used to obtain the enthalpies of formation
of those trifluorides for which no or no reliable data are available. They are compared to the
experimental fluorine combustion results in fig. 21, which shows good agreement for the ANL
results, but not for the majority of the results of the Kyoto University.

The trend of the�fH
◦ along theLnF3 shows little variation, with the exception of the

values for EuF3 and YbF3 which are significantly less negative. This can be understood by
looking at the Born–Haber cycle for theLnX3 compounds (fig. 22). Because Eu and Yb are
divalent elements whereas the others are trivalent, the ionisation step to formLn3+ in the cycle
is different for these two elements as the stable 4f7 and 4f14 configurations have to be broken
up to form the 4f6 and 4f13 configurations (Gschneidner Jr., 1969). To eliminate this effect,
Morss (1976) and Fuger et al. (1983) proposed to use the quantity

(11)�fH
◦(LnX3,cr,298.15 K)−�fH

◦(Ln3+,aq,298.15 K
)

to analyse the data for lanthanide compounds. They correlated this quantity with molar volume
or ionic radius for the lanthanide and actinide trihalides. The relation with ionic radius is
shown in fig. 23, using the enthalpies of formation of the aqueous ions from Cordfunke and
Konings (2001a). It can be seen that the ANL results indicate two straight lines for the two
crystallographic modifications (as is the case for the lanthanide trichlorides, tribromides and
triiodides). The results of the Kyoto University (not shown in this figure) are widely scattered,
whereas the values calculated by Kim and Johnson (1981) from the Born–Landé equation
approximately agree with the trend, with strongly deviating values for SmF3, DyF3 and YbF3.
On the basis of these considerations we have based our recommended values (table 12) on the
fluorine combustion data from ANL only, and have estimated the values for those compounds
for which no data are available by inter- and extrapolation of the linear trends shown in fig. 23.
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Fig. 22. The Born–Haber cycle for the lanthanide trihalides.

Fig. 23. The quantity �fH
◦(LnF3,cr) −

�fH(Ln3+,aq) as a function of the ionic radius
(coordination number 6);⊕, hexagonal and◦
orthorhombic structure.

5.2. LnCl3, LnBr3 and LnI3

A careful review of all experimental data for the lanthanide chlorides, bromides and iodides,
mainly made by solution calorimetry, has been made by Cordfunke and Konings (2001b)
recently, who evaluated data from the literature between 1940 and 2000. The tables of this
work are reproduced in Appendix B, corrected for some small errors. The present section
summarises the justification of the selected values.

Two thermochemical reaction schemes are generally used to derive the enthalpies of forma-
tion of these compounds. The first is based on the dissolution of the lanthanide metal as well
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Table 12
Selected enthalpies of formation of the solid lanthanide trihalides, in kJ·mol−1

F Cl Br I
La −1699.5±2.0 −1071.6±1.5 −904.4±1.5 −673.9±2.0
Ce −1689.2±5.0 −1059.7±1.5 −891.2±1.5 −666.8±3.0
Pr −1689.1±2.6 −1058.6±1.5 −890.5±4.0 −664.7±5.0
Nd −1679.4±1.9 −1040.9±1.0 −864.0±3.0 −639.2±4.0
Pm −1675±20 −1030±10 −858±10 −634±10
Sm −1700.7±5.0 −1025.3±2.0 −853.4±3.0 −621.5±4.0
Eu −1611.5±5.0 −935.4±3.0 −759±10 −538±10
Gd −1699.3±2.3 −1018.2±1.5 −838.2±2.0 −624.1±3.0
Tb −1695.9±5.0 −1010.6±3.0 −843.5±3.0 −623.8±3.0
Dy −1692.0±1.9 −993.1±3.0 −834.3±2.5 −616.7±3.0
Ho −1697.8±2.3 −997.7±2.5 −842.1±3.0 −622.9±3.0
Er −1693.6±1.9 −994.4±2.0 −837.1±3.0 −619.0±3.0
Tm −1693.7±5.0 −996.3±2.5 −832±10 −619.7±3.5
Yb −1655.1±5.0 −959.5±3.0 −791.9±2.0 −578±10
Lu −1679.9±5.0 −987.1±2.5 −814±10 −605.1±2.2

as the lanthanide trihalide in hydrogen-saturated hydrochloric acid HCl(sln). The reaction
scheme for the lanthanide trichlorides looks as follows:

Ln(cr)+ 3HCl(sln)= LnCl3(sln)+ 3
2H2(g) �rH

◦
1

LnCl3(cr)+ 3HCl(sln)= LnCl3(sln)+ 3HCl(sln) �rH
◦
2

3
2H2(g)+ 3

2Cl2(g)= 3HCl(sln) �rH
◦
3

Ln(cr)+ 3
2Cl2(g)= LnCl3(cr) �rH

◦
4

The standard molar enthalpy of formation ofLnCl3(cr) equals to�rH
◦
4, and can be calculated

as:

(12)�fH
◦(LnCl3,cr,298.15 K)=�rH

◦
1−�rH

◦
2+�rH

◦
3.

The value�rH
◦
3 is the partial molar enthalpy of formation of HCl(sln) at the concentration

given, and is calculated from the enthalpy of formation of the infinitely dilute acid (Cox et al.,
1989), the enthalpy of formation of the HCl solutions (Parker et al., 1976) and the densities
of the HCl solution at 298.15 K (Söhnel and Novotný, 1985), neglecting the influence of the
lanthanide ion.

The second scheme involves the enthalpy of solution of the lanthanide sesquioxide and the
lanthanide trihalide:

Ln(cr)+ 3
4O2(g)= 1

2Ln2O3(cr) �rH
◦
5

1
2Ln2O3(cr)+ 3HCl(sln)= LnX3(sln)+ 3

2H2O(sln) �rH
◦
6

LnCl3(cr)+ (sln)= LnCl3(sln) �rH
◦
2

3
2H2(g)+ 3

2Cl2(g)= 3HCl(sln) �rH
◦
3

3
2H2(g)+ 3

4O2(g)= 3
2H2O(sln) �rH

◦
7

Ln(cr)+ 3
2Cl2(g)= LnCl3(cr) �rH

◦
4
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For this reaction sequence:

�fH
◦(LnCl3,cr,298.15 K)=�rH

◦
5+�rH

◦
6+�rH

◦
3−�rH

◦
7−�rH

◦
2,

where�rH
◦
7 is the partial enthalpy of formation of H2O(sln) in hydrochloric acid. Only in

case the enthalpy of formation of the sesquioxide is based on the combustion of the lanthanide
metal, the two schemes are really independent.

For the calculation of the enthalpies of formation of the tribromides and triiodides, the same
reaction cycles were used as for the trichlorides. However, as the halide ion in the compounds
are different from those in the solution (e.g.,LnI3 in HCl(aq)) the calculation of�rH

◦
3 be-

comes a bit more complex as we have to deal with the ternary system H2O–HCl–HX. In that
case, it is assumed that the apparent enthalpy of formation of HI and HBr in HCl solutions are
the same as in HBr and HI solutions of the same molality.

The results derived in this way by Cordfunke and Konings (2001b) are listed in tables B.1 to
B.14 of Appendix B, the recommended values are given in table 12. For the trichlorides several
studies have been reported for each compound, except, of course, PmCl3. The results quite
well agree after recalculation, often with more recent enthalpies of solution of the metals. This
is especially true for the results derived from the early measurements by Bomer and Hohmann
(1941a, 1941b) which generally deviate significantly when the original value for the enthalpy
of solution of the metal is used. This has been explained by the fact that the metals probably
contained large fraction impurities, especially of potassium (Spedding and Miller, 1952). For
the tribromides and triiodides the situation is less good. Often the number of studies is limited
(e.g., for PrI3 and SmI3 only the measurements by Bommer and Hohmann (1941b)) or no
measurements have been made (EuBr3, EuI3, TmBr3, YbI3 and LuBr3, in addition to PmBr3
and PmI3).

In general one can conclude that the enthalpies of solution of the metals form the major
source of uncertainty. Cordfunke and Konings (2001b) tried to overcome this by combining
results from different sources and by inter- or extrapolation values as a function of the mo-
larity, which was possible in some cases because accurate determinations of the enthalpy of
solution as a function of molarity were performed by Merli et al. (1998). But in some cases
(e.g., the cerium trihalides) the analysis heavily relies almost completely on a single measure-
ment.

The variation of the enthalpies of formation of the trichlorides, tribromides and triio-
dides are shown in fig. 24. The general patterns is the same as observed for the triflu-
orides. Also for the trichlorides, tribromides and triiodides the variation of the quantity
{�fH

◦(LnX3,cr,298.15 K)−�fH
◦(Ln3+,aq,298.15 K)} with the ionic radius has been ex-

amined, as shown in figs. 25 to 27. The results for the trichlorides clearly show a difference
between the two crystallographic modifications, but for the tribromides and triiodides a dif-
ference is not very evident. The trends shown in figs. 25 to 27 have been used to estimate the
enthalpies of formation of those compounds for which no or no reliable experimental data are
available.
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Fig. 24. The enthalpy of
formation of the lanthanide
trichlorides, tribromides and
triiodides as a function of the
atomic number. Estimated
values are indicated by closed
symbols.

Fig. 25. The quantity �fH
◦(LnCl3,cr) −

�fH
◦(Ln3+,aq) as a function of the ionic

radius (coordination number 6);�, monoclinic
and◦ hexagonal structure.

6. Heat capacity of the liquid trihalides

6.1. LnF3

The essential thermodynamic quantity for the liquid trihalides is the heat capacity, which in
combination with the data for the solid phase gives the enthalpy/entropy of fusion. With these
two quantities the Gibbs energy of the liquid phase can be calculated and extrapolated to the
super-cooled state, if needed.

The enthalpy increment of the lanthanide trifluorides in the liquid phase has been mea-
sured for most compounds (see table 7). The heat capacity has been derived from these
results by fitting them to a 2-term equation{H ◦(T ) − H ◦(298.15 K)} = a(T /K) + b. In
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Fig. 26. The quantity �fH
◦(LnBr3,cr) −

�fH
◦(Ln3+,aq) as a function of the ionic

radius (coordination number 6);◦ hexagonal,
⊕, orthorhombic and
 rhombohedral structure.

Fig. 27. The quantity �fH
◦(LnI3,cr) −

�fH
◦(Ln3+,aq) as a function of the ionic ra-

dius (coordination number 6);⊕, orthorhombic
and
 rhombohedral structure.

most cases a single set of data by Spedding and coworkers (Spedding and Henderson, 1971;
Spedding et al., 1974) is available; only for CeF3 and HoF3 other measurements have been re-
ported. For CeF3 the results of King and Christensen (1959) and Spedding et al. (1974) are in
excellent agreement, for HoF3 the results of Spedding and Henderson (1971) and Lyapunov
et al. (2000) disagree up to 6%. We have preferred the results of Spedding and Henderson
(1971) for reasons given earlier.
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Fig. 28. The heat capacity of the liquid
lanthanide trihalides.

Figure 28 shows the trend in the heat capacity of the lanthanide trifluorides. The irregular
pattern indicates a large excess term for the compounds with a partially filled lanthanide ion
f -shell, suggesting that this is of an electronic nature, which is consistent with the strong
ionic nature of these liquids. Not shown in fig. 28 is the value for LaF3 derived from the ex-
perimental results. It is unrealistically high: 330.07 J·K−1·mol−1. This is probably due to the
fact that the experiments only cover a small temperature range (60 K) in which a post-melting
effect cannot be excluded, especially in combination with the anomalous rapid increase al-
ready noted for the solid phase. Figure 28 shows that the trend in the lanthanide fluorides (and
other trihalides) suggests a value of about 135 J·K−1·mol−1 for LaF3.

The enthalpies of fusion that have been derived from the enthalpy increment equations for
the solid and liquid phase are listed in table 13 and the derived entropies of fusion are plotted
in fig. 29. It can be seen that the enthalpies and entropies of fusion for ErF3 to LuF3 are sig-
nificantly lower than those of the other lanthanide trifluorides. Because these four compounds
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Table 13
Enthalpy of fusion and heat capacity of the liquid phase for the lanthanide trifluorides

compound Tfus �fusH
◦ �fusS

◦ �V/Vcr
a Cp(liq)

/K /kJ·mol−1 /J·K−1·mol−1 /% /J·K−1·mol−1

LaF3 1766 55.87 31.51 29.14 135b

CeF3 1703 56.52 33.19 32.92 130.61b,c

PrF3 1670 57.28 34.30 29.13 130.76b

NdF3 1649 54.75 33.20 30.78 172.82b

PmF3 1605 53.4 33.3 160
SmF3 1571 52.43 33.37 25.58 148.94d

EuF3 1549 52.9 34.2 130
GdF3 1501 52.44 34.94 25.81 115.20b

TbF3 1446 58.44 40.41 151.91d

DyF3 1426 58.42 40.97 25.35 156.92d

HoF3 1416 56.77 40.09 26.57 135.02b

ErF3 1413 27.51 19.47 28.37 146.83d

TmF3 1431 28.90 20.20 140.32d

YbF3 1435 29.74 20.73 29.99 121.70d

LuF3 1455 29.27 20.12 31.95 126.94b

a�V = Vliq − Vcr whereVliq is the volume of the liquid phase at the melting point andVcr the volume of the solid
phase at room temperature. Data are taken from Kishenbaum and Cahill (1960), Kishenbaum and Cahill (1962) and
Khairulin et al. (2000).
bSpedding et al. (1974).
cKing and Christensen (1959).
dSpedding and Henderson (1971).

Fig. 29. The entropies of fu-
sion (◦) and the sum of the tran-
sition and fusion entropies (•)
of theLnF3 compounds.

undergo an orthorhombic to hexagonal transformation before melting, the sum of the tran-
sition and fusion entropies are plotted also. This quantity shows a steady but small increase
along the lanthanide trihalide series, from which the enthalpies of fusion of PmF3 and EuF3
have been estimated.

6.2. LnCl3

For the liquid lanthanide trihalides data from enthalpy-increment measurements and heat ca-
pacity (DSC) measurements are available, as summarised in table C.1 of Appendix C, the rec-
ommended values are given in table 14. The majority of the results have been reported by two
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Table 14
Enthalpy of fusion and heat capacity of the liquid phase for the lanthanide trichlorides

compound Tfus �fusH
◦ �fusS

◦ �V/Vcr
a Cp(liq)

/K /kJ·mol−1 /J·K−1·mol−1 /% /J·K−1·mol−1

LaCl3 1133 55.0b 48.54 19.1 157.7b

CeCl3 1090 53.6c 49.17 18.0 161.05c

PrCl3 1060 49.9b 47.12 21.0 155.3b

NdCl3 1032 49.2b 47.67 21.8 149.5b

PmCl3 994 48.7 49 147
SmCl3 950 47.6 50.1 24.5 144.4d

EuCl3 894 45.0 50.3 142
GdCl3 875 40.6b 46.40 26.4 139.7b

TbCl3 855 19.5b 22.80 21.0 144.47b

DyCl3 924 25.5b 27.75 0.3 144.77b

HoCl3 993 32.6b 32.83 1.3 148.67b

ErCl3 1049 32.6d 31.08 4.9 141.00b

TmCl3 1095 35.6d 32.51 141
YbCl3 1138 37.6 33 140
LuCl3 1198 39.5 33 141

aData taken from Iwadate et al. (1995) and Wasse and Salmon (1999b).
bDworkin and Bredig (1963a, 1963b, 1971).
cWalden and Smith (1961).
dGaune-Escard et al. (1994, 1996).

different research groups: Dworkin and Bredig (1963a, 1963b, 1971) using drop calorime-
try and Gaune-Escard et al. (Gaune-Escard et al., 1996; Rycerz and Gaune-Escard, 2002a,
2002b) using differential scanning calorimetry. The early results of Dworkin and Bredig
(1963a, 1963b) were reported without details and could not be recalculated, in contrast to
the later results. In general, the reliability of the results of both studies is limited since the
measurements cover small temperature ranges. For NdCl3 and GdCl3 the studied temperature
range is larger than 50 K, and the agreement is excellent; for PrCl3 and DyCl3 it is less than
25 K for the DSC measurement and the agreement is poor.

The trend in the heat capacity of the lanthanide trichlorides is shown in fig. 28. It is clear
that the variation in the values is much less pronounced than in case of the trifluorides, the
(apparent) electronic excess term being small. This suggests that the structure of the liquid
trichlorides is different, i.e., less ionic. The structure of the liquid trichlorides has been studied
extensively in recent years (Iwadate et al., 1995; Wasse and Salmon, 1999a, 1999b; Hutchin-
son et al., 1999; Wasse et al., 2000) by X-ray and neutron diffraction. The results of these
studies indeed show that intermediate range order exists in the liquid trichlorides through the
formation of molecular species of the typeLnCl3−nn and eventuallyLn2Cl6−nn , yielding a loose
ionic network. With decreasing cation size from La to Lu, the ionic character of the liquid re-
duces further, which is evidenced by the decrease of the electrical conductivity of the liquid
trichlorides along the lanthanide series (Wasse and Salmon, 1999a).

As is shown in fig. 30 the variation inCp(liq) of the hexagonal trichlorides can be corre-
lated to the volume change between the solid (at room temperature) and the liquid: the heat
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Fig. 30. The heat capacity of liquid lanthanide trichlo-
rides as a function of the volume change�V/Vcr.

Fig. 31. The entropies of fusion
of theLnCl3 compounds.

capacity is low when the volume change is large, indicating that part of the variation inCp(liq)
arises from variation inClat. Thus the heat capacity of SmCl3 is estimated from the known
�V , that of PmCl3 and EuCl3 is interpolated. For the monoclinic trichlorides DyCl3, HoCl3
and ErCl3 the volume change is quite small, which is due to the fact that these compounds
undergo a solid-solid transformation before melting. The values for these compounds have
been estimated from the trend suggested in fig. 28.

The entropies of fusion almost constant in the hexagonalLnCl3 series LaCl3–GdCl3, as
shown in fig. 31. From this trend we estimate�fusS

◦ = 47 J·K−1·mol−1 for PmCl3 and
SmCl3. In the series TbCl3 to TmCl3 the entropy of fusion increases towards a constant value
�fusS

◦ = 33 J·K−1·mol−1 which we have taken for YbCl3 and LuCl3. This observation is not
in agreement with the experimental DTA data by Goryushkin et al. (1990) who observed a
steady increase from TbCl3 to LuCl3. We consider their data, however, not accurate enough.

6.3. LnBr3 and LnI3

There are only a few measurements of the heat capacity of the liquid tribromides and triio-
dides and most of them have been made by Dworkin and Bredig (1963a, 1963b, 1971) using
drop calorimetry. Rycerz and Gaune-Escard (1999a) measured the heat capacity of LaBr3(l)
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Table 15
Enthalpy of fusion and heat capacity of the liquid phase for the lanthanide tribromides and triiodides

compound Tfus �fusH
◦ �fusS

◦ �V/Vcr
a Cp(liq)

/K /kJ·mol−1 /J·K−1·mol−1 /% /J·K−1·mol−1

LaBr3 1061 54.39a 51.26 144.3a

CeBr3 1005 51.88a 51.62 149
PrBr3 965 47.28a 48.94 154.8a

NdBr3 955 45.61a 47.76 154.92a

PmBr3 930 48.6 52 155
SmBr3 913 47.5 52 149
EuBr3 978 50.9 52 144
GdBr3 1043 38.07 35.98 139.46a

TbBr3 1102 41.9 38 144
DyBr3 1152 46.4b 40.31 149
HoBr3 1192 50.21a 41.98 149
ErBr3 1196 50.2 42 149
TmBr3 1228 51.6 42 149
YbBr3

c

LuBr3 1298 51.8 42 144

LaI3 1045 55.45a 53.26 151.77a

CeI3 1033 51.88a 50.22 155
PrI3 1011 53.14a 52.56 155
NdI3 1059 40.94a 38.66 155.74a

PmI3 1090 43.6 40 155
SmI3 1123 47.2 42 155
EuI3

c

GdI3 1204 53.97a 44.83 155.85a

TbI3 1229 57.48a 46.77 157.50a

DyI3 1251 56.5b 45.16 155
HoI3 1267 57.0 45 155
ErI3 1288 58.0 45 155
TmI3 1294 58.2 45 155
YbI3

c

LuI3 1323 59.5 45 155

aDworkin and Bredig (1963b, 1971).
bCordfunke and Booij (1997).
cDecomposes before melting.

in a very limited temperature range (1070–1090 K), obtaining a somewhat different value
(151.12 J·K−1·mol−1). The results (fig. 28) show that the variation inCp(liq) along the lan-
thanide series becomes less prominent going from F to I, indicating that the character becomes
increasingly less ionic and more molecular. The heat capacity of the liquid tribromides have
therefore been assumed to show a slight trend, those of the triiodides to be approximately
constant (table 15).

The enthalpies of fusion of some hexagonal tribromides and orthorhombic triiodides
have been measured by drop calorimetry (Dworkin and Bredig, 1963a, 1971). The en-
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tropies of fusion derived from these values is about 50 J·K−1·mol−1 for the first group,
and 52 J·K−1·mol−1 for the second, except for NdI3. This compound, however, undergoes
a solid state transition, as discussed before, and the sum of the entropies of transition and
fusion is close (54 J·K−1·mol−1). For the orthorhombic tribromides no experimental data
are available, and we have assumed the entropy of fusion to be close to that of the isostruc-
tural triiodides. The few data for the hexagonal/rhombohedral tribromides suggest an increase
with increasing atomic number, whereas the few data for the hexagonal/rhombohedral triio-
dides suggest a constant value. This may be an indication that the high temperature phase
behaviour for GdBr3 and TbBr3 is more complex. It should be noted that Goryushkin and
coworkers (Goryushkin and Poshevneva, 1992, 1996; Goryushkin et al., 1999; Poshevneva et
al., 2002) reported enthalpies and entropies of fusion of LuI3, HoI3, ErI3, and SmI3 that are
very different (�fusS

◦ = 22.6± 3.0 J·K−1·mol−1 for SmI3, 18± 4 J·K−1·mol−1 for HoI3,
23± 2 J·K−1·mol−1 for ErI3 and 82± 20 J·K−1·mol−1 for LuI3). But since the results for
the trichlorides by the same authors are in poor agreement with other experimental determi-
nations, they have not been considered for the recommended values.

7. Heat capacity of the gaseous trihalides

7.1. LnX3 monomers

The thermodynamic functions of the gaseous lanthanide trihalides have been calculated using
standard statistical thermodynamic methods which relate the functionsCp, S, and H to the
molecular partition functionQ (Lewis et al., 1961):

(13)Q=
∑
i

gie
−εi/kT ,

whereεi is the energy of statei, which has a statistical weight (degeneracy)gi , k is the Boltz-
mann constant andT is the absolute temperature. Using the Bohr–Oppenheimer approxima-
tion, the energy can be described as the sum of the translational and the internal energies,
the latter being the sum of the electronic, rotational and vibrational contributions. The total
partition function thus becomes the product of the individual ones:

(14)Q= qtrs · qelec· qvib · qrot.

The calculation of thermodynamic functions thus requires accurate knowledge of the mole-
cular geometry, the electronic and vibrational energy levels of the gaseous molecules. The
electronic levels of the gaseousLnX3 molecules have not been determined experimentally,
but are estimated from those of theLn3+ ions measured in the crystal phase (Myers and
Graves, 1977a). For the molecular geometry and vibrational properties experimental data are
available, though incomplete for the wholeLnX3 family. For that reason the experimental data
were extended by empirical estimates (Myers and Graves, 1977a) or by results from quantum
chemical computations (Joubert et al., 1998) in previous thermodynamic compilations. In this
section we will discuss the structural and vibrational properties to derive a consistent set of
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Fig. 32. The bond length of the lanthanide trihalides;•, experimental values from ED (re); ◦, experimental val-
ues from ED (rg ); �, Adamo and Maldivi (1998) for the BP-DS/TZ,TZd level; ♦ Joubert et al. (1998) at the
MP2/ECPD,VDZd level; � Dolg et al. (1991) at the CISD+ Q/ECPDf,ECPDd level; � Adamo and Maldivi

(1998) at the B3P/ECPS,ECPSd level. For details of the computations see original papers.

bond distances, bond angles and vibration frequencies for the thermodynamic calculations.
For a more detailed analysis see the review by Kovács and Konings (2002).

The structure and vibrational spectra of the lanthanide trihalides have been studied exten-
sively in the past decade. Due to the recent developments in the experimental and theoretical
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Table 16
Ln–X equilibrium bond distances (pm)a

Ln LnF3 LnCl3 LnBr3 LnI3
La 207.7 253.4 268.9 286.7
Ce 206.8 252.2 267.6 285.7
Pr 205.8 251.1 266.4 284.8
Nd 204.9 249.9 265.2 283.8
Pm 203.9 248.8 263.9 282.9
Sm 202.9 247.6 262.7 281.9
Eu 202.0 246.5 261.5 280.9
Gd 201.0 245.3 260.3 280.0
Tb 200.1 244.2 259.0 279.0
Dy 199.1 243.0 257.8 278.1
Ho 198.1 241.9 256.6 277.1
Er 197.2 240.7 255.3 276.1
Tm 196.2 239.6 254.1 275.2
Yb 195.3 238.4 252.9 274.2
Lu 194.3 237.3 251.6 273.3

aEstimated uncertainty±2 pm.

Table 17
X–Ln–X equilibrium bond angles (in degrees)a

Ln LnF3 LnCl3 LnBr3 LnI3
La 109.0 118.0 118.0 118.5
Ce 109.5 118.5 118.5 119.0
Pr 110.0 119.0 119.0 119.5
Nd 110.5 119.5 119.5 120.0
Pm 111.0 120.0 120.0 120.0
Sm 111.5 120.0 120.0 120.0
Eu 112.0 120.0 120.0 120.0
Gd 112.5 120.0 120.0 120.0
Tb 113.0 120.0 120.0 120.0
Dy 113.5 120.0 120.0 120.0
Ho 114.0 120.0 120.0 120.0
Er 114.5 120.0 120.0 120.0
Tm 115.0 120.0 120.0 120.0
Yb 115.5 120.0 120.0 120.0
Lu 116.0 120.0 120.0 120.0

aEstimated uncertainty: forLnF3: ±4◦; for the
other halides:±2◦ .

methods the accuracy of the data has been improved considerably. Many early experimental
data have been reanalysed, and numerous computations have been performed on some “pop-
ular” LnX3 species. The latest experimental and theoretical data, reviewed recently by the
present authors (Kovács and Konings, 2002),1 confirmed previously suggested trends (Myers
and Graves, 1977a) and facilitated the estimation of the missing data of the non-investigated
molecules or to correct non-reliable earlier ones. Based on the recent experimental and com-
puted results we can make more accurate predictions than obtained previously (Myers and
Graves, 1977a; Jia and Zhang, 1988).

The available experimental data on the molecular geometries of the lanthanide trihalides
are compiled in tables D.1 to D.4 of Appendix D. Equilibrium geometries (re, αe) from elec-
tron diffraction (ED) experiments on 13 lanthanides trihalides have been reported by Za-
sorin (1988). More recent studies on lanthanide chlorides and bromides by Giricheva et al.
(2000a, 2000b, 2000c, 2000d) and Zakharov et al. (2001) gave slightly shorter bond distances.
The difference may arise from the neglect of the (small) dimer content of the vapour by Za-
sorin (Hargittai, 2000). However, the data from the two sources are close and agree within the
given experimental errors.

The experimental and selected computedr(Ln–X) bond lengths are presented in fig. 32.
The most important trend that is obvious from the figure is the gradual decrease ofr(Ln–X)
along the lanthanide row as a result of the well known “lanthanide contraction”. Although
the computations indicate the same trend, they consistently overestimate the bond distances.
The best probable values for the equilibrium geometrical parameters are given in tables 16
and 17. They take into account the opposite effects of dimer formation and the harmonic

1 For earlier reviews on the topic see those of Hargittai (2000) (molecular structure) and Boghosian and Pap-
atheodorou (1996) (vibrational frequencies).
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Fig. 33. The computed potential energy curves for the
LaX3 molecules (Kovács and Konings, 1997a);β is the
angle between the La–X bond and the symmetry axis;
�, LaCl3; ◦, LaBr3; �, LaI3.

approximation in the ED analysis, information on various trends, and the floppy nature of
theLnX3 molecules derived from quantum chemical computations. The latter property is the
origin of the controversial results for the molecular symmetry of mostLnX3 species. Until
recently (and apart from the early works) ED studies suggested a pyramidalC3v structure for
all the lanthanide trihalides (see Zasorin (1988) and references therein). On the other hand,
less sophisticated quantum chemical calculations (Cundari et al., 1995; Di Bella et al., 1993)
suggested a planar D3h arrangement. The introduction of electron correlation and extended
basis sets in the computations resulted generally (although not always) in a more pyramidal
character of theLnX3 species. An application of selectivity rules for the gas-phase IR spectra
(Kovács and Konings, 1997a, 1997b) and the different symmetry number (3 forC3v and 6 for
D3h) in thermodynamic calculations were not conclusive either.

Most of the recent experimental and computed results indicate a gradual increase of the
X–Ln–X bond angle (towards the planar 120◦) from F to I and from La to Lu.2 This is in
agreement with the decreasing polarizability of the ions along the lanthanide series and the
weaker polarization abilities of the heavier halides. On the basis of the presently available
results (Kovács and Konings, 2002) theLnF3 halides are most probably pyramidal (C3v), as
considerable pyramidal character was obtained by both experiment and computations, and the
ν1 bands were found in the matrix-IR spectra. The absence of theν1 bands in the IR spectra
(Kovács and Konings, 1997a, 1997b), analysis of the shrinkage effect in CeI3 (Molnár et al.,
1996) and the computed small inversion barriers for LaCl3, LaBr3 and LaI3 (fig. 33) imply
a quasi-planar character for the trihalides of the light lanthanide elements. The most recent

2 For a comprehensive overview of the earlier results see the paper by Molnár and Hargittai (1995).
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experiments (Giricheva et al., 2000d, 2000c; Zakharov et al., 2001; Molnár et al., 1996) and
sophisticated theoretical computations (Adamo and Maldivi, 1998; Adamo and Barone, 2000;
Kovács, 2000; Solomonik and Marochko, 2000) indicate aD3h symmetry of the trichlorides,
tribromides and triiodides of the heavier lanthanides. The exact border between pyramidal
and planar structures cannot be determined presently. It would require highly sophisticated
calculations with (nearly) complete electron correlation treatment and saturated basis set.

The available experimental data on the molecular vibrations of lanthanide trihalides are
compiled in tables D.1 to D.4 of Appendix D. Early gas-phase IR data on LaCl3, PrCl3,
NdCl3, and GdCl3 (Selivanov et al., 1973) have been extended recently by modern gas-phase
Fourier-transform infrared measurements on several trichlorides and on the LaX3 and DyX3
(X = Cl, Br, I) series (Kovács and Konings, 1997a, 1997b; Groen, 2002), providing the first
experimental information on the symmetric bendingν2 frequencies of these compounds. They
pointed out the error in interpretation of the early gas-phase IR spectra on NdX3 (X=Cl, Br,
I) halides by Wells Jr. et al. (1977). In addition, numerous measurements have been per-
formed on matrix-isolatedLnX3 species using infrared spectroscopy (Hauge et al., 1971;
Hastie et al., 1975; Wesley and DeKock, 1971; Bencze et al., 1996; Feltrin and Cesaro, 1996;
Perov et al., 1975; Loktyushina and Mal’tsev, 1984; Loktyushina et al., 1987) and in few cases
Raman spectroscopy (Lesiecki et al., 1972; Groen, 2002). The data on DyX3 compounds
(Groen, 2002) provided the first experimental information on the symmetric stretchingν1
vibrations of the trichlorides, tribromides and triiodides. Note, that because of the high evap-
oration temperatures ofLnF3 compounds only vibrational data of the matrix-isolated species
could be obtained hitherto (Hauge et al., 1971; Hastie et al., 1975; Wesley and DeKock, 1971;
Bencze et al., 1996).

The experimental and selected computed vibrational frequencies ofLnF3 andLnCl3 com-
pounds are presented in figs. 34 and 35. The data show a gradually increase along the lan-
thanide row for all the four fundamentals. They confirm also the earlier linear relationship
suggested by Myers and Graves (1977a) for estimation of the frequencies.

Our recommended values for the gas-phase vibrational frequencies are compiled in ta-
bles 18 to 21. Most of the estimated data have been derived from the available gas-phase
and matrix-isolation vibrational spectra, the latter corrected for matrix-shifts. TheLnF3 com-
pounds deserve a special attention, because for these compounds no reference gas-phase vi-
brational spectra are available. Hastie et al. (1975) used the relationshipνg = νNe+ (0.8±
0.4)(νNe−νAr) for the stretching frequencies suggested by Hastie et al. (1970), whereνg is the
gas-phase frequency. This formula is, however, not suited for general use as more recent ex-
perimental evidence indicates otherwise (see, e.g., the collected vibrational data by Hargittai
(2000)). Furthermore, an excellent agreement is found between the gas-phase and Ar-matrix
ν3 frequencies for theLnCl3 species, as shown in fig. 35. In fact, the clue for the estimation of
the gas-phase stretching frequencies ofLnF3 compounds was provided by the computations.
The overestimation of theLn–F bond at the most reliable BP-DS/TZ,TZd level (Adamo and
Maldivi, 1998) was found to be similar to that of theLn–Cl bonds (cf. fig. 32), thus a similar
systematic error for theLnF3 andLnCl3 stretching frequencies can also be expected.

For theLnF3 bending fundamentalsν4 andν2 the mean of the Ne-matrix and Ar-matrix
frequencies by Hastie et al. (1975) was accepted. Assumptions had to be made for theν4
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Fig. 34. The vibrational frequencies of the lanthanide trifluorides;
, recommended gas-phase frequencies;�, ex-
perimental data for species isolated in neon matrix;�, in argon matrix;�, Adamo and Maldivi (1998) at the
BP-DS/TZ,TZd level; ◦ Joubert et al. (1998) at the MP2/ECPD,VDZd level; � Dolg et al. (1991) for the

CISD+Q/ECPDf,ECPDd level; � Adamo and Maldivi (1998) at the B3P/ECPS,ECPSd level.
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Fig. 35. The vibrational frequencies of the lanthanide trichlorides;•, experimental gas-phase values;�, experimental
data for species isolated in argon matrix;�, in xenon matrix;
, estimated gas-phase values;�, Adamo and Maldivi
(1998) at the BP-DS/TZ,TZd level; ◦ Joubert et al. (1998) at the MP2/ECP,VDZd level; � Dolg et al. (1991) for

the CISD+Q/ECPf,ECPd level; � Adamo and Maldivi (1998) at the B3P/ECP,ECPd level.
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Table 18
Vibrational frequencies (cm−1) for LnF3 moleculesa

Ln ν1(A1) ν2(A1) ν3(E) ν4(E)

La 532 79 501 123
Ce 536 81 506 125
Pr 540 83 511 127
Nd 544 85 516 128
Pm 548 86 521 130
Sm 552 88 526 132
Eu 556 90 531 133
Gd 560 91 536 135
Tb 564 93 541 137
Dy 568 95 546 138
Ho 572 96 551 140
Er 576 98 556 142
Tm 580 100 561 143
Yb 584 101 566 145
Lu 588 103 572 147

aEstimated uncertainty±10 cm−1.

Table 19
Vibrational frequencies (cm−1) for LnCl3 moleculesa

Ln ν1(A1) ν2(A1) ν3(E) ν4(E)

La 318 59b 317b 84
Ce 320 58c 321c 85
Pr 322 60 320d 86
Nd 324 60c 327c 87
Pm 326 61 328 88
Sm 327 61c 331c 89
Eu 329 63 332 90
Gd 331 64c 337c 91
Tb 333 64 337 92
Dy 335 65c 340c 93
Ho 337 66 342 94
Er 339 66 344 95
Tm 341 67 347 96
Yb 343 68 349 97
Lu 345 69 351 98

aEstimated error for both the experimental and estimated
data is±10 cm−1.
bMeasured by Kovács and Konings (1997a).
cMeasured by Kovács and Konings (1997b).
dMeasured by Selivanov et al. (1973).

frequencies of the bromides and iodides due to the lack of experimental data. Observations
made for theLnF3 andLnCl3 series (the relative magnitude of theν4 andν2 frequencies, and
the slightly larger slope for the trend inν4 than that ofν2) have been extended to theLnBr3

andLnI3 molecules. This explains the larger uncertainty of theν4 data for these molecules.
The uncertainty of theν2 values is due to the fact that the frequencies occur near the lower
detection limit of most infrared spectrometers, thus excluding the observation of the complete
band envelope in the spectra.

On the basis of the systematic comparison of calculated and experimental results we con-
clude that present standard theoretical methods are not able to substitute gas-phase experi-
ments on the geometrical and vibrational properties of theLnX3 molecules. Systematic theo-
retical studies on the complete lanthanide series or on selected molecules (Cundari et al., 1995;
Joubert et al., 1998; Dolg et al., 1991; Lanza and Fragalá, 1996; Adamo and Maldivi, 1997;
Adamo and Maldivi, 1998; Adamo and Barone, 2000; Kovács, 2000) showed several defi-
ciencies of the computational methods. These include the overestimation of the equilibrium
Ln–X bond distance, uncertainty for the bond angles of planar/quasi-planar structures, a fail-
ure in predicting the values and trends of theν2 mode. Moreover, the errors are not consistent
for different halides, nor for the two (ν1 and ν3) stretching frequencies of anLnX3 mole-
cule. The less sophisticated character of the standard methods used at present shows that the
computed results are quite sensitive to the theory and basis set chosen. On the other hand,
the trends in the lanthanide row are predicted well by most advanced levels of theory. Fur-
thermore, the error in the computed geometry and vibrational frequencies is strongly related.
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Table 20
Vibrational frequencies (cm−1) of LnBr3 moleculesa

Ln ν1(A1) ν2(A1) ν3(E) ν4(E)

La 207 30b 232b 57
Ce 208 36 233 57
Pr 209 36 234 58
Nd 210 37 236 58
Pm 211 37 237 59
Sm 212 37 238 59
Eu 213 38 239 60
Gd 214 38 241 60
Tb 215 39 242 61
Dy 216 44c 243c 61
Ho 217 39 244 62
Er 218 40 245 62
Tm 219 40 247 63
Yb 220 41 248 63
Lu 221 41 249 64

aEstimated error for the experimentalν3 values is
5 cm−1, while for the experimentalν2 and estimated
frequencies 10 cm−1.
bMeasured by Kovács and Konings (1997a).
cMeasured by Groen (2002).

Table 21
Vibrational frequencies (cm−1) of LnI3 moleculesa

Ln ν1(A1) ν2(A1) ν3(E) ν4(E)

La 162 25b 191b 40
Ce 163 27 191c 41
Pr 163 28 192 41
Nd 164 28 192 41
Pm 164 28 193 42
Sm 165 28 194 42
Eu 165 28 194 42
Gd 166 29 195 42
Tb 166 29 195 43
Dy 167 32d 195d 43
Ho 167 29 196 43
Er 168 29 197 44
Tm 168 30 198 44
Yb 168 30 198 44
Lu 169 30 199 45

aEstimated error for the experimentalν3 values is
5 cm−1, while for the experimentalν2 and estimated fre-
quencies 10 cm−1.
bMeasured by Kovács and Konings (1997a).
cMeasured by Molnár et al. (1996).
dMeasured by Groen (2002).

Thus, computations can be used to extend partial experimental information. This was shown
in joint experimental/computational studies using advanced theoretical methods (Kovács and
Konings, 1997a, 1997b; Hargittai, 2000).

7.2. Ln2X6 dimers

The structure of theLn2X6 dimers has been derived from electron diffraction (Molnár et al.,
1996; Hargittai, 2000; Giricheva et al., 2000c, 2000b; Zakharov et al., 2001) and theoretical
studies (Kovács, 1999, 2000, 2002) for a few species (table D.5). They indicated a bridged
structure (D2h symmetry), as shown in fig. 36. In most ED investigations a few geometrical

Fig. 36. The molecular geometry of theLn2X6 dimer mole-
cules.
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parameters were assumed to be identical to the monomers, the others were treated indepen-
dently in the refinements (Molnár et al., 1996; Giricheva et al., 2000c, 2000b; Zakharov et al.,
2001). However, the small amount of dimeric molecules in the vapour makes such an analysis
uncertain and quantum chemical calculations can therefore help to obtain more reliable data
(Hargittai, 2000). High-level theoretical calculations indicate shorter terminalLn–X bonds in
the dimers (by ca. 1 pm) and longer ringLn–X bonds (by ca. 20 pm) with respect to the bond in
the monomers (Kovács, 2000). The recent results of Hargittai (2000) for Dy2Cl6 and Dy2Br6
are in very good agreement with the computations.

Experimental information on the molecular vibrations of the dimers is restricted to
a few, mostly, tentative assignments in matrix-IR spectra (Wesley and DeKock, 1971;
Hastie et al., 1975; Feltrin and Cesaro, 1996). On the other hand, the complete vibrational
spectrum has been computed for La2X6, Dy2X6, Ce2Br6 and Ce2I6 (Kovács, 1999, 2000;
Kapala et al., 2002) and the data are summarised in table D.6. However, due to the failure
of the computations to accurately predict the bending frequencies of the monomers at low
wavenumbers, the reliability of these frequencies of the dimers may be limited also.

Here we have used a rough approximation by calculating the thermodynamic functions of
theLn2X6 molecules from a single set of structural and molecular parameters for the fluorides,
chlorides, bromides and iodides each.

8. Enthalpy of formation of the gaseous trihalides

8.1. LnF3

The vapour pressures of all lanthanide trifluorides have been measured, including PmF3. Var-
ious techniques have been used, which can be divided in indirect techniques (effusion and
boiling point methods) which provide accurate data for the total vapour pressure, and direct
mass spectrometric techniques, which are less precise, particularly in case of quadrupole mass
spectrometry, but give information on the vapour composition and the presence of dimeric or
polymeric molecules or dissociation products.

The enthalpy of formation of the gaseous compounds can be derived from the vapour pres-
sure studies using the thermal functions for the condensed and gaseous states derived in the
previous sections. Third-law and second-law thermodynamic analyses of the equilibrium

(15)LnX3(cr, l)= LnX3(g)

have been applied, to derive the enthalpy of sublimation at 298.15 K, from which the enthalpy
of formation of the gaseous compounds follows as:

(16)�fH
◦(LnX3,g)=�subH

◦ +�fH
◦(LnX3,cr).

The third-law value for the enthalpy of sublimation is preferred in view of the accuracy of
the thermal functions of the condensed and gaseous states presented in the previous sections,
though it should be realised that all uncertainties/errors in the thermal functions (entropy,
enthalpy) of solid as well as gaseous phase accumulate in this value. The results are presented
in table E.1 of Appendix E.
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Fig. 37. The sublimation en-
thalpies at 298.15 K of the lan-
thanide trifluorides.

Table 22
The selected enthalpies of formation of the gaseous lanthanide trihalides, in

kJ·mol−1

F Cl Br I
La −1254.7±3.6 −734.1±5.2 −596.5±5.2 −366.0±8.2
Ce −1262.4±5.4 −729.3±3.4 −584.5±5.8 −365.0±5.2
Pr −1253.6±3.3 −729.3±3.4 −587.5±5.7 −367.9±5.8
Nd −1246.2±5.3 −716.4±2.2 −562.3±5.0 −344.6±5.0
Pm −1245±25 −710±13 −560±14 −342±14
Sm −1240±11 −710±9 −562±10 −336±11
Eu −1175±11 −625±9 −477±14 −255±14
Gd −1245.4±5.5 −712.2±6.2 −563.5±3.6 −347.7±8.5
Tb −1245.1±7.1 −712.9±5.0 −570.9±3.6 −350.8±6.5
Dy −1243.5±3.6 −708.9±3.0 −561.3±5.4 −343.0±5.0
Ho −1246.3±3.8 −712.9±4.7 −562.1±5.8 −351.0±6.7
Er −1239.3±2.8 −709.4±8.2 −566.0±5.8 −345.5±6.7
Tm −1206.4±5.8 −720.3±6.5 −560±11 −347.9±6.9
Yb −1115.8±5.4 −683±9 −522±10 −308±10
Lu −1260.8±5.4 −710.0±2.5 −547±14 −335±10

Since most studies were made with indirect techniques assumptions had to be made on the
fraction of dimeric molecules in the vapour. Mass spectrometric data are available only for
La2F6 and Ce2F6 (Roberts and Searcy, 1972; Skinner and Searcy, 1971), and show a negli-
gible fraction (10−4) of dimeric molecules in the vapour. On the basis of these observations
we have derived the enthalpies of sublimation from the vapour pressure studies assuming only
monomeric molecules to be present. The sublimation enthalpy of the trifluorides does not vary
much in the lanthanide series (fig. 37), but there is a small distinction between the start and
the end of theLnF3 series. The values for LaF3 to NdF3 group around 440–430 kJ·mol−1,
the values for TbF3 to YbF3 around 450 kJ·mol−1. These two groups correspond to the two
different crystallographic modifications in theLnF3 series. The values of the compounds in
between are less well defined: for PmF3 to GdF3 only second-law values from mass spectro-
metric studies are available. These also group around 430 kJ·mol−1 except PmF3 which is
somewhat higher, probably due to the uncertainties in the result for that compound, that was
measured on a mixed (Pr1/3Pm1/3Sm1/3)F3 sample (Gibson and Haire, 1989).

Compared to the critical evaluation by Myers and Graves (1977b) the variation along the
LnF3 series is much more smooth, which we feel is mainly due to the improved thermody-
namic functions for the solid and gaseous phases derived in the present study.
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Fig. 38. The mean bond en-
ergy at 298.15 K of the lan-
thanide trifluorides.

The recommended enthalpies of formation of the gaseous trifluorides derived from these
values are shown in table 22. From these values the mean bond energy can be derived as one
third of the energy of the reaction:

(17)LnX3(g)= Ln(g)+ 3X(g).

Figure 38 shows the mean bond energy of gaseous trifluorides (for practical reasons expressed
as the mean bond enthalpy at 298.15 K). It reveals a regular pattern: the bond energies of LaF3,
GdF3 and LuF3 (f0, f7 and f14 configurations) are about equal, in between the bond energy
systematically decreases reaching the lowest values at EuF3 and YbF3, indicating that the
bond energy becomes weaker with increasing number of electrons in the first and second half
of the f shell. This pattern (including the plateau for Dy–Ho–Er) is typical for many atomic
properties of the lanthanide elements and ions (e.g., ionisation potential).

8.2. LnCl3

Also for the trichlorides a large number of vapour pressure studies have been made, and the
results of the third-law analysis are shown in table E.2 of Appendix E.

The formation ofLn2Cl6 dimers in the vapours ofLnCl3 (Ln= La, Eu, Lu) compounds has
been demonstrated by Hastie et al. (1968) by mass spectrometry. They found that the dimer
fraction, as derived from the ion-intensity data, is small for LaCl3 and EuCl3 (< 0.01), but
indicate a dimer fraction of∼ 0.02 in the vapour of LuCl3. Kudin et al. (1997, 2000) studied
the vapours of DyCl3, TbCl3, TmCl3 and YbCl3 by mass spectrometry. They concluded that
for DyCl3 and TbCl3 the dimer fraction can be significant (around 0.10 at 1600 K) whereas
for TmCl3 and YbCl3 it is negligible. These authors also found evidence for the existence of
higher polymers (trimers and tetramers) in vapour, but their contribution to the total vapour
pressure is negligible. Giricheva et al. (2000c, 2000b) found that the dimer fraction is 0.03 for
ErCl3 and 0.09 for LuCl3 by mass spectrometry. Kapala et al. (2002) studied the vapour phase
of CeCl3, PrCl3, NdCl3 and DyCl3 by mass spectrometry and found dimer fractions smaller
than 0.01 for the light lanthanide trichlorides, and∼ 0.02 in the vapour of DyCl3. The results
of Pogrebnoi et al. (2001) for CeCl3 and SmCl3 confirm this.

In the first approximation we have neglected the dimers in the vapour pressure analysis. On
the basis of the mass spectrometric results this seems to be justified for the light lanthanide
trichlorides, and good agreement is found for the enthalpies of sublimation derived from the
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various studies. For the heavy lanthanide trichlorides a comparison to the work of Kudin
et al. can be made. The enthalpies of sublimation derived from their results are, however,
very discordant. For DyCl3 and TmCl3 the difference in the enthalpies of sublimation is far
beyond the possible effect of dimers. A sensitivity analysis shows that a correction of the
monomer pressure of the effusion studies for a dimer fraction of 0.1 increases the enthalpy
of sublimation by 2–3 kJ·mol−1. But also for TbCl3 and YbCl3, for which the dimer effect
should be small on the basis of Kudin’s results, the agreement is poor. We therefore conclude
that in these studies the conversion of ion intensity to pressure may not be correct for the heavy
dimers. On the basis of these considerations and the absence of a reliable way to systematically
quantify the dimer fraction, we have neglected the possible dimer contribution in the analysis,
but have raised the uncertainty of the selected enthalpies of sublimation.

Figure 39 shows the variation in the sublimation enthalpy of the trichlorides. On first sight
the values for the crystallographic modifications in theLnCl3 series seem to be different, like
was the case for the trifluorides. The enthalpies of sublimation of the hexagonal trichlorides
LaCl3–NdCl3 are about 40 kJ·mol−1 higher than those of the monoclinic compounds. GdCl3
also has hexagonal crystal structure (fig. 2), but its enthalpy of sublimation is close to that of
the monoclinic forms. TbCl3 is orthorhombic, and its enthalpy of sublimation is also close
to the monoclinic series though fig. 11 suggest it is crystallographically more closely related
to the hexagonal series. The enthalpy of sublimation of PmCl3, SmCl3 and EuCl3 have been
estimated from these data assuming that the enthalpy of sublimation gradually decreases from
LaCl3 to GdCl3. The approximate values for EuCl3 by Moriarity (1963), although probably
subjected to decomposition, and for SmCl3 by Pogrebnoi et al. (2001) (the mass spectromet-
ric measurements by the group of Kudin are generally discordant as can be seen for TbCl3
and DyCl3 in table E.2) might indicate that this leads to a small overestimation. Accurate
measurements are needed to resolve this.

A distinct difference can be noted when the variation in the enthalpy of sublimation along
the LnCl3 series is compared to the results of the critical evaluation by Myers and Graves
(1977b). The trend for the lanthanide trichlorides is almost linear in our analysis which is not
the case in the analysis of Myers and Graves (1977b), who reported a pronounced difference
in enthalpy at the mid of the series separating the hexagonal and the monoclinic lanthanide
trichlorides. This observation can clearly be related to the distinct different entropies for the
solid phase that were selected here, based on new experimental results.

The recommended enthalpies of formation of the gaseous trichlorides derived from the
selected enthalpies of sublimation are shown in table 22. The mean bond energies derived
from these values is shown in fig. 40, which reveals the same pattern as for the trifluorides,
which should be explained by a f0-f7-f14 linear base variation and an excess contribution
which is related to the changes in the electronic nature of the lanthanide(III) ions.

8.3. LnBr3

The number of vapour pressure studies of the tribromides is significantly less. Gietmann et al.
(1996) systematically measured the vaporization of the lanthanide bromides using mass spec-
trometry, showing the importance of the dimeric molecules in the vapour. For the light lan-
thanide tribromides (La, Ce, Nd) the fraction of dimers is around 0.01, but for TbBr3 it is 0.03,
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Fig. 39. The sublimation en-
thalpies at 298.15 K of the lan-
thanide trichlorides.⊕ – exper-
imental results for SmCl3 and
EuCl3 that are not considered
(see text).

Fig. 40. The mean bond en-
ergy at 298.15 K of the lan-
thanide trichlorides.

for HoBr3 it is 0.08, and for ErBr3 and TmBr3 it is 0.10. The results of Zakharov et al. (2003)
for NdBr3 is in agreement with the above data (0.007) whereas Zakharov et al. (2001) found a
lower fraction for ErBr3 (0.025). As mentioned in the section for the chlorides, such fractions
would lead to an error of maximum 2–3 kJ·mol−1 in case the dimer contribution is neglected.

The enthalpies of sublimation for the monomer derived from Gietmann’s results are gen-
erally in reasonable agreement with the values from the indirect measurements although they
are almost systematically the lowest (contrary to what one expects), as shown in table E.3 of
Appendix E. A comparison with the torsion effusion data of Piacente and coworkers (Brunetti
et al., 1999, 2000; Villani et al., 2000a, 2000b; Piacente et al., 2002) for six lanthanide tribro-
mides, shows a difference of 4–10 kJ·mol−1, irrespectively of the dimer fraction. It is clear
that the effect of the neglect of dimers in the third-law analysis is of the same order as or
even smaller than the variation between the various authors, and this has been reflected in the
uncertainty. The variation in fig. 41 thus is partly due to systematic errors between the studies
which are not eliminated due to the limited number of studies, which is especially true for the
tribromides of Gd-Lu. Gietmann’s results indicate an almost constant value for this series, as
do the results of Makhmadmurodov et al. (1975).

The enthalpy of sublimation of PmBr3, SmBr3 and EuBr3 has been estimated to decrease
gradually from NdBr3 to GdBr3. The recommended enthalpies of formation of the gaseous
tribromides derived from the selected enthalpies of sublimation are shown in table 22. The
mean bond energies derived from these values are shown in fig. 42, which confirms the general
patterns found for the other trihalides.
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Fig. 41. The sublimation en-
thalpies at 298.15 K of the lan-
thanide tribromides.

Fig. 42. The mean bond en-
ergy at 298.15 K of the lan-
thanide tribromides.

8.4. LnI3

The early mass spectrometric studies for the lanthanide triiodides do not mention the dimer
formation (Hirayama and Castle, 1973), but in later studies this effect was considered. Hi-
rayama et al. (1976) found that the dimer fraction for LaI3 is negligible. Kaposi et al.
(1983, 1986) found the dimer fraction to be 0.05 and 0.03 for DyI3 and HoI3 respectively,
whereas Gietmann et al. (1996) found it to be 0.1 for HoI3. Struck and Feuersanger (1991),
Struck and Baglio (1992) reported mass spectra for CeI3 and TmI3 which demonstrate the
presence of dimers, with ion-intensity ratios of< 0.01 and∼ 0.03, respectively. The results
for the last compound are in contrast to the large fraction of dimers reported by Dettingmei-
jer and Dielis (1988) for TmI3: 0.21 at 880 K to 0.43 at 1010 K. As discussed by Struck
and Feuersanger (1991) quadrupole mass spectrometry, as used by Dettingmeijer and Dielis
(1988), is suspect as the conversion from ion current to equilibrium partial pressure is difficult.

In absence of a good way to quantify the dimer fraction of the triiodides and the indication
that it is probably below 0.1, the dimers have been neglected in the vapour pressure analysis
(table E.4 of Appendix E), similar to the chlorides and bromides. The effect of such small
fractions is within the variation between the results of these studies.

The sublimation enthalpy of triiodides vary in a similar way as that of the tribromides
(fig. 43), showing the same pattern as the trichlorides and tribromides. The enthalpy of subli-
mation of PmI3, SmI3 and EuI3 has been interpolated from the NdI3–GdI3 data; that of YbI3
and LuI3 taken close to the values of the TbI3–TmI3 series.

The recommended enthalpies of formation of the gaseous triiodides derived from these
values are shown in table 22, the mean bond energies derived from these values in fig. 44.
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Fig. 43. The sublimation en-
thalpies at 298.15 K of the lan-
thanide iodides.

Fig. 44. The mean bond en-
ergy at 298.15 K of the lan-
thanide triiodides.

8.5. Ln2X6 dimers

As was already discussed in the previous sections, dimeric molecules contribute significantly
(up to 10%) to the total vapour pressure of the lanthanide trihalides. However, experimental
information is only available for a few systems, which is often highly uncertain. As a result it
is difficult to predict trends in the lanthanide series or estimate unknown values.

The lanthanide tribromide series is an exception as Gietmann et al. (1996) made a
systematic study by mass spectrometry. The enthalpies of dimerisation derived from this
work are shown in fig. 45. They are almost constant along the series, especially consid-
ering that the uncertainty (in the experimental data but also in the thermal functions of
the gaseous dimers) is relatively large. Experimental data are also available for all the lan-
thanum trihalides (Roberts and Searcy, 1972; Hastie et al., 1968; Gietmann et al., 1996;
Hirayama et al., 1976), which permits one to investigate the dimerisation enthalpies as a func-
tion of the halide atom. In fig. 46 the enthalpies of dimerisation at 298.15 K derived from
these studies are plotted as a function of the atomic weight of the halide ion. It can be seen

Fig. 45. The enthalpies of
dimerisation at 298.15 K of
the lanthanide tribromides
as derived from the work of
Gietmann et al. (1996).
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Fig. 46. The enthalpies of dimerisation at 298.15 K of
the lanthanum trihalides.

that the dimerisation enthalpy increases linearly from F to I. These results are in excellent
agreement with the dimerisation energies (0 K) for LaX3 and DyX3 molecules calculated by
(Kovács, 2000). Although the dimerisation enthalpies seem to indicate the largest stability of
theLn2F6 molecules among theLn2X6 dimers, it should be realised, however, that the derived
dimerisation enthalpies refer to 298.15 K and the computations refer to 0 K and thus do not
include the entropy contribution that is important at the high temperatures of the experiments.

In absence of more detailed information we suggest therefore that for practical reasons
the enthalpies of dimerisation are treated constant in the different lanthanide halides series:
−233 kJ·mol−1 for the trifluorides,−213 kJ·mol−1 for the trichlorides,−185 kJ·mol−1 for
the tribromides, and−165 kJ·mol−1 for the triiodides.

9. Conclusions

In the present chapter we have presented a careful evaluation of the thermodynamic and re-
lated properties of the lanthanide trihalides. It is shown that the properties of these compounds
vary regularly within the four series (F to I) and in most cases clear trends are observed.

The melting points in all four lanthanide trihalide series exhibit a minimum which shift from
the heavy lanthanides to the light lanthanides as the atomic number of the halide increases.
In the fluoride series the minimum occurs at ErF3, in the chloride series at TbCl3, in the
bromide series probably at SmBr3, and in the iodide series at PrI3. This minimum concurs
with a change in the stable crystallographic structure, except for the bromide series in which
the high temperature polymorphic behaviour is not known.

The variation in the heat capacity and entropy of the solid lanthanide trihalides can be
described by a lattice contribution that linearly varies with atomic number within each crys-
tallographic class of compounds, and an excess contribution that depends on the electronic
configuration (crystal field) of the lanthanide ions. A distinct difference is observed between
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the heat capacity and entropy of the hexagonal and monoclinic lanthanide trichlorides, which
clearly correlates with a distinct difference in molar volume between the two modifications.
Both effects are absent in the lanthanide trifluoride series. The enthalpies of formation of the
solid lanthanide trihalides show a slight increase along the series, with anomalous values for
the Eu and Yb compounds, which is due to the fact that Eu and Yb metals have divalent
standard states and 88 and 46 kJ·mol−1, respectively, is necessary to form the trivalent state
(Gschneidner Jr., 1969; Johansson and Mårtensson, 1987).

The properties of the liquid lanthanide trihalides depend strongly on the atomic number of
the halide. The variation in the heat capacity of the lanthanide fluorides indicates a strongly
ionic behaviour of the melts with a concomittent irregular trend related to the electronic con-
figuration of the lanthanide ions. In the lanthanide chlorides, bromides and iodides the trend
becomes systematically more constant, indicating an increasing molecular nature of the melts.

The molecular parameters of the gaseous lanthanide trihalide molecules exhibit simple lin-
ear trends, with decreasing bond length and increasing vibrational frequencies as the atomic
number of the lanthanide ion increases. This is in agreement with the well-known lanthanide
contraction (Gschneidner Jr., 1989). TheLn–X bond energies of the lanthanide trihalide mole-
cules are about equal for LaX3, GdX3 and LuX3 (f0, f7 and f14 configurations) within each
halide series, but in between the bond energy systematically decreases reaching minimum
values at EuX3 and YbX3. This indicates that the bond energy becomes weaker with increas-
ing number of electrons in the first and second half of the f shell. This pattern is typical for
many atomic properties of the lanthanide elements and ions (e.g., ionisation potential). The
enthalpies of dimerisation for theLnX3 molecules are about constant within each halide series.

Although the literature on the thermodynamic and related properties of the lanthanide tri-
halides on which our evaluation and conclusions are based is extensive, it is far from complete.
As we have demonstrated in many instances the gaps in the experimental information can be
filled with estimates (e.g., the standard entropies and the enthalpies of formation) based on
the observed systematics. However, this is not always possible for the following reasons:
– The polymorphism of the trichlorides, tribromides and triiodides is not sufficiently well

known to make very reliable estimations and predictions at high temperatures. Further ex-
periments to solve the polymorphism of the middle of the series are required.

– The experimental basis for the recommended heat capacity of the tribromides and triiodides
is marginal and more low- as well as high-temperature heat capacity measurements are
required.

– The lack of auxiliary data such as crystal field energies for the tribromides and triiodides
further limits the value of the semi-empirical approach used here to estimate high tempera-
ture heat capacities.

– The experimental basis to derive the enthalpies of formation of the trifluorides is limited.
The data selected here are based on the results of a single laboratory. Reliable experiments
to verify the selected values and confirm the suggested trend are needed.

– The experimental data on the gaseous compounds are affected by the limited knowledge of
the dimer fraction in the vapour. A systemic study is only available for the tribromides.

In spite of these limits, the data presented here form a consistent and reliable basis for ther-
mochemical analysis and modelling.
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The information presented in this chapter will be included in the material property database
for f-elements and compounds (f -MPD) of the Institute of Transuranium Elements, which
is accessible through internet.3 Complete thermodynamic tables can be retrieved at that site,
which will be updated regularly with new information.

Appendix A. The transition and melting points of the lanthanide trihalides

Table A.1
Transition and melting temperatures for the lanthanide trifluorides

authors Ttrs/K Tfus/K
LaF3
Spedding and Daane (1960) 1766
Porter and Brown (1962) 1763
Robinson and Cripe (1966) 1768± 10
Jones and Shand (1968)a 1693
Spedding and Henderson (1971)b 1766± 3
Dworkin and Bredig (1971) 1768± 3
Nafziger et al. (1973) 1760± 2
Sobolev et al. (1976a) 1773
Greis and Cader (1985) 1773
Stankus et al. (2000) 1766
selected value: 1766± 3

CeF3
King and Christensen (1959) 1732
Spedding and Daane (1960) 1703
Porter and Brown (1962) 1710
Robinson and Cripe (1966) 1698± 10
Jones and Shand (1968)a 1670
Spedding and Henderson (1971)b 1703± 3
Sobolev et al. (1976a) 1716
Greis and Cader (1985) 1709
selected value: 1703± 3

PrF3
Spedding and Daane (1960) 1668
Robinson and Cripe (1966) 1673± 10
Jones and Shand (1968)a 1645
Spedding and Henderson (1971)b 1672± 3
Sobolev et al. (1976a) 1677
Greis and Cader (1985) 1674
selected value: 1670± 3

NdF3
Spedding and Daane (1960) 1647
Robinson and Cripe (1966) 1653± 10
Jones and Shand (1968)a 1620

continued on next page

3 http://www.f-elements.net

http://www.f-elements.net
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Table A.1,continued from previous page

authors Ttrs/K Tfus/K

Spedding and Henderson (1971)b 1650± 3
Sobolev et al. (1976a) 1645
Greis and Cader (1985) 1651
Stankus et al. (2000) 1649
selected value: 1649± 3
SmF3
Spedding and Daane (1960) 1579
Thoma and Burton (1966) 828
Jones and Shand (1968)a 852 1568
Spedding and Henderson (1971)b 762± 3 1571± 3
Gogadze et al. (1972a) 1583± 5
Sobolev et al. (1976a) 743 1577
Greis and Cader (1985) 753 1582
Stankus et al. (2000) ∼760 1572
selected value: 743± 3 1571± 3

EuF3
Spedding and Daane (1960) 1549
Thoma and Burton (1966) 973
Jones and Shand (1968)a 954 1536
Spedding and Henderson (1971)b 1549± 3
Greis and Cader (1985) 1125 1531
selected value: 973± 3 1549± 3

GdF3
Spedding and Daane (1960) 1504
Porter and Brown (1962) 1501
Thoma and Burton (1966) 1173
Jones and Shand (1968)a 1074 1516
Spedding and Henderson (1971)b 1347± 3 1503± 3
Zhigarnovskii and Ippolitov (1970a) 1338± 5 1478± 5
Gogadze et al. (1972b) 1293± 5
De Kozak et al. (1973) 1348± 5 1523± 5
Pastor and Robinson (1974) 1503
Sobolev et al. (1976a) 1343 1501
Greis and Cader (1985) 1338 1508
Stankus et al. (1999) 1310 1509± 3
selected value: 1347± 3 1501± 3

TbF3
Spedding and Daane (1960) 1445
Thoma and Burton (1966) 1223± 6
Jones and Shand (1968)a 1235 1477
Spedding and Henderson (1971)b 1446± 3
Sobolev et al. (1976a) 1439
Greis and Cader (1985) 1455
selected value: 1446± 3

continued on next page
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Table A.1,continued from previous page

authors Ttrs/K Tfus/K
DyF3
Spedding and Daane (1960) 1427
Thoma and Burton (1966) 1303± 6
Jones and Shand (1968)a 1418 1432
Spedding and Henderson (1971)b 1428± 3
Gogadze et al. (1972a) 1381± 5
Pastor and Robinson (1974) 1433
Sobolev et al. (1976a) 1420
De Kozak and Almai (1978) 1438
Greis and Cader (1985) 1433
Khairulin et al. (1998) 1427± 5
selected value: 1426± 3

HoF3
Spedding and Daane (1960) 1416
Thoma and Burton (1966) 1343± 6
Jones and Shand (1968)a 1407
Spedding and Henderson (1971)b 1416± 3
Shaimuradov et al. (1974) 1343 1418
Pastor and Robinson (1974) 1423
Sobolev et al. (1976a) 1413
Sobolev et al. (1976c) 1413± 5
Greis and Cader (1985) 1420
Stankus et al. (2000) 1416
selected value: 1416± 3

ErF3
Spedding and Daane (1960) 1413
Thoma and Burton (1966) 1348
Jones and Shand (1968)a 1372 1404
Spedding and Henderson (1971)b 1388± 3 1416± 3
Gogadze et al. (1972c) 1369± 5 1418± 5
Sobolev et al. (1976a) 1377 1407
Sobolev et al. (1976c) 1390 1413
Greis and Cader (1985) 1392 1420
Stankus et al. (2000) 1372 1414
selected value: 1388± 3 1413± 3

TmF3
Spedding and Daane (1960) 1431
Thoma and Burton (1966) 1303
Jones and Shand (1968)a 1298 1415
Spedding and Henderson (1971)b 1325± 3 1416± 3
Sobolev et al. (1976a) 1320 1432
Greis and Cader (1985) 1322 1431
selected value: 1325± 3 1431± 3

continued on next page
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Table A.1,continued from previous page

authors Ttrs/K Tfus/K
YbF3
Spedding and Daane (1960) 1430
Thoma and Burton (1966) 1258
Jones and Shand (1968)a 1245 1445
Zhigarnovskii and Ippolitov (1970b) 1273± 7
Spedding and Henderson (1971)b 1267± 3 1416± 3
Gogadze et al. (1972c) 1273± 5 1418± 5
Labeau et al. (1974) 1251 1438
Sobolev et al. (1976a) 1251 1428
Greis and Cader (1985) 1259 1445
Stankus et al. (1999) 1256 1440± 5
selected value: 1267± 3 1435± 5

LuF3
Spedding and Daane (1960) 1455
Thoma and Burton (1966) 1218
Jones and Shand (1968)a 1152 1456
Spedding and Henderson (1971)b 1230± 3 1457± 3
Sobolev et al. (1976a) 1226 1455
Greis and Cader (1985) 1216 1453
Stankus et al. (2000) 1220 1461
selected value: 1230± 3 1455± 3

aResults published in graphical form only.
bAlso reported by Henderson (1970).

Table A.2
Transition and melting temperatures for the lanthanide trichlorides

authors Ttrs/K Tfus/K
LaCl3
Spedding and Daane (1960) 1135
Dworkin and Bredig (1963a) 1131
Vogel and Schneider (1972) 1123
Nisel’son and Lyzlov (1976) 1125
Lyzlov and Nisel’son (1978) 1125
Seifert et al. (1985) 1117
Laptev et al. (1986) 1118
Igarashi and Mochinaga (1987) 1150
Gaune-Escard et al. (1994) 1127
selected value: 1133± 5

CeCl3
Spedding and Daane (1960) 1090
Dworkin and Bredig (1971) 1090
Nisel’son and Lyzlov (1976) 1104
Laptev et al. (1986) 1092
Seifert et al. (1988a) 1104
Gaune-Escard et al. (1994) 1086
selected value: 1090± 2

continued on next page
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Table A.2,continued from previous page

authors Ttrs/K Tfus/K
PrCl3
Spedding and Daane (1960) 1059
Dworkin and Bredig (1963a) 1059
Nisel’son and Lyzlov (1976) 1051
Laptev et al. (1986) 1051
Igarashi and Mochinaga (1987) 1059
Seifert et al. (1987) 1062
Gaune-Escard et al. (1994) 1061
selected value: 1060± 2

NdCl3
Spedding and Daane (1960) 1031
Druding and Corbett (1961) 1031
Dworkin and Bredig (1963a) 1032
Vogel and Schneider (1972) 1032
Nisel’son and Lyzlov (1976) 1027
Lyzlov and Nisel’son (1978) 1027
Laptev et al. (1986) 1043
Igarashi and Mochinaga (1987) 1029
Seifert et al. (1988b) 1037a

Gaune-Escard et al. (1994) 1032
selected value: 1032± 2

SmCl3
Spedding and Daane (1960) 955
Korshunov et al. (1964) 938
Vogel and Schneider (1972) 941
Nisel’son and Lyzlov (1976) 941
Laptev et al. (1986) 948
Thiel and Seifert (1988) 941
Rycerz and Gaune-Escard (2002a) 950
selected value: 950± 5

EuCl3
Spedding and Daane (1960) decomposes
Korshunov et al. (1966a) 896
Laptev et al. (1986) 893
Kiseleva et al. (1990) 905± 7
Seifert and Sandrok (1991) 893
Rycerz and Gaune-Escard (2002b) 894
selected value: 894± 3

GdCl3
Spedding and Daane (1960) 875
Harris and Veale (1965) 373± 10 873± 10
Korshunov and Drobot (1965) 882
Dworkin and Bredig (1971) 875
Vogel and Schneider (1972) 873

continued on next page
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Table A.2,continued from previous page

authors Ttrs/K Tfus/K
Nisel’son and Lyzlov (1976) 901
Lyzlov and Nisel’son (1978) 901
Garton and Walker (1982) 882
Igarashi and Mochinaga (1987) 875
Daniel et al. (1989) 870–875
Goryushkin et al. (1990) 886.1± 3.3
Seifert et al. (1991) 878
Gaune-Escard et al. (1994) 873
selected value: 872± 10 875± 2

TbCl3
Spedding and Daane (1960) 770 855
Korshunov et al. (1966a) 851
Dworkin and Bredig (1971) 783± 2 855± 2
Lyzlov and Nisel’son (1978) 801 868
Garton and Walker (1982) 860
Goryushkin et al. (1990) 793.1± 4.7 856.9± 4.7
Rycerz and Gaune-Escard (1999b) 790 854
Morrison et al. (2000) ∼ 783
selected value: 783± 5 855± 3

DyCl3
Spedding and Daane (1960) 920
Korshunov and Drobot (1965) 927
Dworkin and Bredig (1971) 924± 2
Lyzlov and Nisel’son (1978) 921
Garton and Walker (1982) 920
Igarashi and Mochinaga (1987) 928
Goryushkin et al. (1990) 929.4± 6.8
Gaune-Escard et al. (1996) 611 909
Reuter and Seifert (1994) 919
selected value: 611± 5 924± 3

HoCl3
Spedding and Daane (1960) 993
Korshunov et al. (1966b) 991
Dworkin and Bredig (1971) 993± 2
Garton and Walker (1982) 977
Goryushkin et al. (1990) 1014.3± 3.4
Roffe and Seifert (1997) 973
selected value: 993± 3

ErCl3
Spedding and Daane (1960) 1049
Korshunov et al. (1966b) 1037
Dworkin and Bredig (1971) 1049± 2
Vogel and Schneider (1972) 1035
Lyzlov and Nisel’son (1978) 1054
Goryushkin et al. (1990) 1064.0± 3.0

continued on next page
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Table A.2,continued from previous page

authors Ttrs/K Tfus/K
Büchel et al. (1995) 1024
Gaune-Escard et al. (1996) 1025 1046
Dudek and Seifert (2001) 1024
selected value: 1049± 5

TmCl3
Spedding and Daane (1960) 1097
Goryushkin et al. (1990) 1110.2± 3.5
Gaune-Escard et al. (1996) 1092
selected value: 1095± 3

YbCl3
Spedding and Daane (1960) 1138
Goryushkin et al. (1990) 1155.5± 1.6
selected value: 1138± 5

LuCl3
Spedding and Daane (1960) 1198
Lyzlov and Nisel’son (1978) 1177
Goryushkin et al. (1990) 1179.4± 2.4
selected value: 1198± 5

aValue taken from the graphs, in the text 1104 K is given.

Table A.3
Transition and melting temperatures for the lanthanide tribromides

authors Ttrs/K Tfus/K
LaBr3
Spedding and Daane (1960) 1062
Shimazaki and Niwa (1962) 1056
Dworkin and Bredig (1971) 1061± 2
Rycerz and Gaune-Escard (1999a) 1058
selected value: 1060± 3

CeBr3
Spedding and Daane (1960) 1005
Shimazaki and Niwa (1962) 1005
Thoma and Burton (1966) 995
Dworkin and Bredig (1971) 1005± 2
selected value: 1005± 2

PrBr3
Spedding and Daane (1960) 964
Dworkin and Bredig (1971) 966± 2
selected value: 965± 3

continued on next page



THERMODYNAMIC PROPERTIES OF THE LANTHANIDE(III) HALIDES 207

Table A.3,continued from previous page

authors Ttrs/K Tfus/K
NdBr3
Spedding and Daane (1960) 955
Shimazaki and Niwa (1962) 957
Dworkin and Bredig (1971) 955± 2
Cordfunke et al. (1999) 953.2± 0.3
selected value: 955± 2

SmBr3
Spedding and Daane (1960) 913
selected value: 913± 5

EuBr3
Spedding and Daane (1960) decomposes
Thoma and Burton (1966) 978
selected value: 978± 10

GdBr3
Spedding and Daane (1960) 1043
Thoma and Burton (1966) 1058± 2
selected value: 1043± 5

TbBr3
Spedding and Daane (1960) 1101
Thoma and Burton (1966) 1103± 2
selected value: 1102± 3

DyBr3
Spedding and Daane (1960) 1152
Cordfunke and Blacquère (1997) 1151.0± 1.5
selected value: 1152± 3

HoBr3
Spedding and Daane (1960) 1192
Dworkin and Bredig (1971) 1192± 2
Gietmann et al. (1996) 1202
selected value: 1192± 3

ErBr3
Spedding and Daane (1960) 1196
selected value: 1196± 5

TmBr3
Spedding and Daane (1960) 1227
Thoma and Burton (1966) 1228± 2
selected value: 1228± 3

LuBr3
Spedding and Daane (1960) 1298
Thoma and Burton (1966) 1233± 2
selected value: 1298± 5
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Table A.4
Transition and melting temperatures for the lanthanide triiodides

authors Ttrs/K Tfus/K
LaI3
Spedding and Daane (1960) 1045
Corbett et al. (1962) 1051.5
Shimazaki and Niwa (1962) 1034
Dworkin and Bredig (1971) 1051± 2
Kutscher and Schneider (1971) 1041
selected value: 1045± 3

CeI3
Spedding and Daane (1960) 1039
Corbett et al. (1962) 1033–1034
Dworkin and Bredig (1963a) 1033± 2
Konings and Kok-Scheele (1999) 1027± 1
selected value: 1033± 2

PrI3
Spedding and Daane (1960) 1010
Shimazaki and Niwa (1962) 1006
Dworkin and Bredig (1963a) 1011± 2
Kutscher and Schneider (1971) 1003
Corbett (1972) 1011
selected value: 1011± 2

NdI3
Spedding and Daane (1960) 1057
Druding and Corbett (1961) 847 1060
Shimazaki and Niwa (1962) 1048
Dworkin and Bredig (1963a) 847± 2 1060± 2
Kutscher and Schneider (1971) 836 1053
Corbett (1972) 1060
Cordfunke et al. (1999) 859.3± 0.6 1058.7± 0.6
selected value: 859± 3 1059± 2

SmI3
Spedding and Daane (1960) 1123
Kutscher and Schneider (1971) 943 1089–1097a

Molodkin et al. (1984) 1144–1155
Poshevneva et al. (2002) 1145± 9
selected value: 943± 10 1123± 5

GdI3
Spedding and Daane (1960) 1198
Mee and Corbett (1965) 1204
Kutscher and Schneider (1971) 1021 1213
Dworkin and Bredig (1971) 1013± 2 1204± 2
Corbett (1972) 1204
selected value: 1013± 5 1204± 3

continued on next page
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Table A.4,continued from previous page

authors Ttrs/K Tfus/K
TbI3
Spedding and Daane (1960) 1230
Dworkin and Bredig (1971) 1080± 2 1228± 2
selected value: 1080± 5 1229± 3

DyI3
Spedding and Daane (1960) 1251
Kutscher and Schneider (1971) 1246 1250
Corbett (1972) 1101 1256
Cordfunke and Blacquère (1997) 1251.5± 1.5
selected value: 1101± 5 1251± 3

HoI3
Spedding and Daane (1960) 1267
Gietmann et al. (1996) 1283
Goryushkin and Poshevneva (1996) 1266± 2
selected value: 1267± 5

ErI3
Spedding and Daane (1960) 1288
Corbett (1972) 1287
Goryushkin et al. (1999) 1282± 10
selected value: 1288± 3

TmI3
Spedding and Daane (1960) 1294
selected value: 1294± 5

LuI3
Spedding and Daane (1960) 1323
Goryushkin and Poshevneva (1992) 1313± 15
selected value: 1323± 5

aUnder decomposition.

Appendix B. The enthalpies of formation of the solid lanthanide trihalides

Table B.1
The enthalpy of formation of LaX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of La(cr) and

LaX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

LaF3
Polyachenok (1967) H −1695
Kondrat’evb S −1698.2±6.3
Khanaev et al. (1977) S −1630.1±5.0
Rezukhina et al. (1974) E −1731.8±5.0
Johnson et al. (1980) C −1699.5±2.0
selected value: −1699.5±2.0

continued on next page
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Table B.1,continued from previous page

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

LaCl3
Bommer and Hohmann (1941a, 1941b) S (0.1) −738.5±2.6 −132.2±0.1 −1105.1±2.6

−1072.2±2.7c

Lohr and Cunningham (1951) S (1.5) −695.0±5.9
Spedding and Flynn (1954) S (0.27) −705.7±0.2 −130.3±0.7 −1073.0±0.9
Montgomery (1959) S (0.51) −129.7±0.4 −1070.2±0.7d

−1070.3±1.6g

Fitzgibbon et al. (1965) S (1.0) −705.5±1.3
Gvelesiani and Yashvili (1967) S (1.0) −708.0±2.0

S (1.5) −708.8±1.4
Morss (1969) S (1.0) −703.3±3.8
Laptev et al. (1990) E −1066.9±1.1
Cordfunke and Booij (1995) S (1.0) −126.4±0.5 −1072.3±1.5e

−1071.1±1.4f

Oppermann et al. (1997) S (4.0) −111.8±0.4 −1065.9±0.6d

−1069.4±1.3g

Merli et al. (1998) S (1.0) −704.4±1.2
S (6.0) −707.8±1.2

selected value: −1071.6±1.5

LaBr3
Hurtgen et al. (1980) S (1.0) −158.5±0.2 −905.1±1.4e

−904.0±1.2f

S (0.1) −163.7±0.4 −902.3±0.7c

Oppermann et al. (1997) S (4.0) −146.1±0.4i −902.8±1.2d

selected value: −904.4±1.5

LaI3
Hohmann and Bommer (1941) S (0.1) −738.5±2.6 −200.6±0.7 −706.5±2.7

−671.9±1.7c

Furkaliouk et al. (1995) S (1.0) −667.9±1.6
[−196.6±1.1]h −673.9±1.6e

Oppermann et al. (1997) S (4.0) −167.5±0.4j −689.4±1.1d

selected value: −673.9±2.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3; H: high temperature equilibria.
bKondrat’ev Y.V., Thesis, University of Leningrad. Cited and recalculated by Johnson et al. (1980).
cUsing�H ◦1 from Spedding and Flynn (1954).
dCycle based on�fH

◦(La2O3(cr)).
eUsing�H ◦1 from Merli et al. (1998).
fUsing�H ◦1 from Fitzgibbon et al. (1965).
gUsing�H ◦1 extra- or interpolated from the results of Merli et al. (1998).
hDerived from Furkaliouk et al. (1995).
i In HBr(aq).
j In HI(aq).
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Table B.2
The enthalpy of formation of CeX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Ce(cr) and

CeX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

CeF3
Kholokhova and Rezukhina (1976) E −1732.6±4.2
selected value: −1689.2±5.0b

CeCl3
Bommer and Hohmann (1941a, 1941b) S (0.1) −726.8±2.9 −136.8±0.7 −1088.8±3.0

−1061.1±0.8c

Spedding and Miller (1952) S (0.24) −699.2±0.2 −137.1±0.4 −1059.6±0.5
S (0.37) −134.2±0.9

Montgomery (1962) S (1.5) −690.9±0.6 −129.4±0.3 −1058.9±0.7
Laptev et al. (1990) E −1029.2±0.7
Cordfunke and Booij (1995) S (0.24) −136.24±0.48 −1060.5±0.6c

selected value: −1059.7±1.5

CeBr3
Furkaliouk and Cordfunke (1996) S (0.25) −168.87±0.38 −891.5±0.8c

−891.4±1.0d

−890.7±1.7e

selected value: −891.2±1.5

CeI3
Hohmann and Bommer (1941) S (0.1) −726.8 −690.4±2.9

−206.8 −662.8
Furkaliouk and Cordfunke (1996) S (1.0) −669.4±0.9

[−200.0±0.9]f −667.3±1.0c

−666.4±1.9e

selected value: −666.8±3.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bSee main text for explanation of selected value.
cUsing�H ◦1 from Spedding and Flynn (1954).
dRecalculation of the reaction cycle in Cordfunke and Booij (1995) based on KCl/KBr.
eChloride cycle using�H ◦1(CeCl3) from Cordfunke and Booij (1995).
fDerived from the enthalpy of solution of a CeI3/KCl mixture.



212 R.J.M. KONINGS AND A. KOVÁCS

Table B.3
The enthalpy of formation of PrX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Pr(cr) and

PrX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

PrF3
Polyachenok (1967) H −1678
Kondrat’evb S −1689.0±6.3
Rezukhina et al. (1974) E −1712.0±5.0
Johnson et al. (1980) C −1689.1±2.6
selected value: −1689.1±2.6

PrCl3
Bommer and Hohmann (1941a, 1941b) S (0.1) −723.4±1.1 −141.8±2.2 −1081.1±2.5

−1061.8c

Lohr and Cunningham (1951) S (1.5) −687.9±9.6
Spedding and Flynn (1954) S (0.25) −704.1 −142.2±0.6 −1059.4

S (1.47) −692.8 −125.6±0.9 −1057.7
−1052.6±9.6d

Stubblefield (1969) S (1.0) −687.9±3.4
Fitzgibbon et al. (1973) S (2.0) −692.2±1.3
Laptev et al. (1990) E −1035.9±1.1
selected value: −1058.6±1.5

PrBr3
Hurtgen et al. (1980) S (1.0) −171.7±0.7 −874.3±3.4e

S (0.25) [−174.8±0.6]f −890.5±4.0c

S (0.1) −176.3±0.4 −889.9g

selected value: −890.5±4.0

PrI3
Hohmann and Bommer (1941) S (0.1) −723.4±1.1 −208.9±0.1 −683.1±1.1

−664.7±2.0c

selected value: −664.7±5.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3; H: high temperature equilibria.
bKondrat’ev Y.V., Thesis, University of Leningrad. Cited and recalculated by Johnson et al. (1980).
cUsing�H ◦1 from Spedding and Flynn (1954).
dUsing�H ◦1 from Lohr and Cunningham (1951).
eUsing�H ◦1 from Stubblefield (1969).
fEstimated by interpolation.
gUsing�H ◦1 from Bommer and Hohmann (1941a).
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Table B.4
The enthalpy of formation of NdX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Nd(cr) and

NdX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

NdF3
Polyachenok (1967) H −1653
Kondrat’evb S −1678.1±2.1
Kholokhova and Rezukhina (1976) E −1712.9±4.2
Khanaev et al. (1977) S −1650.6±4.6
Johnson et al. (1980) C −1679.4±1.9
Kim and Oishi (1980) C −1660.6±4.9
selected value: −1679.4±1.9

NdCl3
Bommer and Hohmann (1941a, 1941b) S (0.1) −717.1±4.3 −150.2±0.2 −1065.7±4.3

[−688.0±2.5]g −1036.6±2.5
Spedding and Miller (1952) S (0.25) −680.3±0.8 −148.7±0.4 −1029.0±0.9
Polyachenok and Novikov (1963a) S (0.2) −685.8±5.4 −154.8±0.8 −1028.9±5.5
Stuve (1965a) S (4.0) −693.6±0.9 −127.3±0.3 −1041.3±1.0
Popova and Monaenkova (1989) S (2.19) −686.8±1.0
Tiflova (1990) S (2.3) −690.8±1.6 −140.0±0.6 −1036.6±1.7
Cordfunke et al. (1996) S (2.3) −137.1±0.5 −1039.5±1.7c

[−692.8±2.0]g −1041.5±2.1d

S (4.0) −128.3±0.3 −1040.3±1.0e

[−695.1±2.0]g −1041.8±2.0d

Merli et al. (1998) S (1.0) −689.6±2.0
S (3.0) −693.9±1.3
S (6.0) −695.7±1.8

Hennig and Oppermann (1998) S (4.0) −127.5±0.3 −1037.1±0.6f

−1042.6±2.0d

selected value: −1040.9±1.0

NdBr3
Hurtgen et al. (1980) S (0.1) [−688.0±2.5]g −184.5±0.6 −865.6±2.6
Hennig and Oppermann (1999) S (4.0)g −169.9±0.2 −862.3±3.1g

selected value: −864.0±3.0

NdI3
Hohmann and Bommer (1941) S (0.1) −717.1±4.3 −215.7±0.2 −670.0±4.3

[−688.0±2.5]g −640.9±2.5
Hennig and Oppermann (2000) S (4.0)h −201.8±0.6 −637.4±1.6h

selected value: −639.2±4.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3; H: high temperature equilibria.
bKondrat’ev Y.V., Thesis, University of Leningrad. Cited and recalculated by Johnson et al. (1980).
cUsing�H ◦1 from Tiflova (1990).
dUsing�H ◦1 (interpolated) from Merli et al. (1998).
eUsing�H ◦1 from Stuve (1965a).
f In HBr(aq); cycle based on�fH

◦(Nd2O3(cr)).
gValue estimated by the present authors.
hIn HI(aq); cycle based on�fH

◦(Nd2O3(cr)).
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Table B.5
The enthalpy of formation of SmX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Sm(cr) and

SmX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

SmF3
Kim et al. (1977) C −1669.0±4.6
selected value: −1700.7±5.0b

SmCl3
Bommer and Hohmann (1941b) S (0.05) −163.2±0.2 −1025.9±1.7c

Machlan et al. (1955) S (6.0) −123.4±0.8
Montgomery and Hubert (1959) S (0.48) −158.5±1.0 −1025.1±1.8d

Gvelesiani and Yashvili (1967) S (0.7) −683.7±5.4
S (1.0) −682.6±2.4

Baker et al. (1972) S (2.0) −690.1±1.3
S (3.99) −689.5±3.8

Morss and Fahey (1976) S (2.0) −151.9 −1025.8±1.3e

Khanaev et al. (1987) S (0.05)f −689.6±1.7
Hennig and Oppermann (1997) S (4.0) −139.2±0.2 −1025.1±1.4d

−1025.3±3.8e

selected value: −1025.3±2.0

SmBr3
Hurtgen et al. (1980) S (1.0) −190.2±0.9 −850.5±2.6g

[−689.0±2.0]h −856.9±2.2
S (0.1) −195.4±0.8 −856.3±2.1c

selected value: −853.4±3.0

SmI3
Hohmann and Bommer (1941) S (0.05) −237.0±0.7 −621.5±1.8c

selected value: −621.5±4.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bSee main text for explanation of selected value.
cUsing�H ◦1 from Khanaev et al. (1987).
dCycle based on�fH

◦(Sm2O3(cr)).
eUsing�H ◦1 from Baker et al. (1972).
fThe measurements were carried out in HClO4(aq).
gUsing�H ◦1 from Gvelesiani and Yashvili (1967).
hEstimated.
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Table B.6
The enthalpy of formation of EuX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Eu(cr) and

EuX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

EuCl3
Bommer and Hohmann (1941b) S (0.1) −172.2±0.2 −872.3±2.9b

−1015.2±2.9c

Machlan et al. (1955) S (6.0) −129.3±0.8 −920.8±2.6d

Burnett and Cunningham (1964), Burnett (1964) S (0.1)−688.6±2.9
Stuve (1965b) S (4.0) −583.0±2.5e −143.6±0.4 −914.5±2.5

−936.6±2.9f

−936.1±2.1g

Stubblefield et al. (1965) S (6.0) −589.9±2.9
Fitzgibbon et al. (1972) S (4.0) −605.2±2.9
Hennig et al. (1998) S (4.0) −146.9±0.2 −893.6±2.1g

−911.2±2.5h

−933.4±2.9f

selected value: −935.4±3.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bUsing�H ◦1 from Burnett and Cunningham (1964).
cUsing�H ◦1 from Burnett and Cunningham (1964) neglecting the effect of oxygen in the HCl(aq) solution.
dUsing�H ◦1 from Stubblefield et al. (1965).
eTwo sets of measurements with different samples of Eu(cr).
fUsing�H ◦1 from Fitzgibbon et al. (1972).
gCycle based on�fH

◦(Eu2O3(cr)).
hUsing�H ◦1 from Stuve (1965b).

Table B.7
The enthalpy of formation of GdX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Gd(cr) and

GdX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

GdF3
Rudzitis and Deventer (1965) C −1700.8±1.3
Polyachenok (1967) H −1628
Kondrat’evb S −1672.2±2.1
Kholokhova and Rezukhina (1976) E −1713.3±4.6
Storozhenko et al. (1976) S −1646.5±3.2
Kim et al. (1978) C −1698.7±7.1
Johnson et al. (1980) C −1699.3±2.3
selected value: −1699.3±2.3

GdCl3
Bommer and Hohmann (1941a, 1941b) S (0.1) −706.3±2.3 −177.4±0.2 −1027.7±2.3

−1005.0±1.3c

Spedding and Flynn (1954) S (0.27) −683.6±1.3 −174.1±0.7 −1006.9±1.5
Daire (1968) S (1.0) −682.8±1.3
Yashvili and Gvelesiani (1971) S (6.0) −694.5±1.7

continued on next page
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Table B.7,continued from previous page

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

Tiflova et al. (1989) S (2.19) −684.9±0.4 −165.3±0.2 −1006.1±0.5
[−695.2±1.5]e −1016.3±1.5d

Furkaliouk et al. (1992) S (1.0) −683.7±0.7
Laptev et al. (1993) E −1009.8±1.1
Merli et al. (1998) S (1.0) −694.9±1.0 −170.5±0.7 −1017.5±1.3

S (6.0) −696.1±1.1
S (6.1) −136.4±0.7 −1018.9±1.3

selected value: −1018.2±1.5

GdBr3
Hurtgen et al. (1980) S (1.0) −214.8±0.7 −827.0±1.6c

−838.2±1.8d

S (0.27) [−218.4±1.1] −826.3±2.0f

S (0.1) −219.9±1.1
selected value: −838.2±2.0

GdI3
Hohmann and Bommer (1941) S (0.1) −706.3±2.3 −256.0±2.5g −618.9±3.4
Furkaliouk et al. (1992) S (1.0) −688.2±0.8 −236.9±0.3 −612.9±0.9

S (0.1) −624.1±1.1d

selected value: −624.1±3.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3; H: high temperature equilibria.
bKondrat’ev Y.V., Thesis, University of Leningrad. Cited and recalculated by Johnson et al. (1980).
cUsing�H ◦1 from Spedding and Flynn (1954).
dUsing�H ◦1 from Merli et al. (1998).
e�H ◦1 estimated from the results of Merli et al. (1998).
fThe value obtained by combining�H ◦2 interpolated from the results of Hurtgen et al. (1980) and�H ◦1 from Sped-
ding and Flynn (1954).
gThe value corrected to 298.15 K.

Table B.8
The enthalpy of formation of TbX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Tb(cr) and

TbX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

TbF3
Kholokhova and Rezukhina (1976) E −1707.9±5.0
Storozhenko et al. (1976) S −1623.3±3.8
selected value: −1695.9±5.0

TbCl3
Stuve (1967a) S (4.0) −689.9 −167.9 −997.1
Fitzgibbon and Holley Jr. (1968) S (1.0) −701.7±2.5

continued on next page
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Table B.8,continued from previous page

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

Morss (1976) S (0.89) −696.2 −181.5 −1008.6b

−1013.9c

−1009.2d

−998.2e

Bettonville et al. (1987) S (1.0) −697.0±1.2
Furkaliouk et al. (1993) S (1.0) −686.0±0.6
selected value: −1010.6±3.0

TbBr3
Bettonville et al. (1987) S (1.0) −697.0±1.2 −216.0±1.5 −842.1±2.0

−841.5f

−846.8±3.0c

selected value: −843.5±3.0

TbI3
Furkaliouk (1993) S (1.0) −682.7±0.4 −240.7±0.3 −608.1±0.5
Furkaliouk et al. (1993) S (1.0) −686.0±0.6 −240.7±0.3 −611.4±0.7

−621.8f

−627.1±1.2c

−622.4±2.5d

selected value: −623.8±3.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bQuoted in Morss (1976).
cUsing�H ◦1 from Fitzgibbon and Holley Jr. (1968).
dUsing�H ◦1 from Bettonville et al. (1987).
eUsing�H ◦1 from Furkaliouk et al. (1993).
fUsing�H ◦1 from Morss (1976).

Table B.9
The enthalpy of formation of DyX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Dy(cr) and

DyX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

DyF3
Storozhenko et al. (1976) S −1640.2±4.5
Kim et al. (1980) C −1678±8
Johnson et al. (1980) C −1692.0±1.9
selected value: −1692.0±1.9

DyCl3
Bommer and Hohmann (1941a, 1941b) S (0.1)b −695.5±0.2 −197.9±0.4 −996.4±0.5
Morss (1976)c S (4.0) −692.4 −180.4 −987.0

−989.9±3.0d

continued on next page
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Table B.9,continued from previous page

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

Huber Jr. et al. (1971) S (4.0) −695.3±2.9
Morss and Fahey (1976) S (4.0) −691±9 −180.4±1.1 −985.6±9.1
Monaenkova et al. (1989) S (2.19) −704.2±0.6 −190.7±0.2 −999.9±0.7
Tiflova (1990) S (1.07) −701.0±0.6 −198.8±0.3 −995.0±0.7

S (4.01) −706.5±0.4 −177.2±0.5 −1004.4±0.7
−993.1±3.0d

−992.9±3.1e

Cordfunke et al. (1996) S (4.0) −699.4±1.3 −180.1±0.2 −994.4±1.3
−990.0±3.0e

selected value: −993.1±3.0

DyBr3
Bommer and Hohmann (1941a) S (0.1)b −694.0±0.2
Hurtgen et al. (1980) S (1.0) −218.9±0.2 −840.2±0.7f

S (0.1) −223.2±1.4 −834.4±1.5g

S (0.1) −223.2±1.4 −838.3±1.7h

Cordfunke and Booij (1997) S (1.0) −835.0±1.5
[−224.9±0.4]i −834.3±2.2h

selected value: −834.3±3.0

DyI3
Hohmann and Bommer (1941) S (0.1)b −694.8±0.2 −256.7±1.0 −606.7±1.0
Morss and Spence (1992) S (1.0) −691±9 −242±8 −615.1±12.0
Cordfunke and Booij (1997) S (1.0) −619.3±1.8

[−248.9±0.4]i −616.7±2.1h

Leonidov and Furkalyuk (1999) S (4.0) −229.0±0.6 −621.7±1.4j

selected value: −616.7±3.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bThe measurements were carried out at 294 K.
cCited in Morss (1976).
dUsing�H ◦1 from Huber Jr. et al. (1971).
eCycle based on�fH

◦(Dy2O3(cr)).
fUsing�H ◦1 from Tiflova (1990).
gUsing�H ◦1 from Bommer and Hohmann (1941a).
hCycle based on�fH

◦(CeCl3(cr)).
iEstimated from Cordfunke and Booij (1997).
jUsing�H ◦1 from Cordfunke and Booij (1997).
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Table B.10
The enthalpy of formation of HoX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Ho(cr) and

HoX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

HoF3
Rudzitis and Deventer (1965) C −1700.8±4.2
Kim and Oishi (1979) C −1698±6
Johnson et al. (1980) C −1697.8±2.3
selected value: −1697.8±2.3

HoCl3
Bommer and Hohmann (1941a) S (0.1) −686.2 −209.2 −975.8
Stuve (1967a) S (4.0) −710.5±7.1 −180.5±0.3 −1005.1±7.1
Morss (1976)b S (0.87) −698.3 −202.3 −980.8

−997.4d

Bettonville et al. (1987) S (1.0)c −705.9±1.9
Lezhava (1992) S (1.07) −704.5±2.2 −199.2±0.8 −998.0±2.4
selected value: −997.7±2.5

HoBr3
Bettonville et al. (1987) S (1.0)d −705.9±2.4 −221.9±1.2 −842.1±2.7
selected value: −842.1±3.0

HoI3
Bommer and Hohmann (1941a) S (0.1) −686.2 −259.4 −596.4
Lezhava (1992) S −255.1±1.2 −622.9±3.2
selected value: −622.9±3.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bQuoted in by Morss (1976).
cTwo different samples of Ho(cr) were used.
dUsing�H ◦1 from Bettonville et al. (1987).

Table B.11
The enthalpy of formation of ErX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Er(cr) and

ErX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

ErF3
Polyachenok (1967) H −1582
Kondrat’evb S −1635.0±8.4
Kim et al. (1979) C −1669±6
Johnson et al. (1980) C −1693.6±1.9
selected value: −1693.6±1.9

ErCl3
Bommer and Hohmann (1941a, 1941b) S (0.1) −680.1±3.1 −207.3±0.2 −971.6±3.1
Spedding and Flynn (1954) S (1.42) −661.4±0.9 −193.3±0.4 −958.9±1.0
Montgomery and Stuve (1961) S (1.4) −201.9±0.9 −994.5±1.7c

−994.3±2.8d

Gamanovich and Glybin (1974)c S (2.03) −201.7±1.2
Fuger et al. (1980) S (1.43) −705.6±1.4 −201.7±0.2 −994.6±1.4

continued on next page
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Table B.11,continued from previous page

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

Tiflova (1990)e S (2.19) −681.9±0.7 −197.3±0.2 −971.1±0.8
S (2.19) −682.9±1.8 −197.3±0.2 −972.1±1.8

Furkaliouk et al. (1993) S (1.0) −681.8±0.7
Merli et al. (1998) S (6.0) −707.0±1.2
selected value: −994.4±2.0

ErBr3
Hurtgen et al. (1980) S (1.0) [−705.0±3.0]f −226.0±0.5 −837.1±3.0
selected value: −837.1±3.0

ErI3
Bommer and Hohmann (1941a) S (0.1) −680.1±3.1 −261.1±0.6 −587.6±3.2
Furkaliouk and Cordfunke (1996) S (1.0) −681.8±0.7 −252.1±0.2 −595.8±0.7

[−705.0±3.0]f −619.0±3.0f

selected value: −619.0±3.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3; H: high temperature equilibria.
bKondrat’ev Y.V., Thesis, University of Leningrad. Cited and recalculated by Johnson et al. (1980).
cUsing�H ◦1 from Fuger et al. (1980).
dBased on the enthalpy of solution of Er2O3.
eTwo sets of measurements with different samples of Er(cr).
fThe value estimated from the results of Fuger et al. (1980) and Merli et al. (1998).

Table B.12
The enthalpy of formation of TmX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Tm(cr) and

TmX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

TmF3
Kim et al. (1980) C −1656±7
selected value: −1693.7±5.0b

TmCl3
Bommer and Hohmann (1941a, 1941b) S (0.1) −675.7±0.4 −212.9±0.1 −961.6±0.5
Stuve (1967b) S (4.0) −698.0±1.3 −186.6±0.9 −986.5±1.6
Morss (1976)c −705.7 −205.8 −993.8
Lezhava (1992)d S (1.07) −709.3±0.8 −203.3±0.4 −998.7±0.9
selected value: −996.3±2.5

TmI3
Hohmann and Bommer (1941) S (0.1) −675.7±0.4 −261.9 −583.4
Lezhava (1992) S (H2O) −261.8±1.8 −619.7±3.5e

selected value: −619.7±3.5

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bSee main text for explanation.
cQuoted in Morss (1976).
dTwo sets of measurements with different samples of Tm(cr).
eBased on�fH

◦(Tm3+, aq) (Cordfunke and Konings, 2001a).
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Table B.13
The enthalpy of formation of YbX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Yb(cr) and

YbX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

YbF3
Kim et al. (1978) C −1569.8±7.1
selected value: −1655.1±3.0b

YbCl3
Bommer and Hohmann (1941a) S (0.05) −213.2±0.2
Machlan et al. (1955) S (6.0) −165.7±1.3 −959.4±1.7c

Stuve (1967b) S (4.0) −671.7±2.8 −187.2±0.8 −959.5±2.9
Bettonville et al. (1987) S (6.0) −664.9±1.1
selected value: −959.5±3.0

YbBr3
Burgess and Kijowski (1981) S (H2O) −253.3±3.2 −787.2±4.4e

Bettonville et al. (1987) S (6.0) −664.9±1.1 −199.9±1.4 −792.6±1.8
S (1.0) [−663.0±3.0]d −229.8±1.5 −791.9±3.4

selected value: −791.9±5.0

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bSee main text for explanation.
cUsing�H ◦1 from Bettonville et al. (1987).
dEstimated by Cordfunke and Konings (2001b).
eBased on�fH

◦(Yb3+, aq) (Cordfunke and Konings, 2001a).

Table B.14
The enthalpy of formation of LuX3(cr) at 298.15 K;�H ◦1 and�H ◦2 are the enthalpies of solution of Lu(cr) and

LuX3(cr) in HCl(aq), respectively

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

LuF3
Kholokhova and Rezukhina (1976) E −1700.8±5.0
selected value: −1679.9±5.0b

LuCl3
Bommer and Hohmann (1941a)b S (0.1) −670.7 −214.6 −954.9
Morss (1976)c S (0.89) −700.0 −208.1 −985.6

−973.3d

−987.9e

Tiflova (1990) S (2.19) −694.9±1.0 −199.5±0.3 −981.9±1.1
[−702.7±2.5]f −989.7±2.6

Furkaliouk et al. (1993) S (1.0) −687.7±0.5
Merli et al. (1998) S (1.0) −702.3±2.2 −210.5±0.70 −984.9±2.3

S (3.0) −703.1±1.3
S (6.0) −703.9±2.2 −175.9±0.90 −988.2±3.0

selected value: −987.1±2.5
continued on next page
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Table B.14,continued from previous page

authors methoda �H ◦1/kJ·mol−1 �H ◦2/kJ·mol−1 �fH
◦/kJ·mol−1

LuI3
Hohmann and Bommer (1941)b S (0.1) −670.7 −279.8 −559.5
Furkaliouk and Cordfunke (1996) S (1.0) −685.0±0.5 −263.3±0.4 −587.8±0.7

−605.1±2.2e

selected value: −605.1±2.2

aE: e.m.f. measurements, S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol·dm−3.
bSee main text for explanation.
cQuoted by Morss (1976).
dUsing�H ◦1 from Furkaliouk and Cordfunke (1996).
eUsing�H ◦1 from Merli et al. (1998).
fEstimated value.

Appendix C. Experimental data for the liquid trihalides

Table C.1
Experimental results for the enthalpy of fusion and heat capacity of the liquid lanthanide trichlorides

compound �fusH
◦ Cp(liq)

/kJ·mol−1 /J·K−1·mol−1

LaCl3
Dworkin and Bredig (1963a) 54.4 157.7
Savin et al. (1979) 31.0± 2.1 349.4
Gaune-Escard et al. (1994) 55.7
selected value: 55.0 157.7

CeCl3
Walden and Smith (1961) 53.6 161.05
Savin and Mikhailova (1981) 33.5
Gaune-Escard et al. (1994) 55.5
selected value: 53.6 161.05

PrCl3
Dworkin and Bredig (1963a) 50.6 133.9
Savin et al. (1979) 28.9± 2.1 179.9
Gaune-Escard et al. (1994) 49.1 155.28
selected value: 49.9 155.3

NdCl3
Dworkin and Bredig (1963a) 50.2 146.4
Savin and Mikhailova (1981) 33.5
Gaune-Escard et al. (1994) 48.1 149.53
selected value: 49.2 149.5

SmCl3
Rycerz and Gaune-Escard (2002a) 47.6 145.26
selected value: 47.6 145.26

continued on next page
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Table C.1,continued from previous page

compound �fusH
◦ Cp(liq)

/kJ·mol−1 /J·K−1·mol−1

EuCl3
Rycerz and Gaune-Escard (2002b) 45.0 155.96
selected value: 45.0 149.5

GdCl3
Dworkin and Bredig (1963b) 40.2 141.0
Dworkin and Bredig (1971) 40.6 139.52
Goryushkin et al. (1990) 60.3± 12
Gaune-Escard et al. (1994) 40.6 139.89
selected value: 40.6 139.7

DyCl3
Dworkin and Bredig (1971) 25.5 144.77
Goryushkin et al. (1990) 36.5± 7.3
Gaune-Escard et al. (1996) 27.6 159.43
selected value: 25.5 144.77

TbCl3
Dworkin and Bredig (1963b) 19.5 144.47
Goryushkin et al. (1990) 31.6± 6.3
Rycerz and Gaune-Escard (1999b) 20.8 139.27
selected value: 19.5 144.77

HoCl3
Dworkin and Bredig (1963b) 29.3 147.7
Dworkin and Bredig (1971) 32.6 148.66
Goryushkin et al. (1990) 37.9± 7.6
selected value: 32.6 148.66

ErCl3
Dworkin and Bredig (1963b) 32.6 141.0
Gaune-Escard et al. (1996) 31.1
Goryushkin et al. (1990) 38.5± 7.7
selected value: 141.0

TmCl3
Goryushkin et al. (1990) 46.9± 9.4
Gaune-Escard et al. (1996) 35.6
selected value: 35.6 141.0

YbCl3
Goryushkin et al. (1990) 58.1± 11.6
selected value: 37.6

LuCl3
Goryushkin et al. (1990) 59.3± 11.9
selected value: 39.5
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Appendix D. Molecular parameters of the lanthanide trihalides

Table D.1
Experimental structural parameters and vibrational frequencies of the lanthanide trifluorides; bond distances in pm, bond angles in degrees, frequencies in cm−1

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

LaF3
Akishin et al. (1959) ED/gas (ra ) D3h 222(3)
Hargittai (1999) ED/gas (rα) 213(6)
Wesley and DeKock (1971) IR/matrix (Ar) D3h 84 478 120

IR/matrix (Kr) D3h 474
IR/matrix (N2) D3h 84 457 116

Hastie et al. (1975) IR/matrix (Ne) C3v 527.9 81 496.6 130
IR/matrix (Ar) C3v 513.0 83 479.0 121.1
IR/matrix (N2) C3v 490 94 459 112
IR/gas (estimated) C3v 540(10) 82(10) 510(10) 125(10)

CeF3
Wesley and DeKock (1971) IR/matrix (Ar) D3h 86 483

IR/matrix (Kr) D3h 479
IR/matrix (N2) D3h 86 465 116

Hastie et al. (1975) IR/matrix (Ne) C3v 536.9 78 505.3
IR/matrix (Ar) C3v 521.5 94 488.3 134
IR/matrix (N2) C3v 506 82 468 121
IR/gas (estimated) C3v 549(8) 80(15) 519(8) 115(15)

PrF3
Zasorin (1988) ED/gas(rg) C3v 209.1(3) 102.6(28)

ED/gas(re) C3v 205.6(5) 105.0(15)
Wesley and DeKock (1971) IR/matrix (Ar) D3h 542 86 458 99

IR/matrix (Kr) D3h 538 455
IR/matrix (N2) D3h 86 488 118

Lesiecki et al. (1972) Raman/matrix (Ar) D3h 526 458 99
IR/matrix (Ar) D3h 542 86 458 99

continued on next page
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Table D.1,continued from previous page

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

NdF3
Wesley and DeKock (1971) IR/matrix (Ar) D3h 86 502 118

IR/matrix (Kr) D3h 499
IR/matrix (N2) D3h 86 482 123

Hastie et al. (1975) IR/matrix (Ne) C3v 544.9 81 521.4 121
IR/matrix (Ar) C3v 529.7 87 503.7 119
IR/matrix (N2) C3v 505 103 483 124
IR/gas (estimated) C3v 557(10) 80(15) 535(10) 115(15)

SmF3
Wesley and DeKock (1971) IR/matrix (Ar) D3h 92 508 123

IR/matrix (Kr) D3h 504
IR/matrix (N2) D3h 491

EuF3
Wesley and DeKock (1971) IR/matrix (Ar) D3h 94 511 124

IR/matrix (Kr) D3h 507
IR/matrix (N2) D3h 502

Hastie et al. (1975) IR/matrix (Ne) C3v 557.5 89 529.5 133
IR/matrix (Ar) C3v 542.4 94.0 511.7 127
IR/matrix (N2) C3v 532 101 504 120
IR/gas (estimated) C3v 572(10) 90(15) 544(10) 120(10)

GdF3
Zasorin (1988) ED/gas (rg) C3v 205.3(3) 108.4(24)

ED/gas (re) C3v 201.6(6) 109.9(23)
Hastie et al. (1975) IR/matrix (Ne) C3v 560.2 94 537.3 138

IR/matrix (Ar) C3v 544.7 100 519.2 133
IR/matrix (N2) C3v 532 116 500 143
IR/gas (estimated) C3v 583(10) 95(15) 552(10) 130(10)

TbF3
Hauge et al. (1971) IR/matrix (Ne) C3v 566.7 540.1

IR/matrix (Ar) C3v 551.1 523.1
IR/matrix (N2) C3v 509

continued on next page
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Table D.1,continued from previous page

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

DyF3
Bencze et al. (1996) IR/matrix (Ar) C3v 554.4 531.6

IR/matrix (N2) C3v 540.2 513
HoF3
Zasorin (1988) ED/gas(rg) C3v 200.7(3) 105.8(24)

ED/gas (re) C3v 197.8(10) 108.2(32)
Hauge et al. (1971) IR/matrix (Ne) C3v 572.4 94 554.0 122

IR/matrix (Ar) C3v 556.7 104 535.6 119
IR/matrix (N2) C3v 124 516 143

ErF3
Bencze et al. (1996) IR/matrix (Ar) C3v 560.7 539.4

IR/matrix (N2) C3v 546.0 524
TmF3
Bencze et al. (1996) IR/matrix (Ar) C3v 566.2 544.8

IR/matrix (N2) C3v 547 529
YbF3
Hauge et al. (1971) IR/matrix (Ne) C3v 584.1 100 564.7 144

IR/matrix (Ar) C3v 568.5 546.4
IR/matrix (N2) C3v 526

LuF3
Hauge et al. (1971) IR/matrix (Ne) C3v 585.4 101 570.5 150

IR/matrix (Ar) C3v 569.6 112 552.2 144
IR/matrix (N2) C3v 121 530 149
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Table D.2
Experimental structural parameters and vibrational frequencies of the lanthanide trichlorides; bond distances in pm, bond angles in degrees, frequencies in cm−1

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

LaCl3
Zasorin (1988) ED/gas(rg) C3v 258.9(5) 112.8(17)

ED/gas(re) C3v 253.8(9) 115.4(20)
Spiridonov et al. (1990) ED/gas(re) C3v 256.0(6) 116.5(3)
Girichev (2002) ED/gas(rg) D3h 258.9(6) 116.7(12)
Selivanov et al. (1973) IR/gas 316
Perov et al. (1975) IR/matrix (Xe) D3h 52 300 74
Kovács and Konings (1997a) IR/gas 59 317
CeCl3
Krasnov (1979) ED/gas C3v 256.9(10) 111.6(20)
Kovács and Konings (1997b) IR/gasa 58 321
PrCl3
Zasorin (1988) ED/gas(rg) C3v 255.4(5) 112.5(15)

ED/gas(re) C3v 251.0(9) 114.3(20)
Selivanov et al. (1973) IR/gas 320
NdCl3
Selivanov et al. (1973) IR/gas 324
Wells Jr. et al. (1977) IR/gas D3h 349 177 301 120
Feltrin and Cesaro (1996) IR/matrix (Ar) D3h 328.3
Kovács and Konings (1997b) IR/gasa 60 327
SmCl3
Kovács and Konings (1997b) IR/gasa 61 331
GdCl3
Zasorin (1988) ED/gas(rg) C3v 248.8(5) 112.3(12)

ED/gas(re) C3v 244.5(7) 113.5(21)
Giricheva et al. (2000d) ED/gas(rg) D3h 247.4(5) 117.0(11)
Selivanov et al. (1973) IR/gas 326
Perov et al. (1975) IR/matrix (Xe) D3h 53 318 82
Kovács and Konings (1997b) IR/gasa 64 337

continued on next page
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Table D.2,continued from previous page

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

TbCl3
Zasorin (1988) ED/gas(rg) C3v 247.6(5) 111.2(15)

ED/gas(re) C3v 243.8(8) 112.9(19)
Girichev (2002) ED/gas(rg) D3h 247.1(5) 115.5(11)
DyCl3
Hargittai (2000) ED/gas(rg) 246.1(8)
Feltrin and Cesaro (1996) IR/matrix (Ar) D3h 340.2
Groen (2002) Raman/matrix (Xe) 318

IR/matrix (Xe) 324.2
Kovács and Konings (1997b) IR/gasa 65 340
HoCl3
Zasorin (1988) ED/gas(rg) C3v 246.2(5) 111.7(15)

ED/gas(re) C3v 242.5(9) 112.6(19)
Loktyushina et al. (1987) IR/matrix (Ar) 340
ErCl3
Giricheva et al. (2000c) ED/gas(rg) C3v 243.0(5) 112.3(12)

ED/gas(re) C3v 239.3(5)
Perov et al. (1975) IR/matrix (Xe) D3h 328
TmCl3
Giricheva et al. (2000a) ED/gas(rg) D3h 242.2(6) 116.2(14)
Feltrin and Cesaro (1996) IR/matrix (Ar) D3h 346.1
LuCl3
Zasorin (1988) ED/gas(rg) 241.7(6) 111.5(20)

ED/gas(re) 237.4(10) 114.5(24)
Giricheva et al. (2000b) ED/gas(rg) 240.3(5) 117.9(13)

ED/gas(rα) D3h 236.7(6) 120.2(15)
Perov et al. (1975) IR/matrix (Xe) D3h 60 331 88

aRe-interpretation of the gas-phase spectra presented by Kovács et al. (1995).
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Table D.3

Experimental structural parameters and vibrational frequencies of the lanthanide tribromides; bond distances in pm, bond angles in degrees, frequencies in cm−1

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

LaBr3
Giricheva et al. (1977) ED/gas(rg) C3v 274.1(5) 115.5(20)
Zasorin (1988) ED/gas(rg) C3v 274.2(4) 114.3(17)

ED/gas(re) C3v 269.3(10) 115.0(23)
Kovács and Konings (1997a) IR/gas ca.30 232
PrBr3
Girichev et al. (2002) ED/gas(rg) D3h 269.6(6) 114.7(10)
NdBr3
Zakharov et al. (2003) ED/gas(rg) D3h 267.5(6) 115.0(12)
Wells Jr. et al. (1977) IR/gas D3h 220 120 188 80
GdBr3
Zasorin (1988) ED/gas(rg) C3v 264.1(4) 113.7(20)

ED/gas(re) C3v 259.0(9) 115.2(23)
Loktyushina and Mal’tsev (1984) IR/matrix (Xe) 255

IR/matrix (Ar) 238
DyBr3
Hargittai (2000) ED/gas(rg) 260.9(8)
Feltrin and Cesaro (1996) IR/matrix (Ar) D3h 243.1
Groen (2002) IR/gas 44 243

IR/matrix (Kr) 237.2
IR/matrix (Xe) 229.4
Raman/matrix (Kr) 210 237
Raman/matrix (Xe) 202 227 47

HoBr3
Girichev et al. (2002) ED/gas(rg) D3h 259.5(6) 115.3(11)
Loktyushina et al. (1987) IR/matrix (Ar) 241.5
ErBr3
Zakharov et al. (2001) ED/gas(rg) D3h 258.2(6) 116.0(14)

ED/gas(re) D3h 256.1(9) 120(2)
TmBr3
Feltrin and Cesaro (1996) IR/matrix (Ar) D3h 249.9

continued on next page
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Table D.3,continued from previous page

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

LuBr3
Zasorin (1988) ED/gas(rg) C3v 255.7(4) 115.0(11)

ED/gas(re) C3v 251.6(8) 117.2(17)
Loktyushina and Mal’tsev (1984) IR/matrix (Xe) 231

IR/matrix (Ar) 245

Table D.4
Experimental structural parameters and vibrational frequencies of the lanthanide triiodides; bond distances in pm, bond angles in degrees, frequencies in cm−1

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

LaI3
Hargittai (1999) ED/gas(rα) 286(3)
Kovács and Konings (1997a) IR/gas ca.25 191
CeI3
Molnár et al. (1996) ED/gas(rg) D3h 294.8(9)

IR/gas D3h ca.25a 191(10)
PrI3
Zasorin (1988) ED/gas(rg) C3v 290.1(4) 113.4(13)

ED/gas(re) C3v 285.4(7) 113.7(19)
NdI3
Zasorin (1988) ED/gas(rg) C3v 287.9(4) 113.8(11)

ED/gas(re) C3v 283.5(8) 113.9(16)
Ezhov et al. (2000) ED/gas(rg) D3h 287.3(4) 118.6(11)

ED/gas(re) D3h 286.6(5) 118(2)
Wells Jr. et al. (1977) IR/gas D3h 195 98 141 72

continued on next page
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Table D.4,continued from previous page

authors method symmetry r(Ln–X) � (X–Ln–X) vibrational frequencies

ν1(A1) ν2(A1) ν3(E) ν4(E)

GdI3
Zasorin (1988) ED/gas(rg) C3v 284.0(4) 115.4(13)

ED/gas(re) 279.4(7) 115.5(16)
Loktyushina and Mal’tsev (1984) IR/matrix (Xe) 183.5
DyI3
Feltrin and Cesaro (1996) IR/matrix (Ar) D3h 189.5
Groen (2002) IR/gas 32 195

IR/matrix (Xe) 185
Raman/matrix (Xe) 157 184

HoI3
Loktyushina and Mal’tsev (1984) IR/matrix (Xe) 185

IR/matrix (Ar) 196.5
TmI3
Feltrin and Cesaro (1996) IR/matrix (Ar) D3h 198.9
LuI3
Zasorin (1988) ED/gas(rg) C3v 276.8(3) 115.6(6)

ED/gas(re) C3v 273.5(6) 116.6(10)
Loktyushina and Mal’tsev (1984) IR/matrix (Ar) 198

aBand not assigned in Molnár et al. (1996).
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Table D.5
Experimental and computed geometrical parameters of selectedLn2X6 dimers; bond distances in pm, bond angles in

degrees

Ln2X6 Geometrya

rr rt αr1 αr2 αt

La2F6
b 236.2 212.6 70.6 109.4 116.7

Dy2F6
b 221.9 200.8 73.0 107.0 117.2

La2Cl6
b 281.4 258.4 80.6 99.4 117.0

Ce2Cl6
c 277.5 257.0 82.7 – 116.5

Pr2Cl6
c 275.4 254.9 83.4 – 116.3

Nd2Cl6
c 273.5 253.0 81.1 99.4 116.3

Dy2Cl6
d 268.0(10) 244.9(10) 84.1(34)

Dy2Cl6
b 266.4 245.2 83.6 96.4 116.7

Er2Cl6
e 265(4) 244.4(5) 84(10) 117(5)

Lu2Cl6
f 258.9(24) 236.6(5) 84(2) 119(7)

La2Br6
b 297.1 273.9 83.7 96.3 115.0

Ce2Br6
i 301.3 278.1 83.9 96.1 117.0

Dy2Br6
d 281.1(9) 259.4(8) 91.7(17)

Dy2Br6
b 282.0 260.4 87.0 93.0 115.7

Er2Br6
g 275.8(20) 258.8(6) 81(7) 116(7)

La2I6
b 318.8 296.1 87.6 92.4 114.5

Ce2I6
h 320.7(23.8) 294.8(9)

Ce2I6
i 322.0 299.3 88.5 91.5 116.7

Dy2I6
b 303.6 282.4 90.8 89.2 115.3

arr , αr1 andαr2 indicate the geometrical parameters of the ring, whilert andαt the terminal ones of the dimer (cf.
fig. 36).
bComputed by Kovács (2000).
cComputed by Kapala et al. (2002).
dFrom ED investigations by Hargittai (2000).
erg parameters by Giricheva et al. (2000c).
f rα parameters by Giricheva et al. (2000b).
grg parameters by Zakharov et al. (2001).
hrg parameters by Molnár et al. (1996).
iComputed by Kovács (1999).
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Table D.6
Computed vibrational frequencies of selectedLn2X6 compounds, in cm−1a

La2F6
a Dy2F6

a La2Cl6
a Ce2Cl6

b Pr2Cl6
b Nd2Cl6

b Dy2Cl6
a La2Br6

a Ce2Br6
a Dy2Br6

a La2I6
a Ce2I6

a Dy2I6
a

Au 64 58 29 32 34 34 30 18 19 21 14 14 16
B1u 71 67 33 32 35 38 38 23 28 29 18 21 23

302 331 226 233 237 240 244 161 164 173 137 140 144
B2u 41 40 14 12 10 12 12 7 9 8 5 5 5

163 177 88 91 91 92 94 51 53 55 34 36 39
518 540 333 330 334 336 345 240 239 243 195 195 195

B3u 120 122 64 64 65 66 71 42 43 47 31 31 34
386 406 230 236 236 236 237 151 151 154 110 110 113
520 547 317 312 315 317 331 214 212 220 171 169 171

Ag 98 100 54 53 54 55 58 34 34 38 24 24 27
152 156 97 91 92 94 100 72 72 75 53 54 57
352 390 234 238 241 243 253 151 152 162 112 113 120
534 559 328 323 326 328 341 226 223 230 182 180 181

B1g 55 53 32 44 45 47 36 23 25 27 19 20 23
511 534 329 327 330 332 341 236 236 240 193 193 193

B2g 73 71 42 42 45 46 48 32 37 38 25 28 31
301 334 190 198 199 200 200 131 136 136 108 112 110

B3g 113 124 65 74 75 76 70 36 38 39 24 26 27

aComputed by Kovács (1999, 2000).
bComputed by Kapala et al. (2002).
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Appendix E. The enthalpies of sublimation of the lanthanide trihalides

Table E.1
Enthalpy of sublimation of the gaseous lanthanide trifluorides

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

LaF3
Kent et al. (1966)b K 1200–1405 446.9±0.8

M 1303–1416 448.5±0.9
Suvorov et al. (1966) TE 1333–1532 448.5±1.0
Mar and Searcy (1967) L 1343–1640 440.9±0.2

T 1378–1573 442.0±0.7
Suvorov and Novikov (1968) K 1097–1222 359.5±2.4
Skinner and Searcy (1971) M 1221–1412 447.7±0.6
Roberts and Searcy (1972) M 1326–1644 441.0
Petzel et al. (1992) K 1419–1661 443.0±0.7
selected value: 444.8±3.0

CeF3
Lim and Searcy (1966) K 1373–1658 439.4±2.0
Suvorov et al. (1966) TE 1333–1532 437.8±0.4
Zmbov and Margrave (1968) M 1301–1485 411.6
Roberts and Searcy (1972) M 1262–1586 437.6
McCreary and Thorn (1973a) M 1343–1476 447.5
selected value: 438.3±2.0

PrF3
Suvorov et al. (1966) TE 1335–1465 435.8±0.7
Zmbov and Margrave (1968) M 1327–1491 419.1
Skinner and Searcy (1968) K 1430–1586 435.2±0.1

M 1424–1584 435.4±0.3
selected value: 435.5±2.0

NdF3
Suvorov et al. (1966) TE 1334–1490 450.7±1.1
Zmbov and Margrave (1966)b M 1383–1520 433.2±0.7
McCreary and Thorn (1974a) M 1325–1470 445.8
selected value: 433.2±5.0

PmF3
Gibson and Haire (1989) Mc 1373–1553 443
selected value: 430±15

SmF3
Zmbov and Margrave (1968) M 1362–1506 428.7
selected value: 429±10

EuF3
Zmbov and Margrave (1968) M 1382–1522 436.9
selected value: 437±10

GdF3
Zmbov and Margrave (1968) M 1391–1527 414.1
McCreary and Thorn (1973b) M 1465d 453.9
selected value: 454±5.0

continued on next page
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Table E.1,continued from previous page

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

TbF3
Zmbov and Margrave (1968) M 992–1167 445.9
McCreary and Thorn (1973b) M 1325–1437 450.8
selected value: 450.4±5.0

DyF3
Besenbuch et al. (1967) E 1326–1362 452.1±0.3

M 1426–1622 445.0±0.5
Zmbov and Margrave (1968) M 1002–1170
McCreary and Thorn (1974b) M e 455.7±0.1
Stolyarova et al. (1996) M 1280–1380 449.5
selected value: 448.6±3.0

HoF3
Besenbuch et al. (1967) E 1328–1406 448.0±0.5

M 1278–1456 449.6±0.3
McCreary and Thorn (1974b) M e 456.8±0.4
selected value: 451.5±2.0

ErF3
Besenbuch et al. (1967) E 1311–1405 454.8±0.4

M 1374–1521 452.8±0.2
McCreary and Thorn (1974b) M e 457.3±1.5
Bencze et al. (1996) M 1288–1635 455.3±0.3
selected value: 454.3±2.0

TmF3
Zmbov and Margrave (1967) M 1273–1415
Biefeld and Eick (1976) K 1349–1809 446.6±0.4
Bencze et al. (1996) K +M 1266–1624 452.6±0.6
selected value: 449.6±3.0

YbF3
Zmbov and Margrave (1967) M 1293–1428 437.9±0.4
Biefeld and Eick (1975) M 1342–1794 457.3±2.1f

Petzel and Greis (1976) M 1580–1795 454.0±0.5
selected value: 454.0±2.0

LuF3
Zmbov and Margrave (1967) M 1287–1450 425.2±0.5
Petzel et al. (1992) K 1471–1945 440.0±1.1
selected value: 440.0±2.0

aB, boiling point method; E, effusion; K, Knudsen effusion; M, mass spectrometry; TE, torsion effusion.
bAlso reported by Zmbov and Margrave (1968).
cMade on a sample (Pr1/3Pm1/3Sm1/3)F3.
dMean temperature.
eNo temperature range given.
f It was concluded by the authors that the vaporization proceeded according to the reaction YbF3.00(cr) =
0.005YbF2.40(cr)+0.95YbF3(g)+0.003F(g). We have here treated the data as if congruent vaporization took place.
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Table E.2
Enthalpy of sublimation of the gaseous lanthanide trichlorides

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

LaCl3
Harrison (1952) K 1028–1192 331.9±0.8
Nesmeyanov and Sazonov (1959) K 842–1101 329.8±1.3
Polyachenok and Novikov (1963b) B ????–1673 333.2
Novikov and Baev (1962) B 1397–1493 340.2±1.0
Shimazaki and Niwa (1962) K 1022–1110 342.7±0.3
Moriarity (1963) K 1173–1253 319.7±4.3
Hastie et al. (1968) M 950–1100 331.4
Nisel’son et al. (1978) B 1373–1573 337.1
Brunetti et al. (2000) TE 955–1045 337.8±0.2
selected value: 337.5±5.0

CeCl3
Harrison (1952) K 1013–1085 326.0±1.6
Novikov and Baev (1962) B 1366–1497 332.3±0.8
Shimazaki and Niwa (1962) K 1012–1071 332.8±0.2
Moriarity (1963) K 1043–1223 323.7±1.9
Polyachenok and Novikov (1963b) B ????–1673 312.3
Villani et al. (2000b) TE 887–1003 329.1±0.1
Pogrebnoi et al. (2001) M 972–1075 333.5±0.3
Kapala et al. (2002) M 876–1088 327.1
selected value: 330.3±3.0

PrCl3
Harrison (1952) K 991–1142 320.9±1.8
Novikov and Baev (1962) B 1314–1465 329.9±0.7
Shimazaki and Niwa (1962) K 1002–1061 330.6±0.2
Moriarity (1963) K 1002–1273 330.6±0.2
Polyachenok and Novikov (1963b) B ????–1673 323.3±3.6
Dudchik et al. (1969a) B 1374–1636 327.5±0.2
Nisel’son et al. (1978) B 1373–1573 336.4
Hannay and Myers (1979) E 914–1056 332.1±0.5
Villani et al. (2000a) TE 890–1061 327.7±0.3
Kapala et al. (2002) M 946–1106 326.1
selected value: 329.2±3.0

NdCl3
Harrison (1952) K 964–1107 312.6±2.2
Novikov and Baev (1962) B 1314–1465 324.0±0.8
Shimazaki and Niwa (1962) K 973–1032 326.7±0.5
Moriarity (1963) K 993–1278 323.6±4.2
Polyachenok and Novikov (1963b) B ????–1673 293.0
Ciach et al. (1973) M 1055–1093 339.0
Evseeva and Zenkevich (1976) M n.a.
Nisel’son et al. (1978) B 1373–1573 329.1
Villani et al. (2002) TE 866–1019 324.5±0.3
Kapala et al. (2002) M 934–1079 323.8
selected value: 324.5±2.0

continued on next page
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Table E.2,continued from previous page

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

SmCl3
Pashinkin et al. (1962) ? 774–854 247.6
Pogrebnoi et al. (2001) M 972–1075 299.0±0.4
selected value: 315±8

EuCl3
Moriarity (1963) E 953–1188 275.8±10.6
Hastie et al. (1968) M 1145–1290 decomp.
selected value: 310.0±10

GdCl3
Moriarity (1963) K 871–1119 291.4±3.4
Dudchik et al. (1969a) B 1369–1603 304.1±0.4
Ciach et al. (1973) M 963–1075 320.9
Myers and Hannay (1980) E 938–1044 307.9±0.5
selected value: 306.0±6.0

TbCl3
Moriarity (1963) K 1198–1313 300.5±6.2
Dudchik et al. (1969a) B 1326–1653 295.1±0.3
Myers and Hannay (1980) K 926–1044 300.3±0.4
Kudin et al. (2000) M 900–1100 308.6
selected value: 297.7±3.0

DyCl3
Moriarity (1963) K 1023–1223 269.8±1.1
Dudchik et al. (1969a) B 1325–1620 282.6±0.5
Myers and Hannay (1980) K 936–1031 287.9±0.4
Kudin et al. (1997) M 850–1010 275.1
Brunetti et al. (1999) TE 924–1214 283.7±0.2
Kapala et al. (2002) M 930–1027 282.4
selected value: 284.2±4.0

HoCl3
Moriarity (1963) K 1043–1223 275.1±3.2
Dudchik et al. (1969b) B 1273–1643 279.8
Piacente et al. (2002) TE 904–1105 284.8±0.3
selected value: 284.8±4.0

ErCl3
Moriarity (1963) K 1043–1283 285.8±9.2
Polyachenok and Novikov (1963b) B ????–1673 264.0
selected value: 285±8

TmCl3
Moriarity (1963) K 1073–1228 274.6±5.9
Dudchik et al. (1969b) B 1273–1643 276.2
Kudin et al. (2000) M 900–1100 283.2
selected value: 276±6

continued on next page
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Table E.2,continued from previous page

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

YbCl3
Moriarity (1963) K 1148–1323 292.1±1.4
Kudin et al. (1997) M 1000–1130 309.4
selected value: 277±6

LuCl3
Moriarity (1963) K 1168–1228 283.9±2.1
Dudchik et al. (1969b) B 1273–1643 277.1
Nisel’son et al. (1978) B 1373–1573
selected value: 277±6

aB, boiling point method; E, effusion; K, Knudsen effusion; M, mass spectrometry; TE, torsion effusion.

Table E.3
Enthalpy of sublimation of the gaseous lanthanide tribromides

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

LaBr3
Harrison (1952) K 915–1057 295.0±1.4
Shimazaki and Niwa (1962) K 1002–1052 321.4±0.1
Dudchik et al. (1975) B 1321–1542 318.0
Gietmann et al. (1996) M 950–1024 308.8±0.6
Brunetti et al. (2000) TE 955–1045 316.0±0.1
selected value: 314.3±5.0

CeBr3
Harrison (1952) K 892–1030 286.8±0.8
Shimazaki and Niwa (1962) E 943–992 311.8±0.4
Dudchik et al. (1975) B 1306–1518 308.4
Gietmann et al. (1996) M 962–968 301.1±0.0
Villani et al. (2000b) TE 887–1003 305.9±0.4
selected value: 306.8±5.0

PrBr3
Shimazaki and Niwa (1962) K 924–973 307.4±0.3
Dudchik et al. (1975) B 1280–1560 304.4
Gietmann et al. (1996) M 924–955 298.1±0.2
Villani et al. (2000a) TE 890–1061 303.0±0.2
selected value: 303.3±4.0

NdBr3
Harrison (1952) K 849–975 274.2±0.4
Shimazaki and Niwa (1962) K 889–948 305.6±0.1
Dudchik et al. (1975) B 1258–1559 302.2
Gietmann et al. (1996) M 923–936 294.6±0.2
Villani et al. (2002) TE 866–1019 304.2±0.2
selected value: 301.6±4.0

SmBr3
Harrison (1952) K 822–940 260.2±1.4
selected value: 300±10

continued on next page
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Table E.3,continued from previous page

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

GdBr3
Makhmadmurodov et al. (1975) B 1120–1532 277.0
Gietmann et al. (1996) M 1005–1011 272.5±0.1
selected value: 274.8±3.0

TbBr3
Makhmadmurodov et al. (1975) B 1219–1536 274.6
Gietmann et al. (1996) M 964–985 270.6±0.5
selected value: 272.6±3.0

DyBr3
Makhmadmurodov et al. (1975) B 1220–1535 273.0
Hilpert et al. (1995) M 953–1053 269.6±0.4
Brunetti et al. (1999) TE 878–1151 276.4±0.4
selected value: 273.0±5.0

HoBr3
Gietmann et al. (1996) M 971–1003 275.0±0.5
Piacente et al. (2002) TE 904–1105 285.0±0.3
selected value: 280.0±5.0

ErBr3
Makhmadmurodov et al. (1975) B 1242–1506 270.8
Gietmann et al. (1996) M 946–995 271.4±0.8
selected value: 271.1±5.0

TmBr3
Makhmadmurodov et al. (1975) B 1252–1482 269.5
Gietmann et al. (1996) M 946–995 275.4±1.7
selected value: 272.5±5.0

LuBr3
Makhmadmurodov et al. (1975) B 1305–1468 267.2
selected value: 267.2±10

aB, boiling point method; E, effusion; K, Knudsen effusion; M, mass spectrometry; TE, torsion effusion.

Table E.4
Enthalpy of sublimation of the gaseous lanthanide triiodides

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

LaI3
Shimazaki and Niwa (1962) K 953–1012 315.5±0.4
Hirayama et al. (1976) M 891–1009 302.7±0.3
Brunetti et al. (2000) TE 955–1045 307.9±0.3
selected value: 307.9±8.0

CeI3
Hirayama and Castle (1973) M 933b 305.9
Hirayama et al. (1975) K 870–1015 297.5±0.4
Struck and Feuersanger (1999) M 841–928 285.6
Villani et al. (2000b) TE 887–1003 301.8±0.4
selected value: 299.7±5.0

continued on next page
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Table E.4,continued from previous page

authors methoda T /K �subH
◦(298.15 K)/kJ·mol−1

PrI3
Shimazaki and Niwa (1962) E 933–1002 303.6±0.7
Hirayama and Camp (1972) E 841–1032 296.5±0.7
Villani et al. (2000a) TE 890–1061 297.1±0.3
selected value: 296.8±3.0

NdI3
Shimazaki and Niwa (1962) E 953–1002 298.0±0.3
Hirayama and Camp (1972) E 857–1037 289.7±0.6
Villani et al. (2002) TE 866–1019 296.0±0.2
selected value: 294.6±3.0

GdI3
Hirayama and Castle (1973) M 943b 270.0
Hirayama et al. (1975) K 912–1025 276.4±0.8
selected value: 276.4±4.0

TbI3
Hirayama and Castle (1973) M 931b 261.0
Hirayama et al. (1975) K 883–979 273.0±0.4
selected value: 273.0±6.0

DyI3
Hirayama and Castle (1973) M 916b 266.7
Hirayama et al. (1975) K 885–1060 272.6±0.4
Kaposi et al. (1983) M 970–1150 270.8±1.7
Brunetti et al. (1999) TE 843–1051 274.9±0.4
selected value: 273.8±4.0

HoI3
Hirayama and Castle (1973) M 880b 280.7
Hirayama et al. (1975) E 924–1029 276.1±0.6
Kaposi et al. (1986) M 935–1055 275.3±0.5
Gietmann et al. (1996) M 945–975 269.3±0.8
Piacente et al. (2002) TE 904–1105 267.1±0.4
selected value: 272.0±6.0

ErI3
Hirayama and Castle (1973) M 895b 259.9
Hirayama et al. (1975) K 898–1016 273.5±0.6
selected value: 273.5±6.0

TmI3
Hirayama et al. (1975) K 867–990 271.8±0.6
Dettingmeijer and Dielis (1988) K 874–1012 267.5±0.4c

Struck and Feuersanger (1991) M 775–900 258.1
selected value: 271.8±6.0

aB, boiling point method; E, effusion; K, Knudsen effusion; M, mass spectrometry; TE, torsion effusion.
bOnly mean temperature is given.
cRecalculated assuming momomeric species only.
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1. Introductory concepts

1.1. Tolerance factor

The cubic AMO3 perovskite structure consists of an MO3 array of corner-shared MO6/2
octahedra with a large A cation at the body-center position. As is illustrated in fig. 1, this
structure allows formation of the Ruddlesden–Popper (1957, 1958) rock-salt/perovskite inter-
growth structures MO · (AMO3)n. In all these structures, the mismatch between the equilib-
rium (A–O) and (M–O) bond lengths is given by the deviation from unity of the geometric
tolerance factor

(1)t ≡ (A–O)/
√

2(M–O).

This factor may be calculated for room temperature and atmospheric pressure from tabulated
sums of ionic radii obtained from X-ray data (Shannon and Prewitt, 1969, 1970). However,
it must be recognized that the thermal expansions and the compressibilities of the (A–O) and
(M–O) bonds are different, which makes t both pressure and temperature dependent. In the
case of a transition-metal atom M, the thermal expansion of the (A–O) bond is the larger,
which makes

(2)dt/dT > 0.

The compressibility of the (A–O) bond is normally the larger (Goodenough et al., 1972),
which makes

(3a)dt/dP < 0,

but at the crossover from localized to itinerant electronic behavior for d electrons of an MO3
array, a

(3b)dt/dP > 0

is found. The origin of this abnormality is discussed in sect. 1.2.3.

(a) (b)

Fig. 1. (a) The ideal cubic perovskite structure and (b) the n= 1 Ruddlesden–Popper phase AO ·AMO3.
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Fig. 2. The hexagonal perovskite polytypes: (a) cubic, (b) hexagonal, (c) 6H, (d) 4H, (e) 9R after Goodenough et al.
(1972).

The AMO3 perovskites adjust to a t > 1 by the formation of hexagonal polytypes like
those illustrated schematically in fig. 2. In these polytypes, the close-packed (111) AO3 layers
of the cubic phase are changed from all-cubic to cubic + hexagonal or all-hexagonal stack-
ing. Application of hydrostatic pressure normally reduces t , changing hexagonal polytypes
successively to structures with more cubic and less hexagonal stacking (Goodenough et al.,
1972).

The AMO3 perovskites adjust to a t < 1 by cooperative rotations of the MO6/2 octahedra.
These rotations lower the M–O–M bond angle from 180◦ to (180◦ − φ). Three of the com-
mon rotations are illustrated in fig. 3. With decreasing t , rotations about a cubic [001] axis to
give tetragonal I4/mcmsymmetry is followed by those about a [111] axis to give rhombohe-
dral R3̄c symmetry and then about a [110] axis to give orthorhombic Pbnmsymmetry with
c/a >

√
2 (in the equivalent space group Pnma, b/a >

√
2). The bending angle φ increases

with decreasing t , and φ increases discontinuously on going from R3̄c to Pbnmsymmetry.
The Ruddlesden–Popper phases also adjust to a t < 1 by cooperative rotations of the MO6/2

octahedra.
The ability to adjust to a t < 1 allows for extensive cation substitutions on both the A and

the M sites; the structure is also tolerant of large concentrations of both oxygen and A-cation
vacancies. The perovskites do not accept oxygen interstitials, but the Ruddlesden–Popper
phases with a t < 1 may accept interstitial oxygen between the AO layers of the rock-salt
intergrowths in order to increase t . Primary emphasis here is on the oxygen-stoichiometric
perovskites containing M=Mn; the physical properties of these oxides are changed either by
a progressive substitution of a lanthanide by an alkaline-earth on the A sites so as to change
both t and the Mn(IV)/Mn ratio or by a progressive isovalent substitution of one rare-earth by
another or one alkaline-earth by another on the A sites so as to change only t while keeping
the Mn(IV)/Mn ratio fixed. The presence of two or more A-site cations of different radius
rA leads to a variance σ 2 ≡ (

∑
i xir

2
Ai − 〈rA〉2), where xi is the concentration of each A-site

cation of radius rAi ; σ 2 is a measure of the consequent perturbation of the periodic potential of
the MO3 array. Partial substitutions of Mn by other cations on the M sites are also discussed
for a few special cases. Several interesting phenomena encountered in Ruddlesden–Popper
manganites are not included here.
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(a) (b)

(c)

Fig. 3. Common MO6/2 cooperative rotations about (a) [001] to give tetrag-
onal I4/mcmsymmetry, (b) [111] to give rhombohedral R3̄c, (c) [110] to
give O-orthorhombic Pbnm(or Pnma).

1.2. Electronic considerations

The AMO3 perovskites with M=Mn are sufficiently ionic that the Madelung energy stabi-
lizes filled bonding bands that have primarily O-2p character separated from empty antibond-
ing bands of primarily cationic s and p character by a large (∼ 6 eV) energy gap. Lanthanide
A-site cations introduce empty 5d bands that may overlap the antibonding s bands (Oliver et
al., 1972).

The 4fn configurations at the A-site lanthanide ions are localized and the intraatomic
electron–electron coulomb energies are large, so the separation between successive 4fn con-
figurations is Ufn > 6 eV. Moreover, the Ce4+ ion is too small to occupy an A site, the
Eu3+/Eu2+ redox energy lies above the Mn(III)/Mn(II) level, and the Pr4+/Pr3+ redox en-
ergy lies below the Mn(IV)/Mn(III) level. As illustrated schematically in fig. 4 for NdMnO3,
the Mn(IV)/Mn(III) redox energy lies a little above the top of the O-2p bonding bands. There-
fore, in the manganese perovskites to be discussed, the rare-earth ions all have R3+: 4f0 or
localized R3+: 4fn configurations with 4f-electron energies well-removed from the Fermi en-
ergy. Long-range magnetic ordering of the R3+: 4fn configurations at low-temperatures is not
considered here; the principal interest of the R3+ ion is its size, which influences the physical
properties of the MnO3 array through the tolerance factor t and variance σ 2.
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Fig. 4. Schematic one-electron energies for Nd-5d, 6s and O-2p bands
of NdMnO3 and redox energies of Nd(III) and Mn(III) in NdMnO3.

The structural, transport, and magnetic properties of a manganese-perovskite system
R1−xAxMnO3 (A = alkaline-earth or alkali atom) are strongly influenced by two features
of the MnO3 array: the orbital degeneracy of the octahedral-site, high-spin Mn(III) :d4 con-
figuration and the possibility of a transition from localized to itinerant electronic behavior of
the σ -bonding d electrons with increasing t and Mn(IV)/Mn ratio x . Therefore, we introduce
a description of the d-electron manifold before we present and interpret the physical data.

1.2.1. Ligand-field considerations
The five 3d orbitals of a free Mn atom are degenerate; but with more than one electron in the 3d
manifold, the spin degeneracy is removed by the ferromagnetic direct-exchange interactions
between electron spins in atomic orthogonal orbitals. These exchange interactions produce
the Hund intraatomic exchange field Hex. The exchange splitting between spin states will be
designated ∆ex.

The atomic orbitals fm = Rnl(r)P
|m|
l (cosθ) exp(±imφ) with azimuthal angular momen-

tum quantum number m, where Lzfm =−ih̄(∂fm/∂φ)=mh̄fm, have the angular dependen-
cies for l = 2 (d orbitals)

f0 ∼
(
cos2 θ − 1

)∼ [(z2 − x2)+ (z2 − y2)]/r2,

(4)f±1 ∼ sin 2θ exp(±iφ)∼ (yz± izx)/r2,

f±2 ∼ sin2 θ exp(±i2φ)∼ [(x2 − y2)± ixy
]
/r2.

In an isolated octahedral site, the xy and (yz± izx) orbitals only overlap the ligand O-2pπ
orbitals while the [(z2 − x2)+ (z2 − y2)] and (x2 − y2) orbitals only overlap the O-2s, 2pσ
orbitals. The resonance integrals bca≡ (fm,H

′φo) ≈ εmo(fm,φo) describing the energy of
a virtual charge transfer to the empty M-3d orbitals from the same-symmetry sum of near-
neighbor oxygen orbitals φo contain both an overlap integral (fm,φo) and a one-electron en-
ergy εmo that are larger for σ -bonding than for π -bonding. Therefore, the antibonding states
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(a) (b)

Fig. 5. Octahedral-site splitting of (a) the or-
bitally fivefold-degenerate d1 manifold by a
cubic crystalline field and (b) the high-spin
Mn(III) configuration.

of a σ -bond are raised higher in energy than those of a π -bond and, as a consequence, the cu-
bic symmetry of the octahedral site raises the twofold-degenerate pair of σ -bonding e orbitals,
the [(z2 − x2)+ (z2 − y2)] and the (x2 − y2) orbitals, above the threefold-degenerate set of
π -bonding t orbitals xy , (yz ± izx) by an energy ∆c, which quenches the orbital angular
momentum associated with m=±2 (see fig. 5).

If a point-charge ionic model places the empty 3d orbitals of a degenerate manifold an en-
ergy ∆Ep above the O-2p orbitals and ∆Es above the O-2s orbitals, the antibonding d-like
states may be described in second-order perturbation theory to give the ligand-field wavefunc-
tions

ψt =Nπ(ft − λπφπ),

(5)ψe =Nσ (fe − λσφσ − λsφs),

provided the covalent-mixing parameters are λπ ≡ bca
π /∆Ep � 1 and λσ ≡ bca

σ /∆Ep � 1.
A larger ∆Es keeps λs � 1 where eq. (5) is applicable. According to second-order pertur-
bation theory, the antibonding states are raised an energy ∆E = |bca|2/∆Ep by the Mn–O
covalent bonding, and the cubic-field splitting of the e and t orbital energies is

(6)∆c =∆εσ −∆επ =∆M +
(
λ2
σ − λ2

π

)
∆Ep + λ2

s∆Es,

where ∆M is a small, purely electrostatic energy of uncertain sign due to the penetration of the
O2−-ion electron cloud by the cation wavefunctions. In the perovskite structure, an interaction
of the ψt electrons with the empty A-cation wavefunctions would lower επ and increase ∆c.
This latter interaction does not appear to be of primary importance in the rare-earth manganese
perovskites where a ∆ex > ∆c removes the spin degeneracy and maintains, at atmospheric
pressure, a high-spin configuration on the Mn(III) : t3e1 ions; the Mn(IV) : t3e0 configuration
contains no e electron and the high-spin Mn(II) : t3e2 configuration has two electrons in a
σ -bonding e-orbital. The mobile electrons that transport charge are electrons occupying the
orbitally twofold-degenerate e orbitals.
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(a)

(b) (i) (ii)

Fig. 6. (a) Jahn–Teller octahedral-site deformations that remove the e-orbital degeneracy of a localized Mn(III) : t3e1

configuration. (b) Cooperative oxygen displacements that remove the orbital degeneracy of a high-spin, octahedral-
site d4 configuration: (i) disproportionation as in CaFeO3 below room temperature and (ii) Jahn–Teller orbital order-

ing in LaMnO3.

The twofold e-orbital degeneracy at a localized Mn(III) : t3e1 configuration may be re-
moved by cooperative oxygen displacements that either lower the site symmetry from cu-
bic to tetragonal or orthorhombic (Jahn–Teller site distortion) as illustrated in fig. 6(a) or
transfer an electron from one Mn atom to another as in the disproportionation reaction
2Mn(III)= Mn(IV)+Mn(II) that is illustrated in fig. 6(b)(i). These atomic displacements
are superimposed on the cooperative rotations of the MnO6/2 octahedra induced by a tol-
erance factor t < 1. In a perovskite with a large concentration of Mn(III) ions, long-range-
cooperative Jahn–Teller site distortions reduce the elastic energy associated with the individ-
ual site distortions and give a global distortion of the structure. In orthorhombic LaMnO3,
for example, long-range orbital ordering stabilizes site distortions that create within (001)
planes two short and two long Mn–O bonds at each site-centered Mn atom, the direction of
the long Mn–O bonds alternating from (100) to (010) in a checkerboard fashion as is illus-
trated in fig. 6(b)(ii). The long-range orbital ordering changes the orthorhombic axial ratio
from c/a >

√
2 to c/a <

√
2. Where the local site distortions are disordered, the axial ratio

becomes c/a ≈ √2. We distinguish the orthorhombic structures as O for a c/a >
√

2 due
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to cooperative MnO6/2 rotations alone, O′ for a c/a <
√

2 signaling a superimposed long-
range-cooperative orbital ordering, and O∗ for c/a ≈ √2 signaling orbital fluctuations with
only short-range-cooperative orbital ordering.

1.2.2. Interatomic interactions
In the manganese perovskites, the dominant interactions between d-like orbitals at neighbor-
ing Mn atoms are the (180◦ − φ) Mn–O–Mn interactions. The spin-independent resonance
integrals describing charge transfer between Mn atoms at positions Ri and Rj are

bcac
π =

(
ψti,H

′ψtj

)≈ επλ
2
π ,

(7)bcac
σ =

(
ψei,H

′ψej

)≈ εσλ
2
σ cosφ,

where λπ varies with the acidity of the A cations as well as with the bending angle φ and H ′
describes the perturbation of the potential at Rj caused by the presence of a Mn atom at Ri .
The smaller term εsλ

2
s is omitted from bcac

σ for simplicity.
The interactions between localized spins on neighboring cations are treated by a pertur-

bation theory in which the spin-dependent resonance integrals for parallel and antiparallel
coupling of spins are

(8)t
↑↑
ij = bcac

ij cos(θij /2) and t
↑↓
ij = bcac

ij sin(θij /2)

for electron transfer between cations whose spins are rotated by an angle θij with respect to
one another; bcac

ij ≈ εij (ψi,ψj ) is the spin-independent resonance integral. The spin angular
momentum is conserved in an electron transfer. Rules for the sign of the interatomic spin–spin
exchange interactions follow:
• Direct exchange between spins in orthogonal orbitals is a potential exchangeas it does

not involve electron transfer; like the intraatomic interactions, it is ferromagnetic.
• Superexchange interactions between spins Si and Sj on neighboring atoms is a kinetic

exchangethat involves virtual charge transfer between crystal-field orbitals on neighboring
cations; spin polarization of the electron cloud on any intervening anion is neglected in this
Anderson (1959) formulation of superexchange. However, Goodenough (1963) pointed out
that where the superexchange interaction is across an intervening anion, as in the (180− φ)

Mn–O–Mn interactions in a manganese-oxide perovskite, there is an additional component to
the superexchange interaction, which he called “semicovalent exchange” as it involves transfer
of two electrons from the intervening oxygen, one each to the two interacting transition-metal
atoms. This term does not change the sign of the overall exchange interaction; but it adds a
second semicovalent-exchange term to the expression for the superexchange interaction that
becomes dominant where the energy ∆Ep becomes smaller than the effective intraatomic
energy Ueff (Zaanen and Sawatzky, 1987). We shall introduce this second term explicitly in
the discussion of the single-valent compounds LaMnO3 and CaMnO3 (sects. 2.4 and 2.7).
Here we present only the Anderson formulation and its modification to give the rules for the
sign of the superexchange spin–spin coupling.

Antiferromagnetic superexchange: Transfer of an electron of α spin from a half-filled orbital
to an orbital that is also half-filled is constrained by the Pauli exclusion principle to be most



RARE EARTH – MANGANESE PEROVSKITES 257

probable if the spin on the acceptor atom has β spin. From second-order perturbation theory,
the bonding energy gained by the virtual electron transfer is, from eq. (8),

(9)∆εS ≈−∣∣t↑↓ij ∣∣2/Ueff = Const+ Jij Si · Sj
where Jij ≈ |2b2

ij |/4S2Ueff and Ueff is the total energy it costs to add an electron to the ac-

ceptor. Equation (9) with Jij ≈ 2b2
ij /Ueff is the Anderson expression for spin S = 1/2.

Ferromagnetic superexchange: Transfer of an electron from a half-filled orbital to an empty
orbital on an acceptor atom having a spin S is not constrained by the Pauli exclusion princi-
ple, but the intraatomic exchange energy ∆ex makes the transfer most probable if the spin
S is parallel to the spin of the transferred electron. From third-order perturbation theory, the
bonding energy gained by the virtual electron transfer is, from eq. (8),

(10)∆εS ≈−|t
↑↑
ij |2∆ex

U2
eff

= Const− Jij Si · Sj

where Jij ≈ (2b2
ij∆ex)/4S2U2

eff.
A similar reasoning applies to virtual transfer of an electron from a filled orbital at an atom

of spin S to a half-filled orbital at an acceptor atom.
Vibronic superexchange: In manganese-oxide perovskites, orbital fluctuations at the Jahn–

Teller Mn(III) ions of a Mn(III)–O–Mn(III) interaction give rise, over the period of an axial
oxygen vibration, to both antiferromagnetic and ferromagnetic superexchange interactions.
However, electron transfer to an empty orbital is energetically favored over transfer to a half-
filled orbital and the axial oxygen displacements associated with the orbital fluctuations corre-
late asymmetric e-orbital occupancy on either side of the oxygen atom for minimization of the
elastic energy. Consequently, the net vibronic Mn(III)–O–Mn(III) superexchange interaction
is ferromagnetic.
• Double exchange is also a kinetic exchange; it involves a real charge transfer between

like atoms in two different valence states, each carrying a localized spin S. If the charge trans-
fer requires an activation energy as occurs in polaronic conduction, then the individual atomic
spins have time to relax between electron jumps and no spin–spin coupling is achieved by
the real charge transfer. In this case, a superexchange coupling by virtual charge transfer is
still present. Polaronic conduction in a manganese-oxide perovskite occurs where the time
τh for an electron to hop from one atom to a neighbor is long compared to the period ω−1

o
of the cooperative oxygen vibrations that would trap it at the manganese atom of lower va-
lence state. Double exchange was first postulated by Zener (1951) to occur within a Mn(III)–
O–Mn(IV) pair by a double electron transfer O2−–Mn(IV)= O−–Mn(III) accompanied by
Mn(III)–O− =Mn(IV)–O2− on the opposite side in a time τh < ω−1

o to give a ferromagnetic
coupling between localized manganese spins since spin is conserved in the real charge trans-
fer and the intraatomic ∆ex is operative at each Mn atom. This mechanism only provides for
ferromagnetically coupled pairs

(11)Mn(III)–O–Mn(IV)=Mn(IV)–O–Mn(III),
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In order to account for an observed global ferromagnetism, Zener (1951) had to make the
further assumption that these pairs do not require an activation energy to diffuse through the
lattice. This model leads to a charge-carrier mobility

(12)µ= eDo/kT

where the diffusion coefficient Do is temperature-independent. We shall refer to the two-
manganese polarons described by eq. (11) as Zener polarons. Following the formulation of
eq. (8) by Anderson and Hasegawa (1955). De Gennes (1960) proposed a double-exchange
model in which the mobile electrons of e-orbital parentage occupy a narrow σ ∗ band hav-
ing no spin degeneracy and a spin-dependent resonance integral t↑↑ij replaces the usual spin-
independent integral bcac

ij . The tight-binding band model then gives a ferromagnetic stabiliza-
tion

(13)∆D
ex ≈−c(1− c)zt

↑↑
ij =−c(1− c)zbcac

ij cos(θij /2)

where z is the number of manganese near neighbors and c =Mn(IV)/Mn is the fractional
occupancy of mobile charge carriers in the MnO3 array.
• Indirect exchange is a coupling of localized spins at M atoms by electrons of a partially

occupied broad band. Whereas the mobile spins are assumed to couple ferromagnetically to
the localized spins in the De Gennes model (minority-spin electrons would couple antiferro-
magnetically), localized spins only induce a partial intraatomic parallel-spin magnetization
of broad-band electrons. The induced magnetization is largest at the position of a localized
spin and it oscillates in sign at larger distances from the localized spin. Therefore, indirect ex-
change may be ferromagneticbetween close near neighbors and antiferromagneticbetween
more distant neighbors.
• Antisymmetric exchange introduces a term of the form Dij ·Si ×Sj that may be added

to the symmetric superexchange term of the form JijSi · Sj ; it cants antiferromagnetically
coupled spins so as to give a ferromagnetic component perpendicular to the vector Dij . Anti-
symmetric exchange originates in the orbital angular momentum; it may dominate symmetric
exchange in the coupling between localized 4fn configurations on the lanthanide ions, but it
is much weaker than the symmetric exchange in the coupling between dn configurations in
the manganese-oxide perovskites. Antisymmetric exchange was introduced by Dzialoshinskii
(1958), who pointed out that a Dij �= 0 can only exist where spin canting leaves the system
invariantunder all symmetry operations of the unit cell. The formalism was developed further
by Moriya (1960); Dij is known as the Dzialoshinskii vector.

In the orthorhombic AMO3 perovskites, canting of antiferromagnetically coupled M-atom
spins to give a weak ferromagnetic component can be accomplished by any of three dif-
ferent mechanisms: magnetocrystalline anisotropy of cooperatively tilted MO6/2 octahedra,
Dzialoshinskii–Moriya antisymmetric exchange, or a double-exchange component varying as
cos(θij /2) superimposed on a superexchange component varying as cosθij . Bertaut (1963)
has described the possible spin configurations compatible with the Pbnmspace group. Fig-
ure 7 represents the M atoms of an orthorhombic AMO3 structure. Linear combinations of
the spin components that transform into themselves are chosen as the base vectors of the



RARE EARTH – MANGANESE PEROVSKITES 259

Fig. 7. Labeling of M-atom positions in the or-
thorhombic (Pbnm) structure of an AMO3 perovs-
kite.

irreducible representations. In the notation of Koehler et al. (1960), these base vectors are

F = S1 + S2 + S3 + S4,

(14)
G= S1 − S2 + S3 − S4,

C = S1 + S2 − S3 − S4,

A= S1 − S2 − S3 + S4.

Subjecting these vectors to the crystallographic symmetry operations generates the four pos-
sible representations of the base vectors shown in table 1. The x , y, z directions in table 1 are
taken parallel to the a, b, c axes of the orthorhombic unit cell in space group Pbnm.

Where the MO3 array is mixed-valent with both orbital and charge ordering, more complex
spin configurations are found as is illustrated by La0.5Ca0.5MnO3.

Extrapolation of the rules for the sign of the superexchange interaction, eqs. (9) and (10),
to itinerant-electron magnetism leads to the following rules for bands containing n electrons
per band orbital (0 � n� 2 because of spin degeneracy):
• Half-filled bands (n= 1) are antiferromagnetic.
• Bands with 0 < n � 1/2 or 3/2 � n < 2 would be half-metallic ferromagnets with full

magnetization M = NnµB or N(2 − n)µB per band orbital, where N is the number of
transition-metal atoms per unit volume if narrow enough for total removal of the spin de-

Table 1
Representations of base vectors of M-atom spins with space group Pbnm

Representations Base Vector for M-atom spin
41 Ax Gy Cz

42 F x Cy Gz

43 Cx F y Az

44 Gx Ay F z
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generacy; if the intraatomic electron–electron interactions are not strong enough to remove
completely the spin degeneracy of the band, a spin-density wave (SDW) may be stabilized.
• Bands with 1/2 < n< nc or nc < n< 3/2 would be ferromagnetic with a reduced magneti-

zation M =N(1−n)µB or M =N(n− 1)µB since only the antibonding states of the band
are magnetized. At nc ≈ 2/3 or 4/3 (value depends on bandwidth), there is a transition to
antiferromagnetic order as the filling approaches n= 1.
The transition from localized to itinerant electronic behavior occurs where the interatomic

interactions become greater than the intraatomic interactions. A measure of the strength of the
interatomic interactions is the bandwidth W and of the strength of the intraatomic interactions
is the energy Ueff that separates successive redox energies. The transition from localized to
itinerant electronic behavior occurs where

(15)W ≈Ueff.

Itinerant-electron magnetism is found in a narrow range of bandwidths ∆W near W ≈ Ueff.
For broader bands, localized spins on the M atoms are suppressed, and the tight-binding band-
widths are

(16)Wπ ≈ 2zbcac
π and Wσ ≈ 2zbcac

σ

where the number of like nearest neighbors is z= 6 for 3D bands, z= 4 for 2D bands, z= 2
for 1D bands. From eq. (7), a λσ > λπ and a small bending angle φ makes

(17)Wσ >Wπ.

The intraatomic interactions, on the other hand, are stronger the weaker the covalent mixing,
which makes the on-site coulomb energies

(18)Uπeff >Uσeff .

Equation (18) is particularly strong at a Mn(III) ion, for example, where Uπeff includes the
exchange energy∆ex whereas Uσ includes neither a crystal-field splitting ∆c nor an exchange
splitting ∆ex. A Wπ <Uπeff can leave a t3 manifold localized in the presence of a Wσ >Uσeff

that transforms the e electrons of an MO3 array into itinerant electrons occupying a narrow σ ∗
band. This situation is found, for example, in the mixed-valent MnO3 array of La1−xSrxMnO3
with 0.17 � x < 0.5.

1.2.3. Localized-itinerant electronic transitions
A fundamental question is whether the transition between localized and itinerant electronic
behavior is continuous or discontinuous. Mott (1949) was the first to point out that an on-site
electrostatic energy Uσ > Wσ is needed to account for the fact that NiO is an antiferromag-
netic insulator rather than a metal. Hubbard (1963) subsequently introduced U formally as a
parameter into the Hamiltonian for band electrons; his model predicted a smooth transition
from a Pauli paramagnetic metal to an antiferromagnetic insulator as the ratio W/U decreased
to below a critical value of order unity. This metal–insulator transition is known as the Mott–
Hubbard transition.
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In fact, there is increasing evidence that this transition is not continuous, and independent
arguments have been presented that suggest the transition is first-order (Goodenough, 1992;
Dagotto et al., 1998; Rozenberg et al., 1994). The simplest argument is based on the virial
theorem of mechanics for central-force fields:

(19)2〈T 〉 + 〈V 〉 = 0

where 〈T 〉 is the mean kinetic energy of a system of particles and 〈V 〉 is their mean poten-
tial energy. Electrons bound in a crystal have a 〈V 〉 < 0. At a transition from localized to
itinerant electronic behavior, the volume occupied by an electron increases discontinuously,
which means that 〈T 〉 decreases and therefore |〈V 〉| decreases discontinuously. For antibond-
ing electrons, a decrease in |〈V 〉| is accomplished by a decrease in the equilibrium (M–O)
bond length, and a discontinuous decrease in (M–O) gives a first-order transition with

(20)(M–O)localized > (M–O)itinerant.

This situation leads to a double-well potential for the (M–O) bond at the crossover between
localized and itinerant electronic behavior. A double-well potential for the equilibrium (M–O)
bond length gives rise to lattice instabilities and phase segregation. However, the phase segre-
gation may appear at too low a temperature for atomic diffusion. In this case, the perovskite
structure accommodates a spinodal phase segregation by cooperative oxygen-atom displace-
ments that create, on a small length scale, fluctuating regions of shorter (M–O) bond length
in a matrix of larger (M–O) bond length or vice versa with complex bond-length fluctu-
ations in between that may order at lower temperatures into a charge-density/spin-density
wave (CDW/SDW); the CDW/SDW may be mobile or, if commensurate with the lattice, be-
come pinned. A static CDW/SDW is readily observed by a diffraction experiment, a mobile
CDW/SDW is not. Similarly, long-range-cooperative orbital ordering at Jahn–Teller ions in-
duce a global lattice distortion and different equilibrium bond lengths are observed directly by
neutron diffraction whereas bond-length fluctuations associated with short-range-cooperative
orbital fluctuations are not. In the manganese oxides with perovskite structure, bond-length
fluctuations due to the localized-itinerant electronic crossover coexist with bond-length fluctu-
ations associated with Jahn–Teller orbital fluctuations. The fluctuations appearing at crossover
may be called quantum-critical-point fluctuations.

Egami (2001) has developed pair-density-function analysis of pulsed neutron-diffraction
data to determine the structure in a time interval that is short relative to a bond-length fluc-
tuation. This method provides a direct observation of the pattern of bond-length fluctuations.
Several other measurements have been shown to provide indirect signatures of the presence
of bond-length fluctuations (Goodenough and Zhou, 2001). For example,
• An increase in the tolerance factor with pressure (dt/dP > 0) signals an unusually com-

pressible M–O bond length; it has only been found at a crossover where there is a double-
well potential for two equilibrium (M–O) bond lengths.
• The bandwidth W depends more sensitively on the M–O–M bond-bending angle φ than

can be accounted for by eqs. (7) and (16), which suggests

(21)W =Wb exp(−λεsc/h̄ωo) with λ∼ εsc/Wb,
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where εsc is the energy required for an electron to transfer to a strong-correlation fluctuation
from an itinerant-electron matrix and Wb is the tight-binding bandwidth of eq. (16). The
period ω−1

o of a bond-length fluctuation does not need to be overly sensitive to the angle φ
to make W sensitive to φ.
• 18O/16O isotope exchange changes ω−1

o and thereby changes W of eq. (21) to give marked
changes in transition temperatures.
• The phonon contribution to the thermal conductivity is strongly suppressed by bond-length

fluctuations.
• Both the room-temperature thermoelectric power and the phonon-drag component at low

temperatures increase with hydrostatic pressure due to a decrease in the volume fraction of
strong-correlation fluctuations in an itinerant-electron matrix.
• Where strong-correlation fluctuations are present in an itinerant-electron matrix, the mag-

netic susceptibility may be interpreted as a coexistence of Curie–Weiss and mass-enhanced
Pauli paramagnetism.
• In mixed-valent systems, a spinodal phase segregation into fluctuating hole-rich conductive

regions and hole-poor insulating regions gives rise to such unusual phenomena as a colossal
magnetoresistance (CMR) in the manganese-oxide perovskites and high-Tc superconduc-
tivity in the intergrowth copper oxides.

2. Single-valent perovskites

2.1. LaMnO3

The most extensively studied RMnO3 parent compound is LaMnO3, which contains high-
spin Mn(III) : t3e1 ions. It was already recognized in the 1950s that this compound is oxi-
dized in air; oxidation changes the orthorhombic, antiferromagnetic insulator LaMnO3 into
a rhombohedral, ferromagnetic metal La1−ζMn1−εO3 (ζ + ε = 0.12 and ζ > ε). Stoichio-
metric LaMnO3 is stable in an inert atmosphere like N2 or Ar or in vacuum. Wollan and
Koehler (1955) reported the structure and magnetic order of LaMnO3 at 4 K obtained by
neutron diffraction; the data showed an orthorhombic axial ratio c/a <

√
2 and anisotropic

(180◦ − φ) Mn–O–Mn interactions with ferromagnetic (001) MnO2 planes coupled antipar-
allel to one another. Goodenough (1955) recognized that both the magnetic order below a
Néel temperature TN = 135 K and an axial ratio c/a <

√
2 can be accounted for by a coop-

erative antiferrodistortive Jahn–Teller ordering of the occupied σ -bonding e orbitals to give
the structure of fig. 6(b)(ii). Each oxygen in a puckered (001) plane would be displaced so
as to give (180◦ − φ) Mn–O· · ·Mn bonds containing one short (s) and one long (l) Mn–O
bond. This order would give e1· · ·O–e0 ferromagnetic superexchange interactions by eq. (10)
that dominate the t3–O–t3 interactions. Along the c-axis there would be no oxygen-atom dis-
placement and equal Mn–O bonds would give antiferromagnetic t3–O–t3 superexchange in-
teractions by eq. (9). Although the cooperative oxygen displacements were not observed at
that time, this fact could be accounted for by the limited resolving power of their early pow-
der diffractometer. Goodenough and Loeb (1955) had previously pointed out that cooperative
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ferrodistortive Jahn–Teller orbital ordering occurs in tetragonal spinels containing octahedral-
site Mn(III) and Cu(II) ions, and antiferrodistortive cooperative distortions within the (001)
planes of LaMnO3 would provide an experimental demonstration of Goodenough’s postulated
rules for the sign of the spin–spin superexchange interactions, rules that were later shown to
have general applicability (Goodenough, 1963). Kanamori (1959, 1960) subsequently refined
the model; he took account of the crystalline orthorhombic symmetry by admixing the Q3
and Q2 deformation modes of fig. 6(a). Recent neutron (Rodríguez-Carvajal et al., 1998) and
X-ray (Murakami et al., 1998) diffraction experiments on LaMnO3 have fully corroborated
the predicted oxygen displacements with opposite directions of the cooperative displacements
in alternate (001) planes (out-of-phase stacking). Mizokawa et al. (1999) have argued that the
degeneracy of the direction of oxygen displacements in the (001) planes is lifted by the A–O
interactions to give the long-range orbital order in 3D, a larger tilting of the MnO6/2 octahe-
dra (smaller tolerance factor t < 1) favoring in-phase stacking of the oxygen displacements.
Kataoka (2001) has extended the theory of Kanamori to include higher-order anharmonic elas-
tic and first-order Jahn–Teller energies to account for the first-order character of the orbital
order–disorder transition at TJT = 750 K. At temperatures T > TJT, the disordered occupied e
orbitals fluctuate to give an O*-orthorhombic symmetry with c/a ≈√2. Figure 8 shows the
variation of the orthorhombic (Pbnm) cell parameters with temperature (Rodríguez-Carvajal
et al., 1998). Louca et al. (1997), Egami et al. (1997), and Louca and Egami (1999) have shown
with pulsed neutron diffraction and pair-density-function analysis that locally the Jahn–Teller
distortions remain on a time scale short compared to 10−12 s where disorder reduces the av-
erage distortion viewed on a longer time scale. A Raman scattering study by Granado et al.
(2000) also indicates that orbital disorder occurs on heating through TJT and that consider-
able orbital fluctuation occurs on approaching TJT from below. The apparent loss of ordering
of the cooperative MnO6/2 rotation in the O* phase just above TJT is a result of the orbital
fluctuations. The cooperative rotations reappear in an O-orthorhombic phase at higher temper-

Fig. 8. Orthorhombic (Pbnm) lattice pa-
rameters of LaMnO3 as a function of
temperature. The MnO6/2 octahedra be-

come nearly regular in the O* phase (T >

TJT) on the time scale of the measure-
ment, but the displacement parameter of the
oxygen atoms increases significantly; after
Rodríguez-Carvajal et al. (1998).
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atures (T > 900 K) before transforming above ca. 1000 K to the R3̄c rhombohedral structure
with cooperative rotations about the [111] axis (Zimmermann et al., 2001). Rhombohedral
symmetry does not support removal of the e-orbital degeneracy.

The type-A antiferromagnetic order of eq. (14) is canted by Dzialoshinksii antisymmetric
exchange to give a weak canted-spin ferromagnetic moment oriented along the c-axis (type
AyF z of table 1) (Matsumoto, 1970a); in accordance with table 1, the Dzialoshinskii vector
Dij is parallel to the a-axis and the antiferromagnetic component of the Mn-atom spins S = 2
is parallel to the b-axis in space group Pbnm(Zhou and Goodenough, 1999). Cestelli Guidé
et al. (2001) have measured with muon spin rotation a cant angle of 2◦ and shown from the
critical exponent β of [1− (T /TN)]β that LaMnO3 is a Heisenberg system near TN with a
crossover to Ising behavior at lower temperatures due to magnetocrystalline anisotropy.

The Weiss constant of a Curie–Weiss paramagnetic susceptibility is a measure of the sign
of the net spin–spin interactions in the paramagnetic state. Figure 9 shows isotropic para-
magnetic data for a single crystal of LaMnO3 taken under vacuum (Zhou and Goodenough,

Fig. 9. Magnetic susceptibility χ(T ) and χ−1(T ) for single-crystal LaMnO3. χ‖ and χ⊥ could not be resolved in
the paramagnetic O′ phase (TN < T < TJT), but they are resolved below TN; after Zhou and Goodenough (1999).
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1999). Early paramagnetic data on a polycrystalline sample showed similar behavior (Jonker
and van Santen, 1950). The presence of ferromagnetic interactions within (001) planes and
antiferromagnetic interactions between planes in the range TN = 135 K < T < TJT = 750 K
gives a Curie–Weiss paramagnetic susceptibility with a positive Weiss constant θ = 52.5 K
< TN. The magnetic susceptibility increases discontinuously on increasing the temperature
through TJT; the Curie constant C remains unchanged, but a θ = 177 K > TN for tempera-
tures T > TJT shows that the magnetic interactions become isotropically ferromagnetic where
the occupied e orbitals fluctuate. Such a change could be understood as due to the onset of a
vibronic superexchange above TJT with no change in the Mn spins provided LaMnO3 remains
an insulator at temperatures T > TJT (Goodenough et al., 1961).

The resistivity ρ(T ) and thermoelectric power α(T ), obtained under vacuum, of the single
crystal of LaMnO3 used in the magnetic study of fig. 9 are shown in fig. 10(a). These measure-
ments (Zhou and Goodenough, 1999) were made both to determine the oxygen stoichiometry
of the crystal and to test the assumption that LaMnO3 remains an insulator at temperatures
T > TJT. An initial value of α(300 K)≈−600 µV/K shows a slight oxygen deficiency; on cy-
cling to 1100 K in vacuum, it becomes slightly oxidized to give the α(300 K)≈ 550 µV/K of

Fig. 10. (a) Resistivity ρ(T ) and thermoelectric power α(T ) taken on cycling a virgin single crystal of LaMnO3
from room temperature to 1100 K measured in a vacuum of 10−3 torr, after Zhou and Goodenough (1999).
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Fig. 10. (b) Optical conductivity spectra for
E‖ab (solid lines) E‖c (dashed lines) of a
detwinned LaMnO3 crystal at representative
temperatures: 10 K, 300 K (TN < T � TJT),
700 K (TN� T < TJT) and 800 K (T > TJT)

after Tobe et al. (2001).

fig. 10(a). The ρ(T ) and α(T ) curves were reversible after the first cycle. These data show the
sample is oxygen stoichiometric to within 0.1%. Nevertheless, ρ(T ) drops abruptly at TJT to
a magnitude comparable to that of a “bad metal” and α(T ) drops to a low, nearly temperature-
independent value. The onset at T ∗ of a sharper decrease in α(T ) and ρ(T ) with increasing
temperature in the interval T ∗ < T < TJT correlates with increasing orbital fluctuations on the
approach to TJT. The drops in α(T ) and ρ(T ) represent a change from a small to a large frac-
tion of mobile e electrons even though the crystal remains nominally single-valent Mn(III).
Given the strong coupling of the e electrons to local lattice deformations below TJT and the
observation that dynamic local Jahn–Teller distortions persist above TJT, we may conclude
that LaMnO3 is a vibronic conductor above TJT and may have double-exchange as well as vi-
bronic superexchange ferromagnetic interactions. The optical conductivity data of fig. 10(b)
show the closing of an energy gap at εF with increasing temperature to TJT, but the absence of
a Drude term above TJT that would be present if the conductive electrons were itinerant rather
than vibronic.

The transition to a conductive state requires the generation of charge carriers and therefore
thermal excitations of the disproportionation reaction

(22)2Mn(III)=Mn(II)+Mn(IV).
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Van Roosmalen and Cordfunke (1994) have analyzed the relation between the partial pres-
sure of oxygen and the value of δ in LaMnO3+δ to conclude that a partial disproportionation
reaction is responsible for the surprisingly large oxidation of LaMnO3 in air. This dispro-
portionation reaction accounts for the ready oxidation of LaMnO3 in air, the Mn(II) being
oxidized to Mn(III) to give La1−ζMn1−εO3. In 10−3 torr vacuum, only a small percentage of
the Mn(II) are oxidized to give the large α(300 K) > 0; but at T > TJT, the Mn(II) give elec-
tronic charge carriers and the Mn(IV) give hole charge carriers of nearly equal concentration,
so a temperature-independentα ≈ 0 is found. The fact that the Curie constant C exhibits little
change from its value for TN < T < TJT to its value for T > TJT is consistent with a partial
charge disproportionation; the observed value of C corresponds to a µeff = 5.2µB, which is
to be compared to a spin-only value µeff = 4.9µB for S = 2 and a µeff = 5.0µB for a full
disproportionation into Mn(II) with S = 5/2 and Mn(IV) with S = 3/2. Since the dispropor-
tionation reaction would be associated with a cooperative breathing-mode deformation that
contracts equally the (Mn–O) bond lengths at Mn(IV) and expands equally the (Mn–O) bond
lengths at Mn(II), we are led to the conclusion that the cooperative orbital ordering in the
O′-orthorhombic phase suppresses the disproportionation reaction by localizing the Mn(III)
e electrons in the long (Mn–O) bonds within the (001) planes, which hinders breathing-
mode displacements of the oxygen atoms at the Mn atoms. Although the O′-orthorhombic
(c/a <

√
2) structure is retained in the interval T ∗ < T < TJT, which indicates the matrix re-

tains occupied e orbitals preferentially ordered into the (001) planes, orbitally disordered fluc-
tuations above T ∗ introduce charge carriers that reduce α(T ), the volume fraction increasing
discontinuously at TJT. On raising the temperature through TJT and in the orbitally disordered
clusters in the range T ∗ < T < TJT, the locally cooperative oxygen displacements become
short range fluctuations in 3D that permit the formation of breathing-mode displacements of
some of the Mn atoms. The formation of six short Mn–O bonds creates empty molecular
e orbitals at Mn(IV) ions; the six long (Mn–O) bonds stabilize localized Mn(II) : t3e2 con-
figurations. The disproportionation reaction may therefore be considered a segregation into
localized electrons at Mn(II) and holes delocalized over a Mn(IV)O6/2 cluster as the result of
an approach to the condition Uσ ≈Wσ from the localized electron side. From a theoretical
perspective, Ahn and Millis (2001) have used a tight-binding parametrization of band theory
and expressions for the elastic energies to argue that the e electrons of LaMnO3 approach
the transition to itinerant-electron behavior from the localized-electron side. Moreover, it is
apparent from fig. 10(a) that real charge transfer is occurring, which introduces an isotropic,
ferromagnetic double-exchange component to the spin–spin coupling. Therefore, some other
experiment is required to establish the existence of a vibronic isotropic superexchange inter-
action.

Goodenough et al. (1961) explored the LaMn1−xGaxO3 for this purpose and Lotger-
ing (1970) studied the system La1−xBaxMn1−xTixO3. In each case, all the manganese are
Mn(III) and dilution of the Mn(III) by substitution of a non-magnetic ion into the MnO3

array suppresses a static cooperative Jahn–Teller deformation. In each case a ferromagnetic
superexchange in an insulator was observed, indicating the presence of a ferromagnetic vi-
bronic superexchange. However, before turning to more recent studies of LaMn1−xGaxO3 and
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LaMn1−xScxO3, I draw attention to evidence from high-pressure studies that the σ -bonding
e electrons of LaMnO3 approach the transition from localized to itinerant behavior.

Millis et al. (1995) proposed on theoretical grounds that the cooperative Jahn–Teller orbital
ordering makes LaMnO3 an insulator. This prediction found experimental support in the high-
temperature transport measurements of fig. 10(a). Subsequently, Loa et al. (2001) concluded,
from their room-temperature structural and reflectance data and from resistivity ρ(T ) data all
taken to 400 kbar hydrostatic pressure, that (1) the cooperative Jahn–Teller distortion of the
Mn(III) octahedra in LaMnO3 disappears at about 180 kbar although the phase remains an
O′-orthorhombic insulator and, therefore, (2) the insulator behavior of LaMnO3 is not due to
the Jahn–Teller orbital ordering. However, the quality of the structural data decreased with
increasing pressure, and a closer analysis of their data in comparison with that of Pinsard-
Gaudart et al. (2001) shows that these conclusions are not supported by the data. Pinsard-
Gaudart et al. (2001) reported room-temperature time-of-flight neutron-diffraction data taken
on crushed, oxygen-stoichiometric single-crystal LaMnO3, a procedure that gave amazingly
high-quality diffraction data. These data show that the cooperative Jahn–Teller distortion is
stable to about 70 kbar; the reduction with pressure of the different Mn–O bond lengths is
nearly the same and the extent of the cooperative MnO6/2 rotations is continuously reduced.
Low-temperature measurements revealed that type-A antiferromagnetic order is retained and
TN increases as a result of the greater overlap of the Mn-3d and O-2p orbitals. However, a
transition to an unknown phase occurred between 70 and 80 kbar. The insulator-metal transi-
tion found at about 320 kbar by Loa et al. (2001) is consistent with the theoretical deduction
by Ahn and Millis (2001) that the σ -bond e electrons of LaMnO3 approach the transition
from localized to itinerant behavior. Pressure experiments (Zhou and Goodenough, 2002a)
discussed in sect. 2.7 confirm this deduction. The character of the orbital ordering in the insu-
lator high-pressure phase P � 80 kbar has yet to be determined.

In order to show that the e-orbital degeneracy is lifted by electron–phonon interactions
and not by the superexchange interaction, Allen and Perebeinos (1999) and Perebeinos and
Allen (2001) have invoked the Franck–Condon process via self-trapped excitons to predict
a Gaussian envelope of vibrational sidebands associated with resonant behavior of a Raman
process close to the orbital excitation energy of 2 eV in LaMnO3. Features of the Raman
spectra of LaMnO3 obtained (Björnsson et al., 2000; Romero et al., 2001) for a laser fre-
quency around 1100 cm−1 are consistent with these predictions. In the first step of the Raman
process, the incident photon excites an electron at a Mn(III) ion from the lower to the upper
orbital state of the Jahn–Teller doublet. This orbital exciton (also called an “orbiton”) is self-
trapped by oxygen rearrangements from the orbitally ordered Jahn–Teller state, which creates
a vibrationally excited state of the orbiton. In the second step of the Raman process, this vir-
tual excitation decays back to the orbital ground state, but not to the vibrational ground state.
A number of vibrational quanta are also excited (Franck–Condon principle) to give vibra-
tional sidebands of significantly greater magnitude than are found with non-Jahn–Teller ions.
Perebeinos and Allen (2000) have also predicted that the vibrational quanta associated with
a photoexcited hole in a photoemission experiment are responsible for a ca. 0.5 eV broad-
ening observed in angle-resolved photoemission spectra of the manganese-oxide perovskites
(Dessau and Shen, 1998).
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If the orbital exciton is not self-trapped by interactions with oxygen optical-mode vibra-
tions, then it may propagate through the crystal as an orbital wave since there is inertia to slow
restoration to the ground state (Ishihara et al., 1997). A quantized orbital wave is a new par-
ticle, the itinerant orbiton, analogous to the magnon corresponding to a quantized spin wave.
The spin waves in a ferromagnetic crystal are detected by changes in the properties of a beam
of photons or neutrons that is scattered from a single crystal. Saitoh et al. (2001) have used
Raman scattering from a high-quality LaMnO3 single crystal to detect a frequency shift that
weakens as the temperature is increased from 9 K until it completely disappears above TJT.
They interpret this shift to be due to the presence of orbital-wave orbitons, but Allen and Pere-
beinos (2001) cautioned that the theory needs to introduce orbiton–phonon interactions before
this demonstration can be considered “air tight”. Subsequently, van den Brink (2001) has de-
veloped a theory that introduces the electron–electron correlations and lattice dynamics on the
same footing. His analysis accounts for the data of Saitoh et al. (2001) with a relatively weak
electron–phonon coupling that, nevertheless, narrows the itinerant orbiton dispersion by a fac-
tor of two. The theory of Allen and Perebeinos applies to the strong-coupling limit. Orbitons
may influence other physical properties such as heat capacity or thermal conductivity.

Measurements (Tobe et al., 2001; Quijada et al., 2001) of the optical-conductivity spectra
of detwined single crystals of LaMnO3 from 10 K < TN to 300 K > TN have shown a pro-
nounced difference in the lowest-lying 2 eV excitation for the electric field E‖ab and E‖c
(Pbnmsetting) that changed little on crossing TN, but decreased gradually with increasing
temperature to TJT across which it collapsed. The fact that the anisotropy reflects the orbital
ordering and not the spin ordering indicates a large O-2p admixture in the Mn(IV)/Mn(III)
redox couple to facilitate an allowed 2p–3d transition. Quijada et al. (2001) interpret the 2 eV
excitation to be the interatomic Mn(III)+Mn(III)=Mn(IV)+Mn(II) e–e transition rather
than the intraatomic transition examined by Allen and Perebeinos (1999).

2.2. LaMn1−xGaxO3 and LaMn1−xScxO3

Reexamination (Töpfer and Goodenough, 1997a) of the insulator system LaMn1−xGaxO3
with oxygen-stoichiometric samples confirmed the earlier study (Goodenough et al., 1961) in
this system. As shown in fig. 11, the O′-orthorhombic c/a <

√
2 phase is retained to x = 0.5,

albeit with a c/a approaching
√

2 monotonically with increasing x; long-range orbital order
is retained in a percolating matrix to x = 0.5. However, the saturation magnetization at 4 K
approaches the spin-only value of 4µB/Mn for x � 0.5. Moreover, the Néel temperature TN of
the canted-spin, type-A antiferromagnetic order decreases with dilution of the Mn concentra-
tion to x = 0.25; the magnetic-ordering temperature increases to a higher ferromagnetic Curie
temperature TC at x ≈ 0.30 that decreases monotonically with increasing x . Moreover, in a
field of 100 Oe the paramagnetic Weiss constant θ increases with x , changing from θ � TN
for x � 0.20 to a θ > TN for x � 0.30.

The magnetization data for these polycrystalline samples prompted a closer look with an
oxygen-stoichiometric series of single-crystal samples in the range 0.15 � x � 0.50 (Zhou
et al., 2001a). The zero-field-cooled (ZFC) and field-cooled (FC) magnetization M(T ) under
applied fields of 10 Oe, 50 Oe, and 5 kOe as well as the reciprocal magnetization M−1(T )
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Fig. 11. Variation with x of the
magnetic moment per Mn ion in
Bohr magnetons at 4 K (straight
line represents ferromagnetic
spin-only value) and magnetic-
ordering temperatures (crossed
circles) for LaMn1−xGaxO3,
after Goodenough et al. (1961).

in 5 kOe are shown in fig. 12 for x = 0.15, 0.25, 0.35, and 0.50 samples. Whereas the curves
for x = 0.15 and 0.25 are typical of a type-A canted-spin antiferromagnet having a θ > 0
because of the ferromagnetic exchange interactions in the basal planes, the low-field M(T )

curves for x = 0.35 and 0.50 show a maximum in the ZFC curves near the magnetic-ordering
temperature, which is typical of a spin glass (Mydosh, 1993). An ac susceptibility χac(T ) of
the x = 0.5 crystal is also plotted; it shows a sharp peak at the spin-freezing temperature Tf.
On the other hand, the M(T ) curve taken in 5 kOe is typical of a ferromagnet with a TC ≈ Tf.
Since a saturation spin-only moment of 4µB/Mn is achieved in single-crystal samples under
an applied field of only a few kOe (fig. 13) and the hysteresis loop has a small remanence, it is
apparent that a modest magnetic field induces a transition from a spin glass to a ferromagnetic
phase in the x = 0.5 sample. From the inset of fig. 13, this transition is initiated at about
H = 2500 Oe; the volume fraction of the ferromagnetic phase increases with H , saturating at
H � 2 kOe.

The data of fig. 11 show that for x > 0.5 the system has the O*-orthorhombic structure in-
dicative of orbital disorder in zero field; these polycrystalline samples are ferromagnetic with
a saturation magnetization at 4 K approaching 4µB/Mn atom. Since the O′-orthorhombic
phase is retained in zero field at x � 0.5, these results have a straightforward interpretation. In
zero field, an orbitally ordered, antiferromagnetic matrix with Néel temperature TN percolates
through the structure if x � 0.5; but orbitally disordered, ferromagnetic clusters are present
in the matrix for x � 0.30, and these clusters have a TC > TN. The application of a magnetic
field stabilizes the orbitally disordered ferromagnetic phase relative to the orbitally ordered
antiferromagnetic phase, and the ferromagnetic clusters grow in a magnetic field at the ex-
pense of the antiferromagnetic matrix. In this system, there is no negative magnetoresistance
associated with the growth of the ferromagnetic clusters to beyond their percolation threshold;
the orbitally disordered phase remains insulating for larger values of x . On the other hand, ap-
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Fig. 12. The temperature dependence of the magnetization M(T ) and its reciprocal M−1(T ) under different applied fields for single crystals of the system
LaMn1−xGaxO3. The ac susceptibility χac(T ) of the x = 0.5 sample is superimposed, after Zhou et al. (2001a).
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Fig. 13. The magnetization vs. applied magnetic field at T = 5 K for single-crystal samples of the LaMn1−xGaxO3
system. The full hysteresis loop is shown for the x = 0.5 sample; the inset is the detail in low fields, after Zhou et al.

(2001a).

plication of hydrostatic pressure appears to stabilize the orbitally ordered matrix, which has a
smaller volume (Zhou et al., 2001a).

A zero-field phase diagram for the LaMn1−xGaxO3 system is shown in fig. 14. Four impor-
tant conclusions follow from the studies made of this system: (1) An isotropic ferromagnetic,
vibronic Mn(III)–O–Mn(III) superexchange interaction is found where the occupied e orbitals
fluctuate. (2) A magnetic field stabilizes the orbitally fluctuating, ferromagnetic phase relative
to the orbitally ordered antiferromagnetic phase; and where the two phases coexist, a magnetic
field may induce a transition from a spin-glass to a ferromagnetic phase. (3) The σ -bonding
e electrons of the Mn(III) ions remain localized in the orbitally fluctuating state where Ga
substitutions perturb the periodic potential of the MnO3 array. (4) Hydrostatic pressure stabi-
lizes an ordering of the occupied e orbitals that decreases the volume fraction of disordered
orbitals.

For comparison, Al(III) and Sc(III) were substituted for Mn(III) (Goodenough et al., 2002).
These ions also perturb the periodic potential of the MO3 array to maintain localized e
electrons at the Mn(III) ions where the orbitals become disordered. In these solid-solution
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Fig. 14. Phase diagram for the
LaMn1−xGaxO3 as obtained with
single-crystal samples, after Good-
enough et al. (2002).

systems also, the disproportionation reaction 2Mn(III) = Mn(II) + Mn(IV) is suppressed.
Single-phase LaMn1−xAlxO3 was restricted to the range 0 � x � 0.20 where it remained
a canted-spin antiferromagnet. On the other hand, single-phase LaMn1−xScxO3 was found
over the entire range of solid solutions 0 � x � 1. This system showed a smooth crossover
from c/a <

√
2 to c/a >

√
2 near x = 0.35; c/a >

√
2 became independent of x above

x = 0.75. The Sc(III) ion is larger and has a stronger octahedral-site preference than Ga(III),
which makes Sc(III) more resistant to the cooperative Jahn–Teller distortion induced by the
Mn(III) ions. The smaller Al(III) ion, on the other hand, offers little resistance to a coop-
erative Jahn–Teller distortion, and the c/a ratio changed little in the range 0 � x � 0.20 of
LaMn1−xAlxO3.

The phase diagram of fig. 15 for LaMn1−xScxO3 shows an evolution with x from canted-
spin antiferromagnetic insulator (CAFI) to spin-glass insulator (SGI) to ferromagnetic insula-
tor (FI) that is similar to that of the LaMn1−xGaxO3 system. Moreover, the spin-glass phase
transforms to a ferromagnetic phase in a high magnetic field; the evolution with x of the mag-
netization at 5 K in a field of 50 kOe is shown in fig. 16. In polycrystalline LaMn1−xScxO3,
as in polycrystalline LaMn1−xGaxO3, the full theoretical spin-only moment of 4µB/Mn is
not attained for any value of x whereas the full moment was found in the single crystals of
LaMn1−xGaxO3. The evolution of the magnetic ordering temperature indicates that spin-glass
behavior is found where the ferromagnetic clusters within the antiferromagnetic matrix have
a TC > TN. The more rapid drop-off in TN with x as x approaches the critical value xc ≈ 0.30
where TN = Tf ≈ TC shows the presence of orbitally disordered clusters appearing for x < xc;



274 J.B. GOODENOUGH

Fig. 15. Phase diagram for the
LaMn1−xScxO3 system as ob-
tained with polycrystalline sam-
ples, after Goodenough et al.
(2002).

Fig. 16. The magnetization at 50 kOe vs. x at T =
5 K for LaMn1−xScxO3, after Goodenough et al.
(2002).
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the clusters dilute the antiferromagnetic matrix more rapidly than a simple substitution of
Sc(III) ions.

2.3. RMnO3

The stoichiometric manganites RMnO3 with larger lanthanide ions La to Dy all form the O′-
orthorhombic Pbnmstructure at room temperature while those with the smaller lanthanide
ions Ho to Lu or with Y all take the hexagonal P63cm structure of fig. 17. High-resolution
electron diffraction taken on single crystals of RMnO3 (R = Y, Yb, Lu) have demonstrated
the formation of Mn trimers within the MnO ab planes as well as a ferroelectric distortion
along the c-axis in the hexagonal structure (Katsufuji et al., 2001). Long-range magnetic order
is frustrated by competing exchange interactions in the MnO planes, which lowers TN and
sustains spin fluctuations well below TN. However, an O′-orthorhombic perovskite form of
RMnO3 for the smaller rare-earth ions can be prepared either by high pressure (Wood et al.,
1973) or from citrate-based precursors (Szabo, 1969), which has allowed study of the entire
RMnO3 series of perovskite manganites (Szabo, 1969; Quezel-Ambrunat, 1968; Rodríguez-
Carvajal et al., 1998; Troyanchuk et al., 1997; Quezel et al., 1974, 1977; Jirák et al., 1997;
Matsumoto, 1970b; Brinks et al., 2001).

The cooperative rotations of the MnO6/2 octahedra increase with decreasing radius of the
R3+ ion, i.e., with decreasing tolerance factor t . As the bending angle φ of the (180◦ − φ)

Mn–O–Mn interactions increases, the strength of the ferromagnetic σ -bond superexchange in
the (001) planes is weakened relative to that of the antiferromagnetic t3–O–t3 interactions. As
a result, the Néel temperature TN for ordering of the manganese moments decreases systemati-
cally from 141 K for R= La to 50 K for R= Eu; and for R= Tb, Ho, and Y the ferromagnetic
(001) planes transform to an incommensurate spiral-spin configuration propagating along the
b-axis in the bc plane, see fig. 18, with a TN ≈ 40 K. The propagation vector k = kyb

∗ in-
creases with decreasing ionic radius of the R3+ ion. In orthorhombic HoMnO3, it also in-

Fig. 17. Hexagonal P63cmstructure of LuMnO3, af-
ter Katsufuji et al. (2001).



276 J.B. GOODENOUGH

Fig. 18. The magnetic ordering of Mn(III)-ion spins in RMnO3, R = La, Pr, Nd, Tb, Ho (and Y), in two adjacent
(001) planes. Not shown is the spin canting to give a small ferromagnetic component along the c-axis for R= La, Pr,

Nd. The numerical values refer to the spin periodicity just below TN, after Brinks et al. (2001).

creases with decreasing temperature from 0.395b∗ just below TN to 0.431b∗ at THo = 11 K,
the ordering temperature of the Ho3+-ion moments. A dt/dT > 0 means that t decreases with
temperature as well as with substitution of smaller A cations. The Ho3+ moments order in a
spiral-spin configuration with the same propagation vector k as that of the Mn(III) spins. At
lowest temperatures, a commensurate spiral-spin configuration coexists with the incommen-
surate configuration (Brinks et al., 2001).

2.4. CaMnO3

Oxygen-stoichiometric CaMnO3 can be prepared in a flowing O2 atmosphere; at room tem-
perature, it has the O-orthorhombic (c/a >

√
2) perovskite structure. The half-filled t orbitals

of the Mn(IV) : t3e0 ions give rise to antiferromagnetic t3–O–t3 superexchange interactions
between all nearest neighbors. As there are no other competitive interactions, CaMnO3 is a
type G (see table 1) antiferromagnetic insulator with a Néel temperature TN = 125 K and a
spin-only paramagnetic moment µeff = 3.9µB; the atomic moment of the antiferromagnetic
state, µMn ≈ 2.64µB (Yudin et al., 1966) is reduced from 3.0µB by the virtual charge transfer
of the antiferromagnetic superexchange interaction.

One remarkable feature of this compound is an anomalously low thermal conductivity κ(T )
in the paramagnetic phase; κ(T ) increases abruptly on cooling through TN (Fujishiro et al.,
2000; Zhou and Goodenough, 2002b). Since CaMnO3 is an insulator, only the magnons and
phonons contribute to κ(T ); therefore, the κ(T ) data indicate that spin disorder suppresses
not only the magnons, but also the phonons. Since the orbital angular momentum is quenched
in a t3e0 configuration and there are no orbital fluctuations, the spin-lattice interactions would
appear to be due to an exchange striction, antiferromagnetic coupling on opposite sides of an
oxygen atom giving rise to shorter Mn–O bond lengths. In the paramagnetic phase, random
exchange-strictive displacements would perturb the periodicity of the lattice and suppress the
optical phonons. However, the superexchange interaction, eq. (9), involves a virtual charge
transfer between cations that does not alter the Mn–O equilibrium bond length. Therefore, we
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need to introduce the semicovalent-exchange component that was first introduced by Good-
enough (1963), who showed it gave the same sign of the exchange coupling. Subsequently,
it was given analytic form by Geertsma (1979) and quoted by Zaanen and Sawatzky (1987).
This interaction involves a two-electron virtual charge transfer from the intermediate oxygen,
one of one spin to one side and one of opposite spin to the other side. Each electron transfer
costs an energy ∆ if the on-site electrostatic energy for the oxygen 2p electrons is small, i.e.,
Upp�∆. Addition of the semicovalent exchange component changes the expression for the
superexchange interaction from that given in eq. (9) to

(23)Jij ∼ 2|bca|4
∆2

(1/Ueff + 1/2∆),

where the first term is just the Anderson superexchange term in which bij ∼ ∆2λ4
π with

λπ = bca/∆ and bca is the cation–anion resonance (electron-energy transfer) integral. The
second term in eq. (23) is the semicovalent-exchange component. Where the highest occupied
redox couple in the point-charge model of an ionic crystal lies below the O2− : 2p6 level, a
∆<Ueff makes the semicovalent exchange larger than the Anderson component of the super-
exchange interaction. A two-electron transfer from the oxygen, one to each of its neighboring
Mn atoms, would increase Mn–O–Mn bonding where the Mn-atom spins on opposite sides of
the oxygen are antiparallel. Accordingly, an important exchange-strictive contraction of the
Mn–O bond lengths occurs on cooling through TN (Moritomo et al., 2001). In order to test
whether the semicovalent exchange striction is responsible for the surprising suppression of
κ(T ) in the paramagnetic phase of CaMnO3, the κ(T ) of single-crystal CaMnO3 was com-
pared to that for single-crystal LaMnO3, LaGaO3, large-grained YCrO3, and SmNiO3 (Zhou
and Goodenough, 2002b). The reciprocal thermal conductivity κ−1(T ) is plotted for these
compounds in fig. 19 where the dotted line represents that of an oxide glass. As expected,
LaGaO3 has a normal κ(T ) behavior whereas κ(T ) is suppressed in the paramagnetic phase
of the four antiferromagnetic compounds; the suppression increases progressively on going
from YCrO3 to LaMnO3 to CaMnO3 to SmNiO3. This progression correlates with the magni-
tude of the charge-transfer gap ∆ from the O-2p bands to the lowest unoccupied redox energy
of the transition-metal atoms, as can be seen from the schematic energy diagrams of fig. 20.
This experiment provides a confirmation of the competitive character of the semicovalent
exchange component of the superexchange interaction.

2.5. SrMnO3

SrMnO3 has a tolerance factor t > 1, which places the Mn–O–Mn bonds under tension and
the Sr–O bonds under compression. These stresses are relieved by the formation of hexagonal
polytypes (Goodenough et al., 1972). SrMnO3 forms the 6H hexagonal polytype in which
the (111) close-packed SrO3 planes of the cubic structure have hexagonal stacking alternating
with two cubic stackings instead of all-cubic stacking. Alternatively, loss of oxygen reduces
some of the manganese to Mn(III), thereby increasing the mean ionic radius of the man-
ganese ions to reduce t and stabilize the cubic phase. Oxygen-deficient, cubic SrMnO3−δ is
a mixed oxide-ion/electron conductor, but in air it picks up oxygen above 600 ◦C to revert to
the hexagonal polytype (Tichy and Goodenough, 2002).
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Fig. 19. Thermal conductivity κ(T )

and its inverse of single-crystal
LaGaO3 (LGO), LaMnO3 (LMO),
CaMnO3 (CMO), and large grained
YCrO3 (YCO). The dotted line is that
of an oxide glass. The arrows indicate
the Néel temperatures TN, after Zhou
and Goodenough (2002b).

2.6. Sr1−xCaxMnO3 (0 � x � 1) and Sr1−yBayMnO3 (0 � y � 0.2)

According to eqs. (7) and (9), the Néel temperature TN of the system Sr1−xCaxMnO3 and
Sr1−yBayMnO3 should increase with increasing x and y as 〈cos2 θ〉 increases with the tol-
erance factor t ; θ = (180◦ − φ) is the Mn–O–Mn bond angle. Neumeier et al. (2001) have
shown that the transition at TN in CaMnO3 is second-order with a jump in the specific heat
∆Cp =−9.9± 0.7 J/mol at TN = 124.2 K. Chmaissem et al. (2001) obtained TN and, with
neutron and synchrotron X-ray powder diffraction, the values of 〈cos2 θ〉 as a function of x
and y . The system Sr1−xCaxMnO3 is O-orthorhombic (Pbnm) for 0.4 < x � 1.0, tetragonal
(I4/mcm) for 0.3 � x � 0.4, and cubic (Pm3̄m) for 0 � x � 0.3; Sr1−yBayMnO3 is cubic for
all values of y � 0.2 obtained at lower temperatures under a high oxygen pressure. As shown
in fig. 21, Chmaissem et al. (2001) found experimentally the relationship

(24)TN
(
θ, σ 2)= TN,max(180◦,0)−C1

[
1− 〈cos2 θ

〉]−C2σ
2,

where C1 and C2 are constants and σ 2 ≡ (r0
A−〈rA〉)2 is the variance of the room-temperature

ionic radii associated with different A-site cations; r0
A is the radius of Sr2+ obtained from

cubic SrMnO3. To fit the experimental variation of TN with x and y , it was necessary to add
the term C2σ

2 to take account of the variation in the periodic potential as a result of changes
in θ induced by different A-site cations bonding with the bridging oxygen atoms.
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(a)

(b) (c)

Fig. 20. (a) Schematic energy diagrams for YCrO3, LaMnO3, and CaMnO3. (b) The charge transfer gap ∆ mea-
sured by optical spectra, after Arima et al. (1993). (c) Virtual electron transfers for 180◦ t3e0–O–t3e0 in Anderson
superexchange and semicovalent exchange. In Anderson superexchange, the operative transfer integrals are between

the crystal-field orbitals ψt =Nπ (ft − λπφπ ), after Zhou and Goodenough (2002b).

2.7. Bloch’s rule

Bloch (1966) studied the variation of the Néel temperature TN with volume V for numerous
antiferromagnetic insulators and found the general relationship

(25)αB ≡ d logTN/d logV ≈−3.3± 0.4.

This relationship, known as Bloch’s rule, applies in the localized-electron limit where the
interatomic spin–spin interaction is described by the superexchange perturbation theory of
eq. (23) with TN ∼ J ; J is the Heisenberg exchange energy. Calculations by Shrivastava and
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(a)

(b)

Fig. 21. (a) Observed (filled cir-
cles) and calculated (open circles)
TN as a function of 〈rA〉. (b) Cal-
culated TN values (open circles) ob-
tained by subtracting the individual
contributions of C1[1 − 〈cos2 θ〉]
(filled squares) and C2σ

2 (filled tri-
angles) from TN,max = 233 K (see
eq. (24)), after Chmaissem et al.
(2001).

Jaccarino (1976) and by Smith (1969) have given a bca∼ r−n with n≈ 2.5–3.0 for an equi-
librium M–O bond length r . If U and ∆ of eq. (23) are pressure-independent, it follows that
TN ∼ r−10 ∼ V −3.3. If the compressibility K ≡−V −1∂V/∂P remains constant, the pressure
dependence of TN should conform to Bloch’s rule. Therefore, any deviation from Bloch’s rule
would be an indication that either the superexchange perturbation approach breaks down or
the assumption that U and ∆ are pressure-independent is not valid.

A determination of αB for LaMnO3 and CaMnO3 has been compared to αB for YCrO3
(Zhou and Goodenough, 2002a). Figure 22 compares TN vs. hydrostatic pressure P for these
three compounds. The data for LaMnO3 is non-linear below 7 kbar; a first-order phase change
at 7 kbar is followed by an unusually large slope dTN/dP = 0.55 K/kbar for P > 7 kbar,
which is to be compared to a dTN/dP = 0.34 K/kbar for CaMnO3 and 0.30 K/kbar for
YCrO3 over the entire pressure range. A neutron-diffraction study to 70 kbar by Pinsard-
Gaudart et al. (2001) has shown retention over the entire pressure range of the cooperative
ordering of the e electrons into the (001) planes and a compressibility K = 0.70× 10−6/bar
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Fig. 22. Pressure dependence of TN for LaMnO3, CaMnO3, and YCrO3. Straight lines are linear fittings of the data,
after Zhou and Goodenough (2002a).

that is comparable to the K = 0.68×10−6/bar found by Bloch (1966) for other antiferromag-
netic insulators. A measured |αB| = 5.3 for LaMnO3 under P > 7 kbar is to be compared with
eq. (25) and an estimated (assuming K = 0.68× 10−6/bar) |αB| = 3.8 and 3.0 for CaMnO3
and YCrO3, respectively. YCrO3 clearly obeys the Bloch rule and CaMnO3 is at its upper
limit, but LaMnO3 has an unusually large |αB| in the range P > 7 kbar as well as an anom-
alous dTN/dP in the range P < 7 kbar and a two-phase region at P ≈ 7 kbar.

In YCrO3 and CaMnO3, the t3–O–t3 interactions contain an effective on-site energyUπ that
is augmented by the intraatomic exchange energy ∆ex > 2.5 eV whereas the Uσ for the e1–
O–e0 interactions in the (001) planes of LaMnO3 is not augmented and is too small to inhibit
a disproportionation reaction above TJT. Moreover, the anomalous behavior of dTN/dP in
LaMnO3 cannot be attributed to either an orbital reorientation or an anomalous compressibil-
ity. Therefore, we conclude there is a breakdown of the perturbative description of the spin–
spin interactions in the (001) planes and/or the assumption that the factor [U−1

σ + (2∆)−1]
in eq. (23) is pressure-independent. Such a breakdown would occur on the approach to the
transition from localized-electron to band magnetism. The on-site energy U collapses due to
screening in the band regime where the bandwidth is W > U . This collapse at crossover is
relatively sharp because the screening is feedback-enhanced on the approach to the localized
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Fig. 23. Schematic energy diagram of
the Heisenberg exchange energy J vs.
bandwidth W at the crossover from
localized-electron to band magnetism, af-
ter Zhou and Goodenough (2002a).

to itinerant electronic transition. Moreover, from the virial theorem of eq. (19), we can expect
a double-well potential for the equilibrium M–O bondlength at crossover and therefore a first-
order phase change with a spinodal phase segregation. In perovskite-related oxides, such spin-
odal phase segregations set in near room temperature, which is too low for atomic diffusion.
Therefore, phase segregations on a small length scale are generated by atomic displacements
that give rise to either static charge-density waves or to bond-length fluctuations and dynamic
phase segregation. A dTN/dP < 0 is predicted for band antiferromagnetism; it has been con-
firmed in CaCrO3 (Goodenough et al., 1968). Therefore, we place the exchange interaction
J for the (001) planes of LaMnO3 at the approach to the crossover from localized-electron
to band magnetism where Uσ is decreasing with pressure because of a feedback enhanced
screening; the first-order phase change at P ≈ 7 kbar suggests a spinodal phase segregation
into localized-electron and itinerant-electron antiferromagnetism under pressures P > 7 kbar
as indicated in the schematic J vs. W diagram of fig. 23.

3. Mixed-valent perovskites

3.1. Oxygen vacancies

CaMnO3 catalyzes the selective oxidation of hydrocarbons by accepting electrons into the
MnO3 array during a dissociative chemisorption of the reactant and then releasing oxy-
gen to the departing species. Each oxygen vacancy captures the two electrons it introduces
on the two neighboring, fivefold-coordinated Mn(III) ions. The square-pyramidal configura-
tion of the Mn(III) ions was first detected by Poeppelmeier et al. (1982a) in polycrystalline
CaMnO2.5 that was obtained (Poeppelmeier et al., 1982b) by reaction of CaMnO3 in a 10%
H2/He atmosphere within the narrow temperature interval of 300–325 ◦C. Reller et al. (1984)
subsequently demonstrated the existence of several vacancy-ordered intermediate phases
in the interval 0 � δ � 0.5, all of which have the structural configuration of two square-
pyramidal Mn(III) ions trapped at opposite sides of an oxygen vacancy. Wiebe et al. (2001)
showed that CaMnO2.94 retains the G-type antiferromagnetic order of CaMnO3 below TN with
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µMn = 2.43µB; the reduction of µMn from the spin-only moment of 3.0µB reflects the vir-
tual electron transfers of the Mn–O–Mn superexchange interactions. Evidence of a vacancy-
ordered phase coexisting with a G-type antiferromagnetic spin configuration was found in a
CaMnO2.89 sample; the Mn(III)–�–Mn(III) e1–�–e1 superexchange interaction is antiferro-
magnetic, and the single Mn(III)–O–Mn(IV) e1–O–e0 interaction on the opposite side does
not provide a strong enough ferromagnetic coupling to overcome the six nearest-neighbor
antiferromagnetic t3–O–t3 interactions at the Mn(IV) ion.

3.2. Ca1−xLaxMnO3, 0 � x � 0.2

Lanthanum substitution for Ca in Ca1−xLaxMnO3, 0 � x � 0.2, has been used to introduce
electrons into the MnO3 array while keeping it intact. Each La3+ ion creates a shallow donor
level below the Mn(IV)/Mn(III) redox level; at lowest temperatures, the electrons are trapped
at one (or more) of the eight Mn nearest neighbors of a La3+ ion. Neumeier and Cohn (2000)
have correlated the electronic resistivity ρ(T ) with Ms(0), the saturation magnetization at
T = 0 K (extrapolated from 5 K). They distinguished four compositional regions in the inter-
val 0 � x � 0.2. Region I (0< x < 0.02) contains small-polaron Mn(III) ions that increase the
saturation magnetization by dMs(0)/dx = 1.20± 0.25µB/Mn. Region II (0.02 < x � 0.07)
contains two-manganese (Zener) polarons and a dMs(0)/dx = 8.4 ± 0.35µB/Mn. Ms(0)
reaches a maximum in the interval 0.07< x < 0.08, and Region III (0.08< x < 0.17) shows a
dMs(0)/dx ≈−4.5µB/Mn. Region IV (0.18 � x � 0.20) is a C-type (table 1) antiferromag-
net with Ms(0)= 0µB/Mn. At low temperatures (50 K < T < 150 K), the n-type resistivity
ρ(T )∼ exp(−Ea/kT) had an Ea ≈ 85 meV for x = 0, an Ea ≈ 30 meV independent of x in
the interval 0.005 � x � 0.10, and anEa ≈ 85 to 95 meV for 0.12 � x � 0.20. For T > 200 K,
the ρ(T ) curves resembled those of a degenerate semiconductor with variable range hopping
below a mobility edge.

Interpretation by Neumeier and Cohn (2000) of the changes in Ms(0)with x was as follows:
The small polarons are coupled antiparallel to their nearest neighbors, retaining the G-type an-
tiferromagnetic order, but the e electrons are sufficiently mobile below TN to move to the spin
sublattice parallel to the magnetizing field. This model gives a weak ferrimagnetism with a
dMs(0)/dx = 1µB/Mn. The e1–O–e0 ferromagnetic interactions do not dominate the anti-
ferromagnetic t3–O–t3 interactions in this case. On the other hand, Zener polarons have fast
(τh <ω−1

o ) e-electron transfer between the Mn(III) and Mn(IV) ions of the pair, which intro-
duces two-manganese ferromagnetic clusters via intrapolaron double exchange. If all the elec-
trons formed Zener polarons, Ms(0) would vary with x as dMs(0)/dx ≈ 7µB/Mn for spin-
only moments to give Ms(0)= 0.5µB/Mn at x = 0.07 instead of the observed 0.4µB/Mn. It
follows that the electrons initially introduced (0 < x � 0.02) form small polarons; but as x
increases, they are progressively transformed into Zener polarons. The activation energy for
electron transport by a Zener polaron is smaller than that for a small polaron (0.30 meV
vs. 0.85 meV). In the interval 0.08 < x < 0.17, the electrons segregate into an electron-
rich C-type antiferromagnetic phase with no Dzialoshinskii spin canting and an electron-
poor phase dominated by small-polaron conduction. Trapping of the Zener polarons in the
C-type antiferromagnetic phase causes the resistivity at 5 K, which is a minimum in the range
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0.07 � x � 0.1, to increase by over five orders of magnitude as x increases in the range
0.10< x � 0.20. In the C-type antiferromagnetic order, ferromagnetic c-axis chains are cou-
pled antiparallel to one another, and the e electrons occupy (3z2-r2) orbitals oriented along the
c axis, which inhibits their mobility in 3D. The e electrons probably form a 1D charge-density
wave propagating along the c-axis.

Granado et al. (2001) have reported an anomalous softening of the bending modes and
hardening of the stretching mode of the oxygen vibrations on cooling through TN ≈ 120 K in
CaMnO3 and a complete suppression of the frequency shift on cooling through TN after dop-
ing with only 3% La in La0.03Ca0.97MnO3. The anomalous frequency shift was attributed to
a spin–phonon coupling that is dramatically weakened by the introduction of Mn(III), but the
origin of the spin–phonon coupling and its suppression were not identified. We attribute the
frequency shift to the suppression of phonons in the paramagnetic phase and the appearance
of phonons in the antiferromagnetically ordered phase. As discussed above, local exchange-
strictive atomic displacements in the paramagnetic phase appear to be induced by the semi-
covalent component of the superexchange interactions; random atomic displacements were
seen to suppress the phonon contribution to the thermal conductivity, fig. 19. Below TN, the
phonon and/or magnon contributions to κ(T ) are restored. A similar phenomenon was found
in LaMnO3. However, the system LaMn1−xGaxO3 shows a systematic decrease with x in the
phonon contribution to κ(T ) below TN, fig. 24, as a result of the bond-length fluctuations
associated with orbital fluctuations at some of the Mn(III) ions. A similar phenomenon would
occur in lightly doped Ca1−xLaxMnO3; the occupied e orbitals at the Mn(III) ions fluctu-
ate for x � 0.07 so as to introduce bond-length fluctuations that suppress the formation of
phonons below TN and therefore any frequency shift of the oxygen vibrational modes due to
phonon formation on cooling through TN.

Fig. 24. Temperature dependence of the
thermal conductivity κ for single-crystal
samples of LaMn1−xGaxO3. The arrows
mark TN or Tf obtained from measure-
ment of the magnetic susceptibility, after
Zhou et al. (2001a).
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Moritomo et al. (2001) have confirmed the drop in polaron activation energy with electron
doping in the range 0 < x � 0.10 and the existence of a remarkable increase with x in Ms(0)
in the range 0.05 < x < 0.08; they also found the jump ∆C of the lambda anomaly in the
specific heat at TN was ∆C ≈ 1.4k (k = Boltzmann constant) in the range 0 � x � 0.03 and
increased linearly with x to ∆C ≈ 2.3k in the range 0.04 � x � 0.08. It thus appears that the
ferrimagnetic order for small polarons gives an Ising behavior below TN (∆C = 1.5k) whereas
the spin glass regions associated with Zener polarons give a Heisenberg behavior below TN
(∆C = 2.2k).

A theoretical model (Chen and Allen, 2001) of the lightly electron-doped MnO3 array
of CaMnO3 found bipolaron formation unstable, phase separation unlikely, small polarons
trapped in seven-manganese clusters for x < 0.045, and a transition to metallic behavior
at x ≈ 0.045. The seven-manganese clusters consisted of a central Mn(III) ion and the six
nearest-neighbor Mn(IV) with fluctuations of the occupied (3z2-r2) orbital on the Mn(III) ion
between the three (180◦ − φ) O–Mn–O bond axes. Experimentally, the formation of Zener
polarons having a small motional enthalpy develops in the interval 0.02 < x < 0.07 in place
of a global transition to itinerant-electron behavior at temperatures T < 150 K. Phase segre-
gation in the interval 0.08 < x < 0.18 appears to be a result of ordering of the axes of the
Zener two-manganese polarons along the c-axis.

3.3. LaMnO3+δ
Early attempts to prepare the perovskite LaMnO3 showed that it becomes oxidized on reac-
tion in air. Although the oxidized compound is conveniently characterized as LaMnO3+δ, its
structural formula is La1−ζMn1−εO3 (ζ > ε) since the perovskite structure does not accept
interstitial oxygen and tolerates A-cation vacancies more readily than Mn-cation vacancies.
Experimentally, the ratio O/Mn= 3+ δ is determined chemically, and the fraction of cation
sites that are vacant to give 2δ Mn(IV) is (ε+ ζ )≈ 2δ/3. Of interest is the evolution of phys-
ical properties across the transition from a spin-canted antiferromagnet with small-polaron
charge carriers to a ferromagnetic metal via a mixed ferromagnet/antiferromagnet in the in-
terval 0 � δ � 0.21, where δ = 0.21 approaches the oxidation limit.

As shown in fig. 25, there is a first-order transition at room temperature from an O′-
orthorhombic (c/a <

√
2) perovskite to a rhombohedral R3̄c perovskite across the interval

0.05 < δ < 0.10. The O′ structure signals retention of cooperative Jahn–Teller Mn(III)-site
distortions that order the occupied e orbitals into the (001) planes to give the canted-spin
A-type antiferromagnetic order of the parent compound LaMnO3. With the antiferromag-
netic component of the spins along the b-axis (Pbnmaxes) and a Dzialoshinskii vector along
the a-axis, a weak ferromagnetic component is along the c-axis (see table 1). The introduc-
tion of Mn(IV) ions leaves unchanged the antiferromagnetic t3–O–t3 interactions between the
ferromagnetic (001) planes. Within the (001) planes, Mn(IV) ions may create 2D orbital fluc-
tuations and/or formation of two-manganese Zener polarons without disrupting the A-type
antiferromagnetic order. On the other hand, rhombohedral symmetry does not remove the
e-orbital degeneracy, and this structure is generally associated with itinerant e electrons and
therefore with ferromagnetic metallic behavior via de Gennes double exchange. The coexis-
tence of two electronic phases at the crossover from localized to itinerant electronic behavior
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Fig. 25. Variation with δ of room-temperature
lattice parameters of LaMnO3+δ , after Töpfer
and Goodenough (1997b).

in the oxides with perovskite-related structures is a recurring theme. In order to investigate
how the character of the mobile charge carriers and the magnetic order change on traversing
the compositional range of the structural phase change, systematic transport and structural
studies were made over the range 0.08 � δ � 0.18 (Töpfer et al., 1996; Töpfer and Goode-
nough, 1997b). The changes encountered in this system are to be compared with those found
in the system La1−xSrxMnO3 in sect. 3.5.

At higher temperatures, 700–1000 K, a positive thermoelectric power α(T ) is essentially
temperature-independentand the evolution of its magnitude with δ is consistent with polaronic
conduction described by the statistical component

(26)α = (k/e) ln
[
β(1− c)/c],

where c is the fractional occupancy of the Mn atoms by mobile Mn(IV) with a spin-
degeneracy factor β = 2. However, a β = 1 is to be expected because of the strong intraatomic
exchange coupling between the mobile e electrons and the stationary t3 configuration. On low-
ering the temperature in the paramagnetic range, the mobile holes condense progressively into
clusters and α(T ) increases as

(27)α(T )= (k/e)(Eg/kT )

where Eg ≈ 0.02 eV is the enthalpy required to free a hole from a hole-rich second-phase
cluster. However, α(T ) reaches a maximum value at a Tmax near the magnetic-ordering tem-
perature in samples with 0.12 � x � 0.18; below Tmax, α(T ) decreases nearly linearly with
decreasing temperature, reaching zero at a Tα as is illustrated for δ = 0.16 in fig. 26. The
matrix is a ferromagnetic insulator (FI) below Tα where α ≈ 0 µV/K. The opening of a small
energy gap at the Fermi energy in a nearly flat dispersion curve by charge and orbital ordering
could give an α ≈ 0 µV/K and insulator behavior. This FI phase is to be compared to that
found below a TOO < TC in the La1−xSrxMnO3 system over the range 0.10 < x < 0.17. In
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Fig. 26. Temperature variation of the
resistivity ρ(T ) and thermoelectric
power α(T ) for LaMnO3.16, after
Töpfer et al. (1996).

that system, an orbitally fluctuating O*-orthorhombic ferromagnetic vibronic (FV) phase ap-
pears in the interval TOO < T < TC between the FI phase and a paramagnetic, polaronic O′
phase in the interval 0.10 < x � 0.15; the FV phase transforms abruptly to a ferromagnetic
metallic (FM) phase in the interval 0.15 < x � 0.16, see fig. 43. In the LaMnO3+δ system,
the FM phase is stabilized in the interval 0.18 < δ < 0.20. Therefore, we can expect a FV
conductive phase to appear in the interval Tα < T < TC of LaMnO3+δ, 0.10< δ < 0.18.

The remarkable ρ(T ) behavior found in the interval Tα < T < TC of fig. 26 may be
an artifact of the polycrystalline samples reflecting changes in grain-boundary resistance
with temperature in the interval Tα < T < TC. Support for this conclusion comes from
hydrostatic-pressure measurements of Markovich et al. (2000, 2001). Their initial experiments
on La0.91Mn0.95O3 showed that the tolerance factor t increases with pressure; an unusually
high compressibility of the mean Mn–O bond is characteristic of a double-well potential for
the equilibrium bondlength. A subsequent study of ρ(T ) under pressure to 0.94 GPa was
made on a La0.94Mn0.98O3 single crystal. At ambient pressure, the single-crystal ρ(T ) curve
showed a smooth insulator-metal transition on heating at a TFI = 115 K and a metal–insulator
transition at the Curie temperature TC = 210 K. A minimum resistivity of about 2.53 ? cm at
TFI shows the sample is a “bad metal” in the interval TFI < T < TC typical of a FV percolating
phase. Moreover, pressure stabilizes the FV phase relative to both the FI and paramagnetic po-
laronic phase; dTC/dP = 17 K/GPa and a dTFI/dP < 0 suppresses the FI phase by 0.94 GPa.
The FI phase in La1−xSrxMnO3 is stabilized by pressure, which distinguishes the FI phase
below TOO in that system from the FI phase below Tα in LaMnO3+δ where cation vacancies
can be expected to trap out the holes they introduce. However, a simple trapping out of holes
cannot account for the suppression of α(T ) and ferromagnetic order.
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Fig. 27. Variation with δ of magnetiza-
tion per Mn atom at 5 K in a field H =
40 kOe (30 kOe for δ = 0.18). Insert:
Magnetization vs. applied field H for
δ = 0.05 and δ = 0.18 of LaMnO3−δ ,
after Töpfer and Goodenough (1997b).

Figure 27 shows the variation with δ of the magnetization M at 5 K in a field H = 40 kOe.
M (5 K, 40 kOe) approaches the spin-only ferromagnetic value only for 0.12 � δ � 0.14. As
δ increases, another hole-rich antiferromagnetic phase appears within the FV matrix to give a
dM/dT ≈ 0 at lower temperatures. The volume fraction of the antiferromagnetic clusters of
the “cluster glass” increases with δ. A candidate for this hole-rich phase is the type-CE anti-
ferromagnetic phase appearing at 50–50 Mn(III)–Mn(IV) in La0.5Ca0.5MnO3 (see sect. 3.6).
However, in the rhombohedral phase appearing with δ � 0.20, the antiferromagnetic phase
cannot compete with the FM phase having itinerant e electrons.

Allodi et al. (2001) found, by following the 139La NMR signal of LaMnO3+δ samples as a
function of temperature, an inhomogeneous wipeout of the NMR signal in a broad temperature
interval for all the lightly doped samples; in LaMnO3.04 (TN = 125 K) it occurred over the
range 75 K � T � 140 K. Comparison with muon-spin-rotation data ruled out the possibility
that the wipeout is due to spin fluctuations, which means it is due to electric-field-gradient
fluctuations associated with orbital and/or bond-length fluctuations. These data reveal fast
nuclear relaxations in a volume fraction of vibronic charge transfer and “bad-metal” behavior.
This wipeout phenomenon was not observed in either the parent compound LaMnO3 or in
a hole-rich R-rhombohedral matrix; it is associated with phase segregation at the crossover
from localized to vibronic behavior of the e electrons. At lower temperatures, the NMR signal
was restored, indicating the charge carriers had become static in the time scale τ < 10−9 s as
a result of orbital ordering in the FI phase.

The Weiss constant θ of the Curie–Weiss paramagnetic susceptibility plot χ−1(T ) reflects
the mean magnitude of the interatomic exchange interactions. LaMnO3 has a θ > 0, which
reveals that the ferromagnetic interactions in the (001) planes are stronger than the c-axis
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Fig. 28. Tentative phase diagram for
LaMnO3+δ , 0 � δ � 0.18. Data from
Töpfer and Goodenough (1997b). PI
= paramagnetic insulator, CAFI =
canted-spin antiferromagnetic (A-type)
insulator, SGI = spin-glass insulator,
FI = ferromagnetic insulator, MCS
= metamagnetic canted-spin configura-
tion.

antiferromagnetic interaction; but a θ < TN signals that the ferromagnetic planes couple anti-
ferromagnetically. As δ increases, the interval TN–θ decreases in the range 0 < δ � 0.05. For
the spin-glass ferromagnetic phases 0.08 � δ � 0.16, we find θ > TC with θ–TC increasing
dramatically with δ. In the paramagnetic phase, the strength and fraction of ferromagnetic
interactions clearly increases with δ, and a large θ–TC signals the presence of considerable
short-range ferromagnetic order above TC. Moreover, a slow rise of M(T ) on cooling through
TC indicates the persistence of a paramagnetic volume below TC (Töpfer et al., 1996). It is
clear that the compounds are magnetically inhomogeneous, which is another reflection of the
segregation of orbitally disordered and orbitally ordered volumes.

In the O′-orthorhombic δ = 0.05 sample, the magnetization M(T ) taken on heating after
cooling in zero applied field showed a typical spin-glass behavior (Töpfer and Goodenough,
1997b) indicating the presence of ferromagnetic clusters with a TC > TN in the antiferromag-
netic matrix. In this insulator, the ferromagnetic coupling would be due to vibronic superex-
change in regions of orbital fluctuations.

These considerations lead us to propose the tentative phase diagram of fig. 28. The
orthorhombic-rhombohedral transition has been tracked by Wold and Arnott (1959). The
two-phase region 0.05 < δ < 0.10 observed by room-temperature X-ray diffraction has been
shown from the spin-glass behavior below Tf to extend over a wider compositional range be-
low 200 K, which indicates that a spinodal phase segregation separates the O′-orthorhombic
(c/a <

√
2) from an O*-orthorhombic (c/a ≈ √2) or R-rhombohedral phase. With neutron

powder diffraction, Huang et al. (1997) have shown the two-phase region at 300 K in the inter-
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val 0.05 < δ � 0.10 consists of an antiferromagnetic O′ phase and a ferromagnetic O* phase
of smaller volume. At a higher value of δ, an R-rhombohedral phase transforms smoothly
to a ferromagnetic monoclinic (P1121/a) phase that corresponds to the ferromagnetic cluster
glass. At lower temperatures, the transition temperature separating the orbitally fluctuating
O* phase from the R phase extends to a higher value of δ than the transition between the O′
and R phases; percolation of the O* and not the O′ phase gives a ferromagnetic matrix that
transforms to a ferromagnetic-insulator (FI) phase below TC in the interval 0.11 < δ < 0.14
whereas the spin-glass-insulator (SGI) phase is found for δ � 0.11 where the percolating ma-
trix is the O′ phase. The O*–R transition was not tracked below TC of the metamagnetic
“cluster glass” (MCG) appearing in the interval 0.15 � x � 0.18.

3.4. (La1−yRy )0.7A0.3MnO3: The CMR phenomenon

The perovskite systems R1−xAxMnO3 (A = alkaline-earth) have been studied both exten-
sively and intensively because they exhibit an intrinsic “colossal negative magnetoresistance”,
known as the CMR phenomenon, at and above a ferromagnetic Curie temperature TC on ap-
plication of a high magnetic field (Kusters et al., 1989; von Helmolt et al., 1993; Chahara et
al., 1993). They also exhibit below TC an extrinsic giant magnetoresistance associated with
tunneling of electron spins across grain boundaries; the MnO3 array has only majority-spin
conduction electrons in the ferromagnetic state. Here we discuss the intrinsic CMR phenom-
enon.

In the systems (La1−yRy)0.7A0.3MnO3, the ratio Mn(IV)/Mn= 0.3 is held constant and,
by decreasing the tolerance factor t of eq. (1) by decreasing the mean ionic radius of the large
A-site cations of the perovskite structure, the MnO3 array is changed from a ferromagnetic
metal with itinerant σ ∗ electrons of e-orbital parentage in La0.7Sr0.3MnO3 to an antiferro-
magnetic insulator in Pr0.7Ca0.3MnO3, which has localized e electrons in ordered orbitals and
charge ordering of the holes. In all these perovskites, the π -bonding t3 configuration on the
Mn atoms is localized with a spin S = 3/2, and dramatic changes in physical properties are
found at the crossover from localized to itinerant behavior of the σ -bonding electrons of e
orbital parentage. In accordance with the virial theorem of eq. (19), the crossover composi-
tions exhibit a dynamic spinodal phase segregation by cooperative oxygen displacements on a
small length scale into either hole-rich itinerant-electron and hole-poor localized-electron re-
gions or into regions of e-orbital and charge disorder and those of e-orbital and charge order.
The itinerant-electron and/or orbitally disordered regions are ferromagnetic and conductive;
the orbitally ordered, localized-electron regions are poor electronic conductors, especially
where they contain ordering of the mobile holes. The ferromagnetic, conductive phase may
be stabilized relative to the antiferromagnetic localized-electron phase by various externally
applied forces.

The CMR phenomenon is illustrated in fig. 29, which is taken from Hwang et al. (1995)
for the system La0.7−xPrxCa0.3MnO3 (note: x = 0.7y of (La1−yRy )0.7A0.3MnO3). The Curie
temperatures TC are marked by arrows. The magnetoresistance between 0 and 5 Tesla, de-
fined here as (ρ0T − ρ5T)/ρ5T, increases and TC decreases, both dramatically, as x increases
in the range 0 � x � 0.6 even though the variation in tolerance factor is small. Moreover,
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Fig. 29. CMR at 5 T on cooling for different compositions 0 � x � 0.7 in the system La0.7−xPrxCa0.3MnO3.
Arrows indicate the Curie temperatures TC; after Hwang et al. (1995).

the magnetic transition at TC is first-order, but the resistance decreases smoothly with tem-
perature on cooling through TC although exhibiting a thermal hysteresis. The x = 0.7 end
member Pr0.7Ca0.3MnO3 exhibits an even more complex behavior (Roy et al., 2000; Jirák
et al., 1985; Yoshizawa et al., 1995, 1996; Tomioka et al., 1995, 1996; Anane et al., 1999;
Lees et al., 1996; Miyano et al., 1997; Fiebig et al., 1998, 1999; Ogawa et al., 1998; Cox et
al., 1998; Moritomo et al., 1997a; Kiryukin et al., 1997; Asamitsu et al., 1997; Srivastava et
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al., 2000; Stankiewicz et al., 2000); it undergoes, on cooling, a charge-ordering transition at
TCO ≈ 230 K followed by antiferromagnetic order below TN ≈ 150 K that develops at lower
temperatures a canted-spin ferromagnetic component. The insulating antiferromagnetic state
can be driven irreversibly to a ferromagnetic conductive state with a large release of heat not
only by an applied magnetic field, but also by the application of pressure, by the irradiation
with visible light or X-rays, or by a high current. The complexity is characteristic of antifer-
romagnetic compositions having a tolerance factor t at the transition from antiferromagnetic
to ferromagnetic behavior below their magnetic-ordering temperature. The resistive transi-
tion occurs where the localized-electron phase forms a percolating matrix within which the
ferromagnetic regions are isolated in the absence of an external input. With the application
of the external input, the ferromagnetic regions grow at the expense of the antiferromagnetic
volume. The situation is analogous to that found in LaMn0.5Ga0.5O3, fig. 13, except that here
the ferromagnetic phase is mixed-valent and conductive.

The tight-binding bandwidth Wσ = 2zt↑↑σ for the σ ∗ electrons of a single-phase MnO3
array with z= 6 like nearest neighbors is, from eqs. (7) and (8),

(28)Wσ ≈ 12εσλ2
σ 〈cosφ〉 cos(θij /2).

The small changes in Wσ that result from increasing the bending φ of the (180◦ − φ) Mn–O–
Mn bonds on substitution of Pr3+ for La3+ cannot account for the dramatic change in TC, from
250 K for x = 0 to 80 K for x = 0.6, or for that in the magnitude of the CMR phenomenon
shown in fig. 29 even though the increase in 〈cosφ〉 is enhanced by a transition from a larger
equilibrium (Mn–O)localized to a smaller (Mn–O)itinerant bond length, eq. (20). However, the
bandwidth of eq. (21)

(29)W =Wσ exp(−λεsc/h̄ωo) with λ∼ εs/Wσ

is applicable where a dynamic spinodal phase segregation occurs; εsc is the energy required
to transfer a hole from the hole-rich ferromagnetic phase to the hole-poor matrix and ωo is the
frequency of the cooperative oxygen vibrations that separate the two phases. With eq. (29),
we can attribute the change in physical properties with tolerance factor t , or bending angle φ,
to changes in ωo with φ as well as to changes in the mean equilibrium (Mn–O) bond length.
Egami and Louca (1999, 2002) have emphasized that there are two vibrational modes of the
oxygen atoms that might impact the Mn–O bond length where the (180◦−φ) Mn–O–Mn bond
is bent from 180◦: one is the breathing mode in which an oxygen atom moves close to one
Mn nearest neighbor and away from the other; the second is a vibration perpendicular to the
bond in which the two neighboring Mn atoms are impacted equally. A breathing mode would
occur at the interface between localized and itinerant phases; displacements perpendicular to
a bond would occur within phases.

Spinodal phase segregation and vibronic conduction occur where the time for a hole to
travel from one Mn atom to another is τh ≈ h̄/W ≈ ω−1

o , or W ≈ h̄ωo. Small changes in ωo
with bending angle φ can change a W < h̄ωo where conduction is polaronic into a W > h̄ωo
where the electrons become itinerant. A de Gennes double exchange associated with itinerant
σ ∗ electrons would give a much higher TC than a vibronic superexchange augmented by a
Zener double exchange, and TC increases dramatically where the volume fraction of itinerant
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electrons increases just below TC. Moreover, the first-order character of the transition at TC
signals a discontinuous change in the volume fraction of the itinerant-electron phase, but the
heterogeneous character of the material makes the resistivity change smoothly on cooling
through TC. As the tolerance factor t decreases with increasing x , the volume fraction of the
itinerant-electron phase above TC decreases and, therefore, the discontinuity in the volume
fraction on cooling through TC increases. Therefore, the latent heat of the transition at TC
increases with x in La0.7−xPrxCa0.3MnO3.

With decreasing temperature in the paramagnetic state, polaronic holes progressively con-
dense out below a critical temperature into an itinerant-electron phase. The hole-rich regions
have a higher Curie temperature T ∗C than the TC of the hole-poor matrix; the ferromagnetic
spin–spin coupling of the matrix is progressively reduced as it becomes increasingly due to
vibronic superexchange and the double-exchange component is reduced by trapping out of
the mobile holes into the hole-rich clusters (Goodenough, 1997). The hole-rich clusters, on
the other hand, may achieve a de Gennes double-exchange coupling that gives the higher T ∗C .
As the bandwidth W decreases with increasing x , the double-exchange component of the
coupling in the matrix decreases, so TC decreases. However, as TC decreases, more holes are
trapped out in the hole-rich clusters in the paramagnetic phase, which feeds back to lower TC
even more. Therefore TC decreases dramatically with increasing x, but not T ∗C . On applica-
tion of a magnetic field in the interval TC < T < T ∗C , the ferromagnetic phase is stabilized
relative to the paramagnetic phase, and growth of the conductive ferromagnetic clusters to
beyond percolation gives the CMR phenomenon. Although, the increase in the volume of the
ferromagnetic phase in an applied magnetic field dilutes its hole concentration, orbital dis-
order introduces ferromagnetic vibronic superexchange interactions. Nevertheless, the hole
concentration must remain consistent with itinerant-electron or vibronic conduction in the
hole-rich phase. As the temperature decreases, more holes are trapped out into the hole-rich
conductive phase and the volume fraction of this phase can grow larger in an applied field of
5 T, which decreases ρ5T at TC. Moreover, with fewer holes in the matrix, the resistivity ρ0T
increases with decreasing temperature. Therefore, the magnetoresistance (ρ0T − ρ5T)/ρ5T at
TC increases remarkably as TC decreases with increasing x .

The growth of a conventional magnetic polaron in a magnetic field also leads to a nega-
tive magnetoresistance having a maximum value at TC, and serious claims have been made
(Nagaev, 1999, 2001a; Emin, 1998) that his model is applicable to the CMR phenomenon in
the manganese oxides. In this model also, mobile charge carriers achieve a greater stability
and mobility by congregating in regions of ferromagnetic order. The analogy is, therefore,
quite complete without requiring the strong electron-lattice coupling implicit in a double-
well potential at the crossover from localized to itinerant electronic behavior; it relies instead
on the electron-spin interactions alone. However, the sensitivity of TC to the tolerance fac-
tor and the data to be presented argue for a model in which the electron-spin interactions
are supplemented by strong electron–phonon interactions due to a double-well potential at the
crossover from localized to itinerant electronic behavior. On the other hand, phase segregation
into hole-rich and hole-poor regions needs to be supplemented in the manganese-oxide per-
ovskites by consideration of the Jahn–Teller site deformations that occur at localized-electron
Mn(III) : t3e1 configurations. It is the dynamic Jahn–Teller orbital fluctuations that give rise
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to the ferromagnetic vibronic-superexchange interactions in the hole-poor matrix. Where the
cooperative deformations become long-range statically ordered, anisotropic antiferromagnetic
interactions are introduced as in LaMnO3. This type of order occurs within a percolating ma-
trix where the tolerance factor is lower than a critical value tc. Moreover, an applied mag-
netic field can stabilize an orbitally disordered ferromagnetic phase relative to an orbitally
ordered antiferromagnetic phase as was seen to be the case in the single-valent compound
LaMn0.5Ga0.5O3, fig. 13. An antiferromagnetic to ferromagnetic transition can also be in-
duced by a pressure that increases a t < tc to a t > tc or by a 16O/18O isotope exchange that
changes tc, as is shown below for the system (La1−yNdy )0.7Ca0.3MnO3. In a mixed-valent
system, stabilization of a ferromagnetic phase containing orbital and charge disorder relative
to an antiferromagnetic phase having ordered orbitals and charge can also be accomplished by
the application of an electric field or by electromagnetic irradiation that disorders the charge
and the occupied e orbitals. All these features are illustrated by Pr0.7Ca0.3MnO3.

The Nd3+ ion is smaller than Pr3+, so the critical tolerance factor tc for (La1−yNdy )0.7Ca0.3
MnO3 occurs at a y < 0.6 rather than at a y � 0.9 as in (La1−yPry )0.7Ca0.3MnO3. Fig-
ure 30 shows (Archibald et al., 1996) the temperature dependence of the thermoelectric power
α(T ) for several compositions in the range 0.2 � y � 0.75. At atmospheric pressure, the
0.55 < y � 1 samples with 0.946 � t � 0.952 are in the O′-orthorhombic (c/a <

√
2) phase

and undergo a second-order polaronic-polaronic transition at a Néel temperature TN to a
weakly canted antiferromagnetic spin configuration as occurs in PrMnO3. However, a charge-
ordering temperature was not noted. The 0 � y � 0.55 samples are in the pseudocubic O*-or-
thorhombic (c/a ≈ √2) phase and undergo a first-order phase change at a ferromagnetic
Curie temperature TC, from which we deduce a critical tolerance factor tc ≈ 0.955. The tem-
perature dependence of the resistivity ρ(T ) exhibits a strong maximum at TC in the O* phase
as in La0.7−xPrxCa0.3MnO3 with x � 0.6, fig. 29; ρ(T ) continues to increase with decreasing
temperature below TN in the O′ phase, and it was not possible to obtain a stable measure of
α(T ) below TN in this phase. The maximum in α(T ) occurs at a Tmax a little above TC in the
O* phase. Five other features of fig. 30 are noteworthy.

First, α(T ) approaches a temperature-independent value of −20 µV/K in the O* samples
at high temperatures; this value is somewhat larger in the O′ sample, fig. 31. A temperature-
independent α is indicative of polaronic conduction in which the statistical term, eq. (26),
dominates any transport contribution. In eq. (26), the spin-degeneracy factor is β = 1 be-
cause of the strong intraatomic exchange at the Mn atoms; c is the fraction of available sites
that are occupied by charge carriers. For small polarons, c = xN/N = x would give a value
α =+38 µV/K whereas a two-Mn Zener polaron would correspond to c = xN/(N/2)= 2x
to give the observed α =−20 µV/K. Therefore, we conclude that at high temperatures there
is a progressive transition with increasing tolerance factor from small polarons to two-Mn
polarons as t increases, complete conversion occurring for t > 0.995. At still higher values
of t , a transition from two-Mn polarons to itinerant electrons can be anticipated. Indeed, in
La0.7(Ca1−ySry )0.3MnO3 the transition at TC changes from first-order to second-order with
increasing y , fig. 32, and both TC and dTC/dy change discontinuously at the crossover of
TC and the orthorhombic-rhombohedral transition temperature TOR, fig. 33; the electrons
become itinerant in the paramagnetic state of La0.7Sr0.3MnO3 (Tomioka et al., 2001) and
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Fig. 30. Thermoelectric power α(T ) for several compositions 0.20 � y � 0.75 of the system (La1−yNdy )0.7Ca0.3-
MnO3; after Archibald et al. (1996).

La2/3Sr1/3MnO3 (Mira et al., 1999, 2000) as well as in La0.65Ba0.35MnO3, which has the
highest tolerance factor t (McIlroy et al., 1996). Confirmation of two-Mn polarons was found
in the La1−xCaxMnO3 system by Mössbauer spectroscopy for x = 0.20 (Chechersky et al.,
1997, 1999a) and by Mn K-edge X-ray extended fine structure (EXAFS) for x = 0.25 (Lan-
zara et al., 1998).
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Fig. 31. High-temperature thermoelectric power α(T ) for y = 0.75 (t = 0.952 < tc) and y � 0.55 (t � 0.957 > tc)

of the system (La1−yNdy )0.7Ca0.3MnO3, after Goodenough (1999).

Second, the sharp increase in α(T ) as T decreases to Tmax reflects a progressive con-
densation of the mobile holes into a hole-rich phase; shortening of the equilibrium Mn–O
bond length in the hole-rich clusters transforms the τh > ω−1

o of the polaronic matrix to a
τh � ω−1

o of the hole-rich conductive clusters. The volume of the hole-rich phase increases
with the number of holes that are trapped in it. The hole-rich clusters become superpara-
magnetic below a T ∗C > TC. On cooling through TC, the Weiss molecular field increases the
volume fraction of the conductive phase to well beyond percolation, releasing the trapped
holes and lowering α(T ). Independent evidence for superparamagnetic clusters in the interval
TC < T < T ∗C appears in the inverse magnetic susceptibility χ−1 vs. temperature (Goode-
nough and Zhou, 1998) shown in fig. 34. The huge difference θ − TC, where θ is the high-
temperature Weiss constant, reveals an anomalously extensive range of short-range ferromag-
netic order above TC. Further evidence for phase segregation above and below TC has been
obtained with a variety of other techniques in addition to Mössbauer (Chechersky et al., 1997,
1999a) and it has been possible to describe the structure of the low-energy optical conduc-
tivity with a two-phase model (Quijada et al., 1998). Kim et al. (1998) came to a similar
conclusion from their optical-conductivity data, and Y.G. Zhao et al. (1998) used pulsed laser
excitation to reveal a fast transient associated with photoionization of the polaronic phase
and a slow transient associated with the hole-rich clusters in La0.7Ca0.3MnO3. Sakaie et al.
(1999) have confirmed with 139La NMR a slow correlation time for the spin–spin fluctuations
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Fig. 32. The resistivity
vs. temperature for La0.7-
(Ca1−ySry )0.3MnO3 crystals
with varying y. The anomaly
at ca. 370 K for y = 0.45
is due to the orthorhombic-
rhombohedral transition. Inset
shows inverse susceptibility
vs. T /TC, after Tomioka et
al. (2001).

Fig. 33. Phase diagram for La0.7(Ca1−ySry )0.3
MnO3, after Tomioka et al. (2001).
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Fig. 34. Inverse magnetic susceptibility vs. absolute temperature for several samples R0.7Ca0.3MnO3 compared with
LaMnO3 and La0.7Ba0.3MnO3, after Goodenough and Zhou (1998).

of the ferromagnetic clusters and reported an anomalous temperature and field dependence
of the spin-lattice relaxation. Lu et al. (1997) and Fäth et al. (1999) have used tunneling
scanning spectroscopy on, respectively, x = 0.35 and x = 0.30 of La1−xCaxMnO3 films de-
posited epitaxially on a single crystal SrTiO3 substrate to observe directly the coexistence of
the ferromagnetic phase and a polaronic phase both above and below TC and how the spatial
extent of the ferromagnetic phase increases to beyond a percolation threshold on decreasing
the temperature through TC or on applying a magnetic field above TC.

The CMR phenomenon occurs where the conductive ferromagnetic phase reaches a perco-
lation threshold in the paramagnetic phase (Goodenough and Zhou, 1997). De Teresa et al.
(1997) with neutron scattering. Chun et al. (2000) have measured the Hall constant and Hall
mobility of single-crystal La0.7Ca0.3MnO3 (TC = 216.2 K) to demonstrate a transition from
a low-temperature, ferromagnetic phase to a high-temperature polaronic phase in the interval
TC < T < 1.4TC where ferromagnetic, metallic clusters coexist with the polaronic paramag-
netic phase. Chechersky et al. (2000) have used 57Co Mössbauer spectroscopy to identify the
coexistence of two distinguishable ferromagnetic phases below TC in a well-characterized,
homogeneous ceramic sample of La0.7Ca0.3Mn(57Co)O3 (TC = 245 K); the volume frac-
tion of the minority phase decreases with decreasing temperature, and they observed a single
ferromagnetic phase at lowest temperatures. Neutron-scattering data are consistent with this
finding (Adams et al., 2000). Heffner et al. (2000) have used muon spin relaxation and neu-
tron spin-echo measurements in ferromagnetic La1−xCaxMnO3 with x = 0.33 (TC = 262 K)
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and x = 0.30 (TC = 250 K), respectively, to identify two phases below TC that are distin-
guished by very different spin dynamics. The metallic matrix displayed diffusive relaxation
with a diffusion coefficient correlating with that of Mn spin waves obtained (Lynn et al.,
1996; Vasiliu-Doloc et al., 1997) from neutron-scattering studies of the metallic ferromag-
netic phase. The second phase, which was confined to spatially separated clusters � 30 Å in
diameter, possessed more slowly fluctuating spins and a linewidth independent of the muon
wave number q , which signals a more insulating phase. We identify the former with the hole-
rich phase, the latter with the hole-poor phase. As the temperature decreased below TC, the
matrix grew at the expense of the minority, slow-relaxation phase. X.J. Liu et al. (2001a)
have observed photoinduced changes in transmission through La0.7Ca0.3MnO3 (TC = 200 K)
films probed with a continuous wave (CW) Ar+ laser (Eprobe = 2.54 eV) and a CW Ti:Al2O3
laser (Eprobe = 1.55 eV). The data showed a photoinduced creation of clusters at tempera-
tures T < TC and a photoinduced annihilation of clusters at T > TC. X.J. Liu et al. (2001a)
interpreted this finding to be the creation of charge-ordered clusters (T < TC) or annihilation
of metallic clusters (T > TC) since the matrix changes from polaronic to itinerant/vibronic
on cooling through TC. It is unlikely that electron excitations would create a charge-ordered
phase. Therefore, we suggest that the light perturbs the periodic potential of the itinerant-
electron phase by exciting electrons from narrow σ ∗-band states to localized energy lev-
els such as that of a Mn(II) ion, thereby favoring the polaronic over the itinerant-electron
phase. This interpretation is supported by a similar experiment made on a La0.7Sr0.3MnO3
film (TC = 350 K) at temperatures T < TC, which showed the creation of polaronic clusters
from the itinerant-electron matrix (X.J. Liu et al., 2001b, 2001c).

The third feature of fig. 30 to be noted is the maximum in α(T ) found at a Tmax a little
above TC; it increases dramatically as the tolerance factor t is lowered to the O′–O* phase
boundary appearing in the interval 0.952 < t < 0.957 because the concentration of mobile
holes in the matrix decreases with T . Comparison of fig. 30 and fig. 35 shows a pressure de-
pendence dt/dP > 0, which is the anomalous case of eq. (3b), indicating the presence of a
double-well potential for the equilibrium (Mn–O) bond length in accordance with eq. (20) for
the crossover from localized to itinerant behavior of antibonding electrons. The large com-
pressibility of the (Mn–O) bond length in the two-phase domain has been corroborated by
several experiments. Radaelli et al. (1997a) have used high-resolution neutron diffraction to
show for La0.75Ca0.25MnO3 an anomalous decrease in the volume on cooling through TC
where the fraction of the ferromagnetic itinerant-electron phase increases sharply. The de-
crease in mean cell volume occurred despite an increase in the (180◦ − φ) Mn–O–Mn bond
angle because a significant decrease in the (Mn–O) bond length overcompensated for the in-
crease in bond angle. De Teresa et al. (1996a) measured the magnetoresistance (MR) and
the magnetothermal expansion (ME) for La2/3Ca1/3MnO3 and found a strong correlation be-
tween the two in the paramagnetic phase just above TC. They concluded that the increase in
the volume fraction of the conductive ferromagnetic phase responsible for the MR is also re-
sponsible for the large volume contraction. Neumeier et al. (1995) and Laukhin et al. (1997)
have found a dTC/dP > 0 that increases as TC decreases; the effect disappears in the O′ phase
where there is a TN. Fontcuberta et al. (1998) have also shown that isovalent substitutions in
(La1−yRy)2/3(Ca1−xSrx)1/3MnO3 yield a dTC/dP > 0 that increases with the extent of local
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Fig. 35. Pressure dependence of α(T ) for (La0.6Nd0.4)0.7Ca0.3MnO3 with t = 0.960 > tc; after Archibald et al.
(1996).

disorder at the A-site cations, but the variations with disorder were not enough to account for
the large dTC/dP that was observed. De Teresa et al. (1996b) have provided a comprehensive
investigation of La2/3Ca1/3MnO3 that links the large pressure dependence of TC directly to
the coexistence of two distinguishable phases, a conductive ferromagnetic phase of smaller
volume and a paramagnetic polaronic phase of larger volume.

Fourth, Jaime and Salamon (1999) have pointed out that α(T ) increases more sharply than
exponentially on cooling to Tmax in fig. 30 and that the additional entropy transported in-
creases on crossing the O′–O* phase boundary at tc. This observation is consistent with a
progressive transformation from Zener to small polarons in the hole-poor phase as the hole
concentration x = 0.30 in this phase is diluted by the trapping of Zener polarons in the hole-
rich phase. Such a transformation would double the number of sites available to a polaron and
would therefore increase the α of eq. (26) by reducing c = (1− r)2x toward c = (1 − r)x ,
where r is the ratio of trapped to free polarons. In the O′ phase, most of the polarons appear
to be small polarons at TN.

Fifth, fig. 36 shows the temperature dependence of the resistivity ρ(T ) as a function of
pressure for the y = 0.75 sample, which is just on the O′ side of the O′–O* phase bound-
ary (t < tc) at atmospheric pressure, and fig. 37 shows the change in α(T ) with pressure
for the same sample (Zhou et al., 1996). A resistivity maximum occurs at TC where a long-
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Fig. 36. Pressure dependence of ρ(T ) for (La0.25Nd0.75)0.7Ca0.3MnO3 with t = 0.952 < tc; after Zhou et al. (1996).
Lower inset shows ρ(T ) at low temperatures; upper insets show TC and ρ(30 K), ρ(250 K) vs. pressure.

range Weiss molecular field increases the volume fraction of the conductive ferromagnetic
phase to beyond percolation. The drop in ρ(T ) on cooling through TC is continuous even
though the thermal hysteresis in ρ(T ) shows that the magnetic transition is first-order. It has
been commonly assumed that the metallic temperature dependence of ρ(T ) below TC signals
itinerant-electron behavior. However, fig. 36 shows that ρ(T ) remains above the itinerant-
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Fig. 37. Pressure dependence of α(T ) for (La0.25Nd0.75)0.7Ca0.3MnO3 with t = 0.952 < tc; after Zhou et al. (1996).
Inset details low-temperature data.

electron limit, which makes the ferromagnetic phase below TC a “bad metal”. Moreover, the
drop in α(T ) to a small, temperature-independent value, as shown in fig. 37, is not character-
istic of a conventional metal. Since eq. (26) is not applicable at low temperatures, we turn to
the general expression for the thermoelectric power (MacDonald, 1962):

(30)α = α0 + δα,
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Fig. 38. Specific heat vs. temperature for several samples with t > tc for (La1−yNdy )0.7Ca0.3MnO3; after Overend
et al. (unpublished).

where δα is a low-temperature enhancement factor normally associated in a metal with a
phonon drag having a maximum contribution at a temperature Tmax ≈ 0.2θD, θD is the Debye
temperature, and

(31)α0(T )=−k
e

∫
(ε− εF)

kT

σ(ε)

σ
dε

in which σ(ε) = f (ε)[1 − f (ε)]N(ε)µ(ε) is the product of the Fermi distribution function
f (ε), the energy density of one-particle states N(ε), and the particle mobility µ(ε) at an
energy ε relative to the band edge. In a metallic conductor, α0 becomes Mott’s expression:

(32)α0 ≈−π
2k2T

3eεF

{
∂ lnσ(ε)

∂ ln ε

}
ε=εF

.

Below TC, the conductive ferromagnetic phase of fig. 37 shows no phonon-drag enhancement
(δα = 0) and does not vary linearly with T as predicted by eq. (32). It follows from eq. (31)
that a temperature-independent α ≈ 0 µV/K below TC implies σ(ε− εF)≈ σ(εF− ε), which
means that there is little dispersion in the electron energies ε(k) of the σ ∗ band of e-orbital
parentage. Moreover, the specific-heat data of fig. 38 (Overend et al., unpublished) show that
the A-point anomaly at TC vanishes on the approach to the O′–O* phase boundary (y = 0.55
sample), which is typical of spin-glass behavior below TC where ferromagnetic clusters are
in an antiferromagnetic matrix. At the phase boundary, the Mn(III) e orbitals of the hole-
poor matrix order as in the O′ phase in zero applied filed, but become disordered in a modest
applied field as occurs in LaMn0.5Ga0.5O3, fig. 13. We conclude that the charge carriers are
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Fig. 39. The fraction η of Mn sites without local
Jahn–Teller distortions at 10 K and the Curie tem-
perature TC of various R0.7A0.3MnO3 compounds
vs. the 9-coordinated ionic radii rA; after Louca et
al. (2001).

vibronic below TC with a probability of electron transfer from a Mn(III) to a Mn(IV) ion
τ−1

h ≈ ωo; the charge carriers are strongly coupled to local oxygen-vibration modes that, if
long-range ordered, could give rise to mobile stripes of alternating itinerant and localized
states. Clarification of the character of the charge carriers in the ferromagnetic phase of the
materials exhibiting a large CMR phenomenon remains a challenge.

An important tool for investigating the ordering of cooperative bond-length fluctuations at
the crossover from localized to itinerant-electron behavior and/or those due to orbital fluctu-
ations is the pulsed-neutron atomic pair-density-function (PDF) method developed by Egami
(2001). Louca et al. (2001) have employed this method to determine the nature of the transi-
tion from polaronic to itinerant-electron behavior with changes in the mean room-temperature
ionic radius 〈rA〉 of the A-site ions for a series of R0.7A0.3MnO3 compositions. They found
Jahn–Teller distortions and Mn(IV) small polarons at 10 K if 〈rA〉 is less than 1.17 Å and six
equivalent (Mn–O) bonds at each Mn atom of itinerant-electron length if 〈rA〉 is greater than
1.24 Å. In the narrow range 1.17 Å< 〈rA〉 < 1.24 Å, the volume fraction η of the itinerant-
electron phase increased continuously and the Curie temperature TC tracked η; fig. 39. More-
over, analysis showed that the short (Mn(IV)–O) bond length corresponded to half the Mn–Mn
separation in the (001) planes for an 〈rA〉 in the range 1.19 to 1.20 Å, indicating that an 〈rA〉
larger than 1.20 Å would increase the Mn–O–Mn bond angle to a value that approached and
then exceeded the critical angle for crossover from localized to itinerant electronic behavior.
A bent (180◦ − φ) bond angle allows adjustment of the Mn–O–Mn bond length in different
domains without changing the Mn–Mn separation by displacements of the oxygen atoms per-
pendicular to the bond axis and oxygen displacements along a bond axis at a phase interface.
Therefore, at the crossover angle, the first-order character of the transition from localized to
itinerant electronic behavior allows phase segregation by cooperative oxygen displacement
perpendicular to the Mn–O–Mn bond axis that create shorter Mn–O bonds in the itinerant-
electron phase and longer Mn–O bonds in the localized-electron phase. These cooperative
oxygen displacements may fluctuate to give phase fluctuations. This analysis provides insight
into the sensitivity of the bandwidth W of eq. (28) to the vibrational frequency ωo at the
crossover from polaronic to itinerant-electron behavior; the perpendicular vibrations harden
as the Mn–O–Mn bond angle bends from 180◦. Billinge et al. (2000) have used the PDF tech-
nique to show a similar continuous evolution from polaronic to itinerant-electron behavior on
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