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PREFACE

Karl A. GSCHNEIDNER, Jr., and LeRoy EYRING

These elements perplex us in our rearches [sicl, 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)

Today, about a decade short of two centuries after L.t. C.A. Arrhenius dis-
covered the rare earths, we are witnessing a rapid growth in our knowledge of
this family of 17 elements. In the five years, 1971 through 1975, we have learned
as much about the rare earths as in the previous 25 years. In an attempt to assess
the current state of the art (1976) the editors, with the encouragement of the
publishers and other fellow scientists, have invited experts in various areas to
write comprehensive, broad, up-to-date, and critical reviews. Some of the
subjects were chosen because they are mature and still quite active; others
because they are essential as background information and for reference; and
some topics because they are relatively new and exciting areas of research.
Urfortunately there are a few areas which have not been included in the four
volumes either because they could not be covered adequately at present or
because the appropriate authors were unavailable. Perhaps a future volume
could remedy this and bring other rapidly expanding topics up-to-date.

A goal of these volumes is to attempt to combine and integrate as far as
practical the physics and the chemistry of these elements. The strategy has been
to divide the work into four volumes, the first two dealing primarily with metallic
materials and the other two with non-metallic substances. The interaction of these
disciplines is important if our knowledge and understanding is to advance quickly
and broadly. Historically there are several important instances where one discipline
had a great influence on the advancement of the science of rare earths. From the
time of Arrhenius’ discovery in Ytterby, Sweden until the last naturally occurring
rare earth was discovered (lutetium in 1907) the chemistry of the rare earths was
hopelessly confused, but the theoretical work of Niels Bohr and the experimentai
studies of H.G.J. Moseley (both physicists) in 1913-1914 showed that there were 15
lanthanide elements to be expected plus the two closely related metals scan-
dium and yttrium. The discovery of ferromagnetism in gadolinium by G. Urbain,
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P. Weiss and F. Trombe in 1935 stirred much excitement and was a foreshadow of
the activities of the past twenty years. All of this, however, might not have been
were it not for the efforts of two groups of chemists headed by G.E. Boyd at the Oak
Ridge National Laboratory and F.H. Spedding at the Ames Laboratory who in the
late 1940’s developed the ion exchange techniques for separating rare earths. The
method developed by the latter group is still being utilized by many industrial firms
for preparing high purity rare earth materials. In the 1960’s and 1970’s several
important discoveries—rare earth phosphors, cracking catalysts, rare earth-cobalt
permanent magnets, etc. have made significant practical impacts and stimulated
much research, but the extent of these are difficult to judge and put into their proper
perspective at this time. Hopefully, these four volumes, and any which may follow
will make a major contribution to our progress in understanding these exotic and
fascinating elements.

In writing these chapters the authors have been asked to use the term ‘‘rare
earths” to include Sc, Y and the elements La through Lu, and the term
“lanthanides” when referring to only the elements La through Lu. The editors have
attempted to enforce this usage rigorously when editing the various chapters.
Furthermore, we have encouraged the authors to use the SI units as far as
practicable to bring the subject matter into accord with current scientific and
technical practice.
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The rare earths form a very large number of binary sulfides, selenides and
tellurides, which belong to various crystal types. Moreover, in the field of the
ternary compounds, there are plenty of compounds having special crystal types.
A large part of this paper will be devoted to these latter compounds.

The binary compounds, for which almost all the crystal structures are known,
are now well studied from different physical points of view. In the case of the
ternary compounds, for which a complete knowledge is not yet obtained in spite
of a lot of work, only the structural aspect will be considered here — except for
some optic, magnetic and electrical studies. The present paper will be especially
concerned with the structural aspect of the rare earth chalcogenides.
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1. General considerations

The important evolution of the crystallochemical behavior of the R elements
from lanthanum to lutetium, leads to a distinct trend in the composition and
crystal structures of their compounds. Here, we shall consider two main aspects:
the valence and the coordination of the R atoms in their chalcogenides.

Concerning the valence of the rare earth atom in the chalcogenides, we
observed no tetravalence, and an increasing importance of divalence. For
instance, CeO; is a diamagnetic compound containing Ce(IV) while Ce,S, is a
paramagnetic derivative corresponding to Ce(IIl), in which 2 of the 4 sulfur
atoms are in the form of a disulfide (S-S)*~ group. It is possible that in some
fluorosulfides or oxysulfides of cerium, Ce(IV) does exist, but some additional
work is necessary to confirm this behavior, which would be favored by the high
electronegativity of the second anion.

In contrast, the divalent state is stabilized by the low electronegativity of the
anions, with increasing stability as the anion electronegativity decreases. For
instance, in the case of europium, for which the normal oxide is Eu,0s, the
corresponding Eu,S; sulfide does not exist. The normal sulfide is Eu(I)S, which
is easily obtained by action of H,S on trivalent europium compounds (oxide,
carbonate, etc). However the trivalence of europium is manifest in some
chalcogenides, which may all be considered as ternary or quaternary
compounds.

(1) Compounds containing only Eu(III). There is necessarily a second strongly
electronegative anion, or a second weakly electronegative cation. E.g.:

Eu,0,S and Eu,0,Se (but not Eu,0,Te)

EuSF (but not EuSeF)

EuSCl (?) (but not EuSBr or EuSI)

EuMS, with M = Li, Na, K, Rb (not Cs) and also TII.
(2) Compounds containing mixtures of Eu(Il) and Eu(III).

Eu;S, (or Euy(ITHEW(INS,), easily dissociated by heat into EuS

EU5SH3812 (or EU2(III)EU3(II)Sn;(IV)Sn)

EusSn,Se(or Euy(IINHEu,(I1)Sny(IV)S,).
These two last compounds, recently discovered, are especially stable, and some
other similar compounds certainly exist in other series.

In the case of selenides and tellurides, only divalent Eu is known in the binary
chalcogenides. Among the ternary chalcogenides, almost all the compounds are
formed by Eu(II), but some rare derivatives of Eu(II) are known, and especially
Eu,0,Se and NaEuSe,. However, the selenides have not been so extensively
studied as the sulfides.

With ytterbium, we observe a similar behavior, but with a greater stability of
the IIT state. The only oxide is Yb,03; the oxide YbO is only known for certain
in solid solutions with another oxide such as CaO. The normal sulfide is still
Yb,S;, but it is easily dissociated by heat into Yb3S; (or Yb,(IIDYb(IDSy);
moreover, the compound Yb(II)S is well known. Finally, only one binary
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telluride is known, Yb(I)Te. In the II state, ytterbium is very similar to calcium,
and gives exactly the same ternary chalcogenides.

With thulium, for which the III state is still more stable, this trend manifests
itself in an even more curious way. TmS and TmSe are semi-metallic
compounds, derived from Tm(III), while TmTe is a derivative of Tm(II) (Bucher
et al., 1975).

The second characteristic we have to consider is the coordination of the R
elements in their compounds. First of all, we notice that a large proportion of the
structures have flat cells (thickness of about 4 A for sulfides), probably because
the rare earths have a strong tendency to the prismatic environment, and the
thickness of the cells corresponds to the height of the prisms. The study of the
environment of the R elements in these flat cells is relatively easy. Two kinds of
sulfur (or selenium) coordination polyhedra are formed around the rare earth.
One kind is related to the triangular prism, and the other is derived from the
octahedron.

In the case of the triangular prism, additional X chalcogen atoms are in the
equatorial plane of the prism, in front of the lateral sides (mono, di or tricapped
prisms). According to whether there are 1, 2 or 3 X atoms, the coordination is 7,
8 or 9 (never 6 with the R elements). In most of the cases, the R-X equatorial
distances are larger than the other six (to the apices of the prism). Even, in some
cases, the equatorial distances for some X atoms are so large that it is difficult to
decide whether or not these atoms should be included in the coordination. It is
for this reason that Besangon (1979) is presently developing a process to
calculate the rare earth coordination from their Voronoj polyhedra. The values
obtained give a better view of the real environment of the rare earth. For
instance, in 1.a,SnS; in which there are three relatively large equatorial La-S
distances, the coordination can be arbitrarily chosen as 6 or as 9. The calculation
gives 8.52. For Sm,SnS; in which there are two smaller Sm-S equatorial
distances and a third one which is larger than the preceding ones, the coor-
dination would appear to be 8. The calculation gives 8.33, in good agreement
with the value of La,SnS;s and with the great similarity of the two structures (see
section 8), which are probably isotypic. These prisms are characteristic of the
light lanthanides, the coordination progressively decreasing going from
lanthanum to gadolinium.

The second type of environment of the R elements is the octahedron. In the
flat cells, it is always oriented in such a way that the pseudo square formed by
the four X atoms and containing the R atom is parallel to the short axis of the
flat cells. This means that the two other R-X bonds are before and after this
square, parallel to the base of the cell. This octahedron is the only environment
of Yb(III), Lu and also Sc. But for the other R elements of the second part of
the R family (Gd to Tb), a characteristic modification of the octahedron is
observed, one apex being substituted by two contiguous X atoms, in front of the
square (fig. 1). These two X atoms are very close to one another: 3.20 to 3.40 A
in the case of sulfur, while the normal distance between contiguous but not
bonded S atoms is 3.60 to 3.90 A. Another distortion from the octahedron is the
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D

Fig. 31.1. Coordination polyhedra of the rare earths in their chalcogenides. They are related to the
triangular prism (left) or to the octahedron (right).

removal of the R atom from the plane of the square toward the doubled apex
(see for instance fig. 31.1).

We shall classify these environments in an abbreviated form as 7- or 8- or
9-prismatic and 6- or 7-octahedral. But it is evident that the 7-prismatic and
7-octahedral environments are very similar. They are easily distinguished in the
flat cells in reference to their orientation relative to the short axis. In the larger
cell, an easy distinction is made from the short S-S distance, which is charac-
teristic of the 7-octahedral environment.

The characteristic interatomic distances (R-X),, for X = S or Se, were evalu-
ated for the 6 and 8 coordinations, by Poix (1970).

In the following sections, we shall describe the main characteristics of the rare
earths chalcogenides, with references to works after 1965. Older works are
described, for instance, in Flahaut (1968, 1972) and Flahaut et al. (1968). Should
it happen that some of these results are used, their references are not given.

2. Binary sulfides and selenides (RX,) and tellurides (RTe and R,Tes~R;Te,)

The crystal structures of the binary sulfides and selenides are for the most part
presently well known. However, some phases still remain unsolved, especially
the polychalcogenides of all the R elements, and subchalcogenides of the heavy
R elements. In these cases the structural studies are often complicated by the
simultaneous appearance of twins and superstructures for some nonstoi-
chiometric compositions.

The R-X systems contain many phases. Some phase diagrams have been
described even though their study is difficult because of the high melting points
of the R,X; compounds and of the sub-chalcogenides. The following phase
diagrams of the sulfide and selenide systems have been described:
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La-S (in the La,S;-LaS; region) Loganova et al. (1975);
La-Se Jarembash et al. (1965b, 1969);

Eu-S Eliseev et al. (1974);

Eu-Se Eliseev et al. (1975b);

Er-Se Haase et al. (1965);

Yb-S Eliseev et al. (1975d, 1976a).

2.1. R,X; compounds (X = S, Se, Te)

The R,X; sulfides, selenides and tellurides exhibit a large number of crystal
types which are related to the important evolution of the environments of the R
elements from La to Lu. Moreover, the generally low symmetry of these
environments (except for Yb’* and Lu®* which are inside octahedra) involves
complicated structures and frequent polymorphism. Figure 31.2 introduces the
nomenclature previously recommended.

Because the selenides and the tellurides have exactly the same structures (at
similar cationic radius/anionic radius ratio), the binary R,Te; tellurides will be
studied here together with the sulfides and selenides, instead of in section 14.

The crystal chemistry of the rare earth sulfides was described by Guittard et
al. (196§), Flahaut etal.(1965a), White et al. (1965a), Flahaut+*™**&968) Sleight
et al. (1968). Greek letters were assigned by Flahaut et al. to each of the five
structures of the R,S; compounds, because of the many polymorphs in which
they occur. For example,

for La233 aﬁﬁﬁ‘)’,
for Gd,S; a=—=de—=v;
for Yb,S; oc<——e.

The corresponding Roman letters were used by Sleight et al. because they
provide special reference to the structural types. We shall use both systems
where appropriate.

La Ce Pr Nd 5Sm Gd Tb Dy (Y) Ho Er Tm Yb Lu Sc

Y
»»»»» >3
o8
- APED)
«(—’C———e
. &
__________ N _
— c RpSey
y «
e =~
<_n_~___$ t R2T€3
— >

Fig. 31.2. Structural types and polymorphism of rare earth chalcogenides of R,X; formula.
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Fig. 31.3. Orthorhombic cell of
Gd,S; (a or A type): a=7.339 A,
b=15223 A, c=3932 4, z=4.

We begin by discussing the five crystal types which are typical of the R,S;
sulfides. Then we shall see the structures common to the sulfides, selenides and
tellurides.

Gd,S; or La;Sy-type (a or A). The orthorhombic Pnma cell is flat (fig. 31.3). The
rare earth atom sites are of two kinds, 8-prismatic and 7-octahedral (Prewitt et
al., 1968; Besangon et al., 1969; Eliseev et al., 1972b). It is exactly stoichiometric
and is stable at low temperature (Grizik et al., 1977). The following transitions
appear at higher temperatures (Besangon, 1973):

[ed La2S3 pr— B La253 = 900°C
[+ Ndzs;; =y Nsz} = 1180°C

Eliseev et al. (1975a) observed at low temperature several modifications of this
structure, which they called o', a”, a”.

B-type. This type was previously attributed to the R,S; sulfides of the light
lanthanides. Then Carré et al. (1970), Besangon (1973) and Besancgon et al. (1969,
1970, 1973) showed that the Pr derivative has the composition Pr;,S.,O. In its
structure, tetragonal I4,/acd, the oxygen atom has a special position at the
center of a regular tetrahedron of Pr atoms. The rare earth atoms have various
environments: 7-octahedral (RS,), (RS;0) and (RSy), this last being similar to the
environment of the metal in the Th;P, type structure. These oxysulfides exist
from La to Sm (Besangon, 1973).

It is possible to substitute the O by an S atom, in a solid solution R;;S,,0,_,S..
The extent of the homogeneity range decreases from La to Sm. Only in the case
of the La derivative is the complete substitution of O by S observed, and the 8
variety of La,S; obtained. It is stable between about 900 and 1300°C (Besangon
et al., 1971, 1973}. .

A high pressure modification of 8-L.a;S; has been described (Vereshchagin et
al., 1979).
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Fig. 31.4. The monoclinic cell
of Ho,S; (8 or D type): a=
1750 A, b=4002 A, c=
Hoa53 10.15 A, B =99.40°; z = 6.

Ho,S5-type (8 or D). The monoclinic P2,/m cell is flat, and contains 6 formulas
(fig. 31.4). The R atoms have 7-octahedral and 6-octahedral coordination, in equal
proportions (White et al., 1967). So this type is characteristic of the sulfides of
the second part of the family, and of yttrium.

In case of a 2 & dimorphism, the & type is stable at high temperatures. In case
of & 2 vy dismorphism, the situation is opposite, and moreover the y form can be
slightly sub-stoichiometric. For Dy,S;, the transition temperature is 1160°C
(Loireau-Lozac’h, 1977).

By high-pressure high-temperature treatment, a new monoclinic P2,/m variety
is obtained from 8 Tm,S; (Range et al., 1976a).

Al Ostype (¢ or E). This rhombohedral structure exists only for Yb and Lu
sulfides (Flahaut et al. 19658) The structure of Lu,Ss, recently solved by Range
et al, (1975a), confirms the earlier work. The rare earth is not exactly at the
center of the S-octahedron (which is more precisely a trigonal antiprism), but is
displaced along the ternary axis toward a trigonal face of the octahedron in such
a way that three Lu-S bonds are shorter (2.642 A) than the other three (2.730 A).
A study of Eliseev et al. (1975¢) does not seem in agreement with the preceding
results.

TL,Os-type (o). This structure is observed only (Patrie, 1969) in the low
temperature varieties of the Tm and Yb sulfides. Therefore, these two elements
have the same structural type in their oxides and sulfides. The cubic cell contains
16 formulas. The R atoms, inside severely distorted triangular prisms, are
6-coordinated.

The preceding types are only present in the R,S; sulfides. In contrast, the
following types are simultaneously present for R,X; compounds with X = S, Se
and Te.
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Th;P, type (v or C). This type is observed in the high temperature varieties of
the R,S; sulfides, and is the only form of the R,Se; selenides and R,Te; tellurides
for the light lanthanides. The body-centered cubic cell, 143d, contains 16/3 R,X;
formulas, or 4 Rg: X, formulas. Vacancies exist on the metal sites, and have a
disordered arrangement.

The R atoms are octocoordinated with an unusual environment, which is also
observed in the “B’" type. It is a triangular dodecahedron, which can be regarded
as formed by the superposition of two tetrahedra, a flat one and an elongated
one. The structure, first established by Zachariasen (1948) for CesS,, was then
studied for La;Se, and Gd,Se; (Holtzberg et al., 1965), La,Te; (Cox et al., 1966),
and Ce,S; (Atoji, 1971). In each case, the only positional parameter of the S
atoms in the structure, has a value of about 0.075, not far from the ideal value of
0.083. This value indicates that the bonding is mainly covalent (Carter, 1965).

By high pressure (77 kbars) high temperature (2000°C) treatment, Eatough et
al. obtained the Th;P .type for all the elements up to lutetium, in the R,S; sulfide
series (1969) and in the R,Se; selenides series (1969, 1970).

By filling up the vacancies, continuous solid solutions are obtained from the
R,X; (or Rg;sl13Xs) to the R3X, composition. For the R, X3 composition the ionic
charges are equilibrated and the compounds have a very high resistivity. Later the
non-equilibrium of the ionic charges results in metallic behavior.

Large domains exist for all the light trivalent lanthanides. For elements which
lie on the limits of stability of this structural type, the homogeneity ranges
become narrow and are localised in intermediate compositions, which are shown
by dotted lines in table 31.1 (Guittard et al., 1966).

The compound Ho,S;, which usually has a 6-type structure, can be obtained
by arc melting in the y-form, probably resulting in a sulfur deficient composition
(Verkhovets et al., 1971).

In the case of Sm and Eu, the behavior is very different from this, resulting
from the great stability of their 2+ state in the chalcogenides. The Sms;S, and
EusS, compounds are semiconductors. The Eu,S; compound does not exist, and

TABLE 31.1
Crystal structures of R,S; sulfides.

La Ce Pr Nd Sm Eu Gd Tb Dy (Y) Ho Er Tm Yb Lu (Sc¢

— ey

e

Dashed line: non-stoichiometric phases; a: orthorhombic Gd,S;-type; B: tetragonal Pr,S140-type;
v: cubic ThyP,type; 8: monoclinic Er,Si;-type; e: rhombohedral Al,Os-type; #: orthorhombic
Sc,S;-type; 7: cubic TLOs-type.
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there is only a very narrow homogeneity range near Eu;S,. For samarium, the
homogeneity range goes from Sm;S, to Sm,S;, by substitution of Sm(II) by
2Sm(III) +300; the variation of the a-parameter is very marked.

In Sm;S; and EusSy, ordering of the di and trivalent cations occurs at
sufficiently low temperature. Mossbauer studies (Berkooz et al.,, 1968), an
electrical transition near 175 K (Bransky et al., 1970), differential thermal analy-
sis, magnetic data and X-ray studies (Davis et al., 1970) all show up this ordering
which causes a tetragonal distortion of the cubic cell (¢/a = 1.004), at 168 K for
EUgS4.

Moreover, such distortions of the unit cells appear at low temperature,
between 20 and 100 K, for all the R;S; compounds of purely trivalent R elements
(Dernier et al., 1975).

Carter (1972) established a tetragonal model of ordered cationic vacancies in
the R;., X, compounds from considerations involving the stereohedral metal sites
or Wigner-Seitz cells, and tested it by Madelung constant calculations.

The vibrational spectra of the R,S; sulfides were described by Barnier et al.
(1976b).

Some thermal properties of the ThiP,-type compounds were determined
- specific heat between 12 and 300 K, standard entropy and enthalpy and free
energy of formation:

La,S; Paukov et al. (1969)
Nd,S; Nogteva et al. (1969b)
La,Te; Nogteva et al. (1969a), Tikhonov et al. (1975a,b)
Nd,Te; Paukov et al. (1968)
RiTe; (R =La to Nd) Tikhonov et al. (1971)
— standard enthalpy of formation by calorimetry:
La,Te; Sharifov et al. (1967)
~ thermal expansion:
La;Te, Eliseev et al. (1967b).

The electrical and magnetic properiies of the Th;P«+type compounds were
studied in many cases. A review was made by Holtzberg et al. (1966). Interest in
these substances is twofold. First of all, the R, (ITDH, X; compounds (0 <x =< %)
change continuously from metal to insulator with increasing vacancy concen-
tration, leading to a variety of cooperative effects (superconductivity and ferro-
magnetism). Second, the random distribution of vacancies at the metal sites leads to
fluctuating repulsive potentials and tailing of the conduction band in which the
electronic states are localized.

Ferromagnetism is observed only in the R;X; compounds as shown by
Holtzberg et al. (1964). It was studied by Holtzberg et al. (1965) and Starovoitov
et al. (1969), for Ces Xy, by Novikov et al. (1970), for Ce X, and Nd; X, by Bucher
et al. (1975) for Pr;X,; and by Andrianov et al. (1975) for Gd,S; and Gd,S,. The
Curie temperatures are considerably lower in Pr;X, than in corresponding CeX,
and Nd3X4.

The R;X; compounds are paramagnetic, and are antiferromagnetic at very low
temperature, with Néel temperatures generally below 4 K.
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Superconducting properties have been found in La;S, and La;Ses by Bozorth
et al. (1965) and Guthrie et al. (1965), and in La;Te, by Zhuze et al. (1966). They
were studied by Seiden (1968) and Holtzberg et al. (1968). The critical tempera-
tures T, are, from Holtzberg et al.:

La384 8.12 K, La;Se4 7.63 K, and LagTC4 4.61 K.

Bucher et al. (1975) obtained similar values. Moreover, they showed that the
substitution of lanthanum by yttrium or praseodymium revealed a rapid drop in
the superconducting transition temperature and the electronic specific heat.

The action of high pressures produces a considerable increase in T, of LasS,,
whereas the T. of La;Ses shows a maximum at about 10 kbar, and the T, of
La;Te, shows a small linear decrease with pressure. These differences are
parallel to the variation of the temperature of the cubic £ tetragonal transition
(Shelton et al., 1975).

The electric and thermal transport properties of single crystals of Nd,S;, Gd,S;
and Dy,S; were described by Taher et al. (1973a,b, 1974).

The Debye temperatures in the La;TeiLa;Te; system were determined by
Tikhonov et al. (1975a).

In order to explain the paramagnetic properties of Ce;_, S, the concept of
localization of electronic states in the conduction band was proposed by Cutler
and Mott (1969). It was extended to Gds_, Sy, to explain the electric and magnetic
properties observed in this ferromagnetic semi-conductor (von Molnar et al.,
1972; Penney et al., 1974).

The s-f exchange interactions in Gd-doped La; .S, were described by
Solomons et al. (1974).

U,S;-type (n). This flat orthorhombic Pbnm cell is only observed for three
selenides (Gd to Dy) and four tellurides (Pr to Gd) (Flahaut et al., 1965a).
Moreover, Range et al. (1975b) have obtained this structural type for sulfides
(Ho to Lu and Y), by high-pressure high-temperature treatment, and quenching
to ambient conditions.

The structure of Dy,Se;, refined from single crystal data by Range et al
(1976b), confirms the U,S; structural type. The coordination polyhedra of the R
atoms have two different types, 7-octahedral and 7-prismatic.

Sc,Si-type (¢ or F). This type results in the ordering of cations and vacancies in
the NaCl array, with the appearance of an orthorhombic Fddd superstructure
(Dismukes and White, 1964). The only sulfide is Sc,S;. Among selenides and
tellurides, this type is the normal one of the R elements of the second part of the
lanthanide family. The octahedron of X atoms around the R atom is regular in
the tellurides, slightly distorted in the selenides and Sc,S; (White et al., 1965a;
Flahaut et al., 1965b).

Sc,Tes-type. This structure really belongs to a series of polytypes resulting in
different arrangements of layers along a six-fold (or three-fold) axis. The first
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known structure of this series (White et al., 1965b) involves the following close
packing of anions

[ACACBABACBCBL

The lattice is rhombohedral R3m. The scandium atoms occupy the octahedral
sites situated between each layer of tellurium. One layer of cations in two is
completely full, while the other has only } of its sites occupied in a disordered
way. A nonstoichiometric Sc;;Te; telluride is described in the same crystal
structure with a partial filling of the vacant sites (White et al., 1965b).

It is noteworthy that the two structures of the scandium derivatives, Sc,X,, are
both related to close packed structures of the general MX types, in which
vacancies appear on the metal sites. It is a consequence of the affinity of
scandium (also Yb(IIT) and Lu) for regular octahedral sites. This behavior is
observed in the lower chalcogenides as well.

2.2. Polysulfides and polyselenides

Polysulfides and polyselenides are very similar, but strongly differ from the
Te-rich tellurides (section 14). The RX, composition is usually attributed to these
compounds. In many cases, however, nonstoichiometries occur either from a
deficiency or an excess of sulfur, and by a deficiency of selenium. It seems, from
recent studies, that large homogeneity ranges do not exist, but rather different
super-structures corresponding to narrow composition ranges.

For the polysulfides, (see table 31.2) all the proposed structures have the
anti-Fe,As structure (tetragonal cell, P4/nmm with a,= 4 A and Co=8 ;\) or are
super-structures of this type. But, except for YbS, and La$§,, the unit cells of the
super-structures were described from powder X-ray diagrams, and their struc-
tures are not known exactly.

The simplest tetragonal structure, of the anti-Fe,As type, with parameters a,
and ¢,, was observed with single crystals obtained from iodine vapor transport
(Eliseev et al., 1971, 1972a,b). In the earlier studies, it appeared that the RS,
compounds of the light lanthanides had cells of 2a,, 2ao, ¢;, which seemed
nearly cubic, but actually had lower symmetry, perhaps tetragonal. S-deficient
compounds had pseudo-tetragonal cells, =24y, =2aq, ¢y, which certainly have
lower symmetry and different cells (Flahaut et al., 1959; Ring . , 1964; Eliseev
et al., 1976b). and Tecotz ky

The polysulfides of plutonium PuS, and PuS,_,, obtained in single crystals by
Marcon et al. (1966a,b), have to be considered here because they are isomor-
phous with the Ce derivatives. Whereas PuS,_, has the tetragonal anti-Fe,As
structure, the PuS, compound is a super-structure of it, with 2a,, 24y, ¢, cell, and
appears nearly cubic.

Recently, the crystal structure of stoichiometric L.a,S, was described by Dugué et
al. (1978). It is a super-structure, with distortion, of the anti-Fe;As type: the
orthorhombic Pnma cellis a = 2ay, b = 2¢o, ¢ = do. The structure is formed, as for
all the polysulfides and polyselenides of the light lanthanides, by alternating sheets
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of (LaS), composition, and layers of (S).. In the sheets, the sulfur atoms are
isolated, and probably are S* anions. In the layers, the sulfur atoms form disulfide,
S%°, anions with a short S-S distance (2.104 A).

The vibrational spectra of RS, (R = La-Gd) are described by Golovin et al.
(1975).

By high pressure high temperature treatment, Webb et al. (1970b) found the
pseudo-cubic forms, normally observed for only the light lanthanides, for all the R
elements. By use of the same high pressures, but at more elevated temperatures,
tetragonal cells (=2a,, =24a,, ¢y) occur. They are similar to the cells of the
S-deficient polysulfides of the light lanthanides obtained in the usual way. In a
similar treatment Yanagisawa et al. (1973) obtained under 35 kbar and 1000°C, a
CeS, compound, the powder diagram of which seems to suggest an orthorhombic
cell (2ay, 2cy, ap), and similar to that of La,S, found by Dugué et al. (1978).

Teske (1974) has described the structure of YbS, from single crystals obtained
from high pressure treatment. The monoclinic cell observed is not related to the
preceding schemes; all the sulfur atoms are in S~ pairs, and this compound
seems to be a disulfide of divalent Yb.

For the polyselenides, (see table 31.3) the structural characteristics are similar to
the polysulfides. But, in this case, the sub-structure of the anti-Fe,As type has a
colay ratio which is always smaller than 2 and the pseudo-cubic superstructure
has not been observed. First of all, Benacerraf et al. (1959) have described the
polyselenides RSe, (R=La to Sm) as a pseudo-tetragonal superstructure a =
2ag, € = Cy.

Then Marcon et al. (1968a,b), from a single crystal study, have shown that the
structure of CeSe; is monoclinic P2,/a, with a = 2ay, b = ay, ¢ = ¢y, B = 90°.

The polyhedron of Se around Ce is highly distorted, relative to the anti-Fe,As
type. But the main characteristic of this structure is the presence of Se3™ pairs,
with a short Se-Se distance (2.47 A) and isolated Se’" anions. Marcon et al.
(1968) propose that the simple cell of the anti-Fe,As type, observed in some
cases, results from an arrangement of Se?” and Se” anions, which can occur
from a deficient Se-content. This remark seems to be confirmed by Eliseev et al.
(1966a,b), who obtain Se-deficient RSe,_, compounds with 0 < x <0.2. Eliseev et
al. (1967a) also obtained Se deficient compounds, to which they attribute the
composition R;Se; (La to Sm). From single crystal work, the cell is found to be a
monoclinic, P2,/a, super-structure of the anti-Fe,As type, with a = 2a,, b = 2a,,
Cc= ¢y, B =90°

Haase et al. (1965) described an ErSe, polyselenide, which has two varieties,
with a reversible transition at 890°C. Guittard et al. (1967) in their study of the
Er-Se system only observed the low temperature form to which they give the
composition Er,Se,.

The existence of different super-structures related to different compositions is
shown in a recent study of Benazeth et al. (1975) from single crystals obtained in
various preparations from LaSe, to LaSe,g. Three phases are observed. For
L.aSe, the cell has a shape similar to that of Eliseev et al. but is triclinic. Near
LaSe, s the cell is monoclinic like that of Marcon et al. for CeSe,. Finally,
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LaSe, 4 appears to be a new phase with a large monoclinic cell containing two
LaSeys formulas not previously observed. All these phases are super-structures
of the Fe,As type.

More recently, Benazeth et al. (1977) solved the first two structures which
appear to be two different twinnings of the same monoclinic 24y, a,, ¢, Structure.
So, in agreement with some other work which shows a strong relation between
different kinds of twinning and the composition of a nonstoichiometric phase,
these two apparently different phases have exactly the same structure but
correspond to different compositions and consequently to different cy/a, ratios
which are the source of the different kinds of twinning.

By high-pressure high-temperature treatment, Webb et al. (1970a) obtained
tetragonal RSe, polyselenides with R = Tm, Yb, Lu.

2.3. Lower chaicogenides (X = S, Se, Te)

In this chapter we have to consider the only derivatives in which the rare
earths are purely trivalent, and these have a metallic behavior. The properties of
the Eu monochalcogenides are described in ch. 19, and chalcogenides which
have valence changes are covered in ch. 20. Moreover, we have previously
described the R;X, compounds of the Th;P, type.

The only crystal types yet to be described are YsS,, Er;Sey, and the NaCl-type.
However, in order to give a general view of the R-X systems, we shall describe
the Yb3S, and YbsSe, types.

Y;S,-type. This structural type is only observed in sulfides from Tb to Tm and Y.
The flat cell is monoclinic C2/m. Three of the Y atoms have an octahedral
environment, and the other two are 7-prismatic coordinated. These compounds
are always semi-metals (Adolphe, 1965).

Yb3S,-type. Ytterbium is the only R element to form this kind of compound, but
this structure is well-known in numerous MR,S, compounds (section 5, A’ type).
The orthorhombic Pnma cell contains 4 formulas (fig. 31.5). The Yb(III) atoms are

Fig. 31.5. The orthorhombic cell of Yb;Ss: a =
12714, b =380A, c=1288 4, z =4.
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situated in slightly distorted octahedra. The Yb(II) atoms are 7-prismatic coor-
dinated (Chevalier et al., 1967).

Solid solutions of Ybs,,S, are obtained from YbS ;4 to YbS;3. They are
formed by substitution of 3Yb** by 2Yb’* + [, and the vacancies are localised
exclusively in the prismatic sites.

Yb;Se, type. This type is derived from the NaCl structure and is the upper limit
of a range of homogeneity which, starting from YbSe, results from the progres-
sive replacement of 3Yb* by 2Yb** + . At the beginning, the cubic lattice is
first maintained, but at a composition corresponding to YbSe,, a rhombohedral
distortion appears which increases until the composition YbSe,3: (or Yb;Se,) has
been reached (Souleau et al., 1969). A similar phenomenon is encountered in the
YbSe-R;Se; and CaSe-R,;Se; systems (section 5).

The heavy lanthanides form semi-metallic R3;Se, compounds (Dy to Lu and Y).
Their structures appear to be very similar to that just described with scarcely a
noticeable rhombohedral distortion from the NaCl structure (Guittard et al.,
1968b).

Monochalcogenides RX (X = S, Se, Te)

All these compounds have the NaCl structure. From a general point of view
their parameters change regularly from one lanthanide to another. Their
magnetic properties and their metallic behavior-depend on the presence of one
conduction electron per RX formula related to the presence of the rare earths in
their trivalent state.

The monochalcogenides of Sm, Eu and Yb, and also YbTe, have lattice
parameters which are larger than those of the neighboring compounds formed by
typically trivalent rare earths. They are semiconductors or insulators and have
no metallic luster. The rare earth is in a divalent state. The monochalcogenides
of Eu are described in ch. 19. Moreover, the Sm, Eu and Yb monochal-
cogenides show a pressure induced semi-conductor to metal transition due to
electron delocalization. This phenomenon is presented in ch. 20. Consequently, we
shall only describe the monochalcogenides of trivalent lanthanides.

Preparation of monochalcogenides in a single crystal form was studied ex-
tensively by Holtzberg (1971).

Monosulfides show homogeneity ranges resulting from sulfur deficiency,
RS,_.. They undergo a regular decrease of the lattice parameter with increasing
R concentration, especially from neodymium. The lower limit of these domains
is usually RS;+s. But, with lutetium the homogeneity range extends to both sides
of the stoichiometric composition (Guittard, 1965; Bruzzone et al., 1965). With
selenides a similar behavior is observed; in Gd,Se,_, the homogeneity range is
0.52> x> 0.44 (Holtzberg et al., 1972). In this case, the lattice parameter
decreases linearly with decreasing Gd content.

The RX monochalcogenides have a paramagnetic behavior corresponding to
R’ ions, except at low temperatures (Adamjan et al., 1966, 1967; Loginov et al.,
1969; Smolenskii et al., 1966). An antiferromagnetic ordering appears at lower
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temperatures. For example, the following Neél temperatures were shown by
specific heat measurements (Bucher et al., 1975):

TbS 49K ThSe 52K TbTe 63K
TmS 52K TmSe 1.85K TmTe 0.21K.

In the Gd,Se,_, solid solution described above, the Néel temperature varies from
20 to 60 K with increasing Gd or electron concentration (Holtzberg et al., 1972).

The study of this magnetic ordering was carried out at 4.2 K, by Schobinger-
Papamantellos et al. (1974). It appears to be a type II antiferromagnetic ordering,
similar to FeO and MnO, which leads to rhombohedral symmetry of the
magnetic structure. However, a first order tetragonal lattice distortion at the
Néel temperature was shown to occur with the following compounds: NdS
(Golosovski et al., 1973), NdS, DyS and ErS (Tao et al., 1974, NdS, NdSe and
NdTe (Hulliger et al., 1975). A non-collinear magnetic structure with two
propagation vectors was observed on NdS (Golosovski). A second phase-
transition between antiferromagnetic arrangements is observed in NdSe and
NdTe, at lower temperature and in zero magnetic field (Hulliger).

The electrical and thermoelectric properties were determined over a large
range of temperatures and for several compositions, and the conduction
mechanisms were analyzed (see for instance Daunov et al., 1975; Beckenbaugh
et al., 1975; Vasilev et al,, 1975). Parallel to this, optical properties were studied
(Guntherodt et al., 1974; Eastman et al., 1974). The s—f exchange interactions
were evaluated from the electronic resonance spectra (Urban et al., 1974).

The thermal and thermodynamic properties of the monochalcogenides were
collected and analysed by Westrum (1968) and Smirnov (1972). Measurements of
thermal capacities and thermal conductivities were made respectively by Bucher
et al. (1970) and Khusnutdinova et al. (1971).

The dissociation energies of some monosulfides were determined by effusion
methods and by mass spectrometry of their vapors (Cater et al., 1965; Coppens
et al., 1967; Smoes et al., 1969; Stretz et al., 1975). The thermodynamic
properties of the gaseous monosulfides were deduced.

3. Ternary systems R-R'-X (X = 8§, Se)

Two kinds of compounds must be considered.
First, the intermediate phases are formed by the typically trivalent rare earths,
(RAID), (R'(IIT)), X. Two cases will be distinguished;
those phases which belong to the R,X;-R5X; binary systems (in 3.1),
and those phases having a smaller content of the X element (in 3.2).
Second, the ternary phases containing a divalent R element (Sm(II), Eu(Il),
Yb(II)) and a trivalent R element, R(III). The crystal properties of the
(RADYR'(I11)),X 4 compounds formed in this case are very similar to those of the
(MJD)(RIN),X4 compounds in which M(IT) = Ca, Sr, Ba or Pb. Therefore, their
crystal properties will be described in section 3.
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3.1. Intermediate phases containing two trivalent R elements

3.1.1. The (RUI)),Xs~(R'(IIT)),X; systems

A general view of the structural aspects of the sulfide systems was published
by Carré et al. (1973a).

In the R,S;-RjS; systems, at temperatures of 1000-1100°C, the intermediate
phases observed are:

Solid solutions. They have either the a or § type structures of the binary
sulfides. They extend, by a continuous range of homogeneity, from R,S; to R4S,
when the R and R’ sulfides have the same crystal type. This behavior is noted as
a. or 8. in Table 31.4. They have a limited range of homogeneity when the
constituents R and R’ sulfides have different crystal types. This behavior is noted
as a; or §; in table 31.4, (We restrict this notation to the cases in which the RR'S;
composition is included in the homogeneity range.)

The crystal structure of the “CeDyS;” term of the a-type solid solution shows
the Ce in the VIII-coordinated site and the Dy in the VIl-coordinated site
(Rodier et al., 1977b).

Definite compounds. There are compounds with two general formulas RR’S; and
RR;S¢. The RR'S; compounds have four distinct crystal types (Vo Van et al.,

TABLE 31.4
Crystal types of the RR’S; compounds, at 1000°C.

R Ia C¢e Pr Nd Sm Gd Tb. Dy (Y) Ho Er Tm Yb Lu Sc

R

La @ . . Q. a, a. a. G G G G G 1 I 1
Ce a a. @, a. . a. a, G G G G H H 1
Pr a a. a. a. a, a, a, a G G H H 1
Nd a Q. a. a. a. a; a; a G H H 1
Sm a a. a, a, a; a, a, a F F I
Gd a a, a. X X X F F F I
Tb a a,. X X X X F F I
Dy @ 8. 8. 8. 8. 8 8, i
(Y) 8 8. 8. 8. 8, 8 1
Ho 8 8. 8. 8 8 I
Er 8 8. 81 8 I
Tm 8 8y 61 -
Yb € &€ -

Lu € -

a: and & = solid solutions of the a or & types, continuous from R,S; to R}S,.
a; and &, = solid solutions of the a or 8 types, with a limited region of homogeneity, including the
RR’'S; composition. .
x = mixture of phases at the RR’S; composition.
F,G, H, I = crystal types of the RR’S; compounds.
At the bottom of each column, «, 8, € represent the crystal types of the R,S; sulfides, at 1000°C.
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TABLE 31.5
RR3S¢ compounds of the F type.

R’ Dy Y) Ho Er Tm Yb Lu
R
F

La F F F F F F
Ce - F F F F F F
Pr - F F F F F F
Nd - F F F F F F
Sm - - - - ? F ?
Gd - - - - F F F
Tb - - - - - F F

1970a). They are designated by the letters F, G, H and I in table 31.4. Their
structures were established from single crystals of the following compounds:

CeYb3S¢ (Rodier et al., 1973, 1974, 1976¢)
CeTmS; (Rodier, 1973)

NdYbS; (Carré et al., 1974)

Y ScS; (Rodier et al., 1970).

Other RR;Sq compounds also have the F-type structure of CeYb;Se (table 31.5)
(Rodier et al., 1976¢).

At elevated temperatures (about 1400°C), continuous solid solutions of the
cubic ThsP4 structure appear between y-R,S; and y-R}S; sulfides of this same
type. Moreover, the phases G and H are no longer stable and only the I and F
phases persist (Vo Van et al., 1971).

In these structures (except for the I-type and the y-solid solutions) the cells
are flat (about 4A thick), and the environments of the R elements have the
characteristic features and the same orientations relative to the short axis of the
cells, which are described in section 1.

The effect of high temperatures and high pressures on some RR’S; compounds
was studied. Upon quenching, GdYbS, (F-type) gives, with increasing pressure,
three phases, the cubic ThsP, type, the orthorhombic Gd,S; or a-type, and the
orthorhombic U,S; or n-type (Clark et al., 1975). In a similar way DyYbS,
(8-type R,S; sulfide) gives the cubic ThyP,4 type and the U,S; type (Clark et al.,
1976).

QT

3.2. Structural studies of the definite compounds

CeYb3S¢ type or F type. The monoclinic cell has the space group P2,/m (Fig.
31.6). There are four kinds of metal sites and the crystallographic formula is
(VIp)AVII0)x(VI0)(VI'0),S;; (Rodier et al., 1974). The VIII prismatic sites are
always occupied by light rare earths, and the VI octahedral sites by heavy rare
earths. But, depending on the nature of the elements, the VII octahedral sites



SULFIDES, SELENIDES AND TELLURIDES 21

Fig. 31.6. Monoclinic cell of CeYb;S4(F-
type): a=1093 A, b=1120 A, ¢=
3.940 A, y = 108.8°. .

can be occupied by light rare earths R (formula RR’S;) or by heavy rare earths R’
(formula RR3S,) (Rodier et al., 1976¢). Moreover, in the special case of Er;ScS,
(Rodier et al., 1972) a disordered arrangement of both elements Er and Sc in the
VI octahedral sites, with different relative proportions on the two kinds of sites,
gives a third possibility (table 31.6).

CeTmS; type or G type. The monoclinic cell, space group P2,/m, contains
eight formulas (fig. 31.7). Four kinds of metal sites are present:
(VIIIp)4(VIIp)o(VII0)3(VI0)4S: (Rodier, 1973). In spite of the many possibilities
of various kinds of occupancy by atoms of a different nature, only one kind of
compound of chemical formula RR’S; is obtained. In this case, the prismatic

TABLE 31.6
The three kinds of occupancy of the sites of the monoclinic cell
CeYb;Se-type.

Formulas (VIlIp), (VIlo), (VIo), (VI'o),
RR}S, R=1La to Nd R'=HotoLuand Y
RR’S; R=Smto Tb R'=Tm to Lu
Er;9,S¢; 0S¢ R=Fr 0.52 Er 0.39 Er
+0.48 Sc 0.61 Sc
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Fig. 31.7 Monoclinic cell of CeTmS; (G-
type): a=11.09A, b=21424, c=
398 A, y=102.95°.

sites are occupied by light lanthanides (La to Nd) and the octahedral sites by
heavy lanthanides (Dy to Tm and Y). We see here a characteristic feature of the
lanthanides in their sulfides. When two sites of coordination number 7 are
present in a structure with two different environments, the light lanthanides
choose the prismatic environment and the heavy lanthanides choose the en-
vironment related to the octahedron.

NdYbS, type or H type. The cell is orthorhombic B22,2 (fig. 31.8). Two kinds of
metallic sites are present in equal proportion, and the crystallographic formula is
(VIIIp)4(VI0)4Sy,. (Carré et al., 1974). The only possible chemical formula is
RR'’S;. Because of the high coordination and the prismatic character of the first
sites, they may only be occupied by the lighter lanthanides (Ce to Nd). The VI
octahedral sites contain exclusively the last two lanthanides Yb and Lu.

YScS; type or I type. This orthorhombic cell Pna2, is the only one not flat. This
structure (Rodier et al., 1970) is very similar to the preceding one. It has the
same kinds of sites, it corresponds to the same general formula, and it contains
approximately the same R elements. But, the VIII prismatic site is larger than
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Fig. 31.8. Orthorhombic cell of NdYbS; (H-Type):
a=1254A,b=966A, c=3854, z=4.

the corresponding site of the H-type, and only lanthanum is able to occupy it.
The VI octahedral site is, as before, occupied by ytterbium or lutetium.

In the case of the scandium derivatives, this element is on the octahedral sites,
and a large number of R elements accept the VIII prismatic coordination (from
La to Er) (Rodier et al., 1969).

3.3. Ternary intermediate phases (R, R)X, formed between subsulfides or
subselenides (R(II1))X, with 1.33<x <1.50

In the ternary diagram R-R’-X, some studies were made on sulfides (Vo Van
et al., 1968, 1969) and selenides (Guittard et al., 1971). The following phases were
observed:

Homogeneity surfaces of the ThiP,type. They are formed between the two
binary solid solutions R,S;-R;S, and R}S;-R;3S, of the same type (Vo Van et al.,
1968). In the case of the La—Er—Se system the homogeneity surface has a limited
extension, because the Th;P, type does not exist in the binary Er-Se system
(Guittard et al., 1971).

Solid solutions of the YsS;-type. The only systems which have been studied are
those formed between the Ers;S; compound of the Y;sS; type, and the RS,
compositions which, for the first rare earths, belong to the homogeneity region
R,S:-R;S, of the ThiP,type. Beyond ErsS,, the monoclinic solid solutions are
relatively narrow, and cease in the neighborhood of the composition REr;S; (Vo
Van et al., 1969).
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LaipEro®a7
Fig. 31.9 Asymmetric content of the monoclinic cell of La;oErsSy: a = 29.71 A b=2183A,c=394A4,
y=122.0° z =2.

Although binary selenides have no compounds of the Y;S;-type, the ternary
LaFEr,Se, has this crystal type (Guittard et al., 1971).

Moreover, Rodier et al. (1972) have described the structure of a compound of
formula Er;Sc,S,, in which there is a disordered arrangement of the two cations
in the two kinds of metal sites of the YsS, type structure.

Compounds of the La,ErsSy-type. The monoclinic cell has the space group
B2/m and contains two formulas (fig. 31.9). Ten different metal sites are present
(Carré et al., 1973b):

(VIIp)(VIIT'p)o(VIIp)( VII'P)s(VII"P) o VII0)(VI0)o(VI'0)o(VI"0)(VI" 0): X ss.

Or, combining the equivalent positions one has (VIIIp)s(VIIp)(VII0)4(VI0)14Xss.

The prismatic sites are occupied by lanthanum, and the octahedral sites by
erbium atoms. The occupancy of the 7-coordinated sites follows the same rule as
for CeTmS; - the light rare earths are in the prismatic sites, the heavy rare earths
have environments which are related to the octahedron. This kind of compound
has been observed for R=1a to Nd and for R’ = Er, but other possibilities
probably exist (Vo Van et al., 1968).

Compounds of the Ce,Lu,1S;, type. This large monoclinic cell, space group
B2{m, contains two formulas (fig. 31.10). Eight kinds of metal positions are
observed (Rodier et al., 1975):

(VIIP)AVIII'p)4(VII0)4(VI0)((VI'0)(VI"0)(VI" 0)s(VI""0)2 X 4s
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Ce;lu11522
Fig. 31.10. Asymmetric content of the monoclinic cell of CesLuy,S, a=3860A, b=11.214,
c=3914, y=913°, z=2,

Or, combining the equivalent positions one has (VIIIp)s(VII0)4(VI0);sX 4.

The 8-coordinated prismatic positions are occupied by cerium atoms, and the
positions which are related to the octahedron are occupied by lutetium atoms. In
fact, the two kinds of sites are very different and only one type of occupation is
possible. The light lanthanides are on the prismatic sites and the heavy
lanthanides are on the other sites.

This structure is especially interesting because of its relationship to the
CeYb;S; structure (F-type). It is possible to obtain the large Ce,Luy;S,, array by
a shear mechanism of every two cells of the CeYb;S, array, along the b axis.
This mechanism explains why the two kinds of structures are observed for the
same R elements, and are often simultaneously present in the same sample when
the CeYb;S¢ type compounds are prepared under reducing conditions.

In all the phases which are described in this subsection, electrical equilibrium
between the cations and anions is not realized, and the electrical conductivity
appears to be metallic.

3.4. Conclusions

The large number of structures observed in the R-R’-X systems shows a very
important evolution of the nature of the environment of the rare earths going
from lanthanum to lutetium and a relatively strict affinity of each rare earth for a
special type of environment.

4. Ternary systems [A-R-X and TII)-R-X (X = S, Se, Te)

All the comnnnnds presently known have the general formula MRX,. In spite
of the large dimensional change from the first to the last element of the IA group
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of the periodic table, only two crystal types are known, the cubic NaCl-type, and
the rhombohedral NaFeQ,-type. These two types are closely related and the cell
of the second is a distortion of the face-centered cube by decreasing or more
frequently increasing the length of one of the ternary axes. In the NaCl-type, the
two metal atoms have a disordered arrangement on the same metal sites. On the
other hand in the NaFeQ,-type, the metal atoms are ordered, each being in
planes perpendicular to the ternary axis which alternatively contain the R atoms
and the IA atoms (or TI(I)).

Table 31.7 shows, in the case of the parallel series NaRX; and TIRX,, that the
crystallographic character of the sulfides and those of the selendides are very
similar. (See also Hoppe, 1968; Tromme, 1971). No information exists for the
selenides formed with Li, K, Rb and Cs.

In the case of the tellurides, the only compounds described are formed with
thallium (Kabré et al., 1972; 1974). They exist from Pr to Lu, with the exception
of Eu and Yb and are of the rhombohedral NaFeQ,-type, as are the sulfides and
the selenides.

The crystal structure of compounds of the NaFeQ,-type has been solved from
single crystal determinations: for KCeS, by Plug et al. (1976) and for TIErS, by
Kabré et al., (1974). In this last case, the thallium atom, which is in the center of
a trigonal antiprism (nearly an octahedron), has six neighboring sulphur atoms at
3.16A. Therefore, the stereochemical behavior of the non-bonded pair 6s of
monovalent thallium is not observed. The erbium atom is in the center of a
nearly regular octahedron, with six equal Er-S distances (2.76A).

It is noteworthy that, in these two structures, the coordination of the rare
earth is always 6. This value, unusual for the first lanthanides in their chal-
cogenides, explains the absence of the MRX, compounds for the light
lanthanides from La to Nd in the case of M =TI, and for La and Ce in the case
of M=Li. But the very weak electronegativity of the other IA elements
stabilizes this low coordination (as does the very strong electronegative charac-
ter of the anions of the fluorine compounds).

5. Ternary sulfides and selenides of R(III) and divalent elements IIA, Pb and R(II)

In this section are gathered divalent elements which have the same structural
behavior in their compounds. We shall see that Pb is very similar to Sr, and the
divalent rare earths very similar to the alkaline earth elements. Specifically we
associate Sm(IT) and Eu(Il) with Sr, and Yb(II) with Ca. Finally magnesium has,
in this group, the most singular behavior. No information exists about Be
derivatives.

5.1. Mg derivatives

For these compounds we find the crystal types described in section 10 for the
Mn derivatives. In the case of the sulfides we observe for the light lanthanides
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(La to Gd), solid solutions of the cubic Th;P,-type, which extend from R,S; to
compositions generally in the neighborhood of n =0.10 (n = Mg/(Mg+ R)).
Compounds of definite composition do not exist (Flahaut et al., 1965}
For the heavy lanthanides and for Y, several kinds of compounds exist:
solid solutions of the NaCl-type, which are extensive specially
for the heavy lanthanides and for Y (Patrie et al., 1965).
R,MgS; compounds of the Er,MnS; orthorhombic type, observed with
R=Tb to Tm, and Y (Patrie et al., 1966).
R;MgS, compounds of the spinel type observed for R=Tm, Yb, Lu and
Sc (Patrie et al., 1965). A transition to the Th;P4type is observed by high
pressure high-temperature treatment (Hirota et al., 1976).
RMgS; compounds of the Ho,FeS; structural type occurring for R = Dy to
Tm and Y (Adolphe et al., 1968).
See, for example, the similar systems formed by MnS in fig. 31.25.
In the case of selenides, only the R,MgSe, compounds from Ho to Lu and for
Y and Sc have the spinel structure. (Guittard et al., 1964).

5.2. Ca and Yb(II) derivatives

The systems formed between CaX and R,X; compounds for X = S, Se, and Te
are shown schematically in tables 31.8 and 31.9, which show the arrangement of
the phases as a function of the composition at a temperature of 1200°C. Three
types of intermediate compounds are observed.

(1) Solid solutions of the Th;P.«type for the light lanthanides. These solid
solutions are of wider composition with the sulfides and exist from composi-
tions R,S; to CaR,S,. Their width decreases going to the selenides (Golabi et al.,
1965b) and to the tellurides, (Pardo et al., 1969). There are no CaR,X,
compounds in these last two cases.

(2) Solid solutions formed from the CaX compounds by addition of R,X;
chalcogenides of the heavy lanthanides (fig. 11) have especially large composi-
tion ranges. They are least in the case of the sulfides, with a maximum
composition in R of about 48 at%. They are face-centered cubic for Sm, Gd, Dy,
Er and Y and show a transition to a rhombohedral distortion in the cases of Yb
and Lu, at a R concentration of about 30 at% (Patrie et al., 1965, 1967).

Lo ¢ b . }
Ce ¢ 3 —— »
Pr g [ S SEN— 4
Nd ¢ ¢ —— @
Smeé—— [ o 4
Gd ¢——— —_— 4
Dy 4 4 Y — 4
Y o @ —_— L ® ——
Er 4 B LE T E R uu—— ° _—
:_t: : T _M:: ) ® T Fig. 31.11. Phases and homo-
B GV 9 ® g ; i
_J I | geneity ranges in the R,S;—

RoSey 05 CaSe Ry54 05 CaS  (CaS and R,Se;~CaSe systems.
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For the selenides (Golabi et al., 1965a,b) the solid solutions often exceed the

CaR,X, compositions (R=Ho to Lu and Y). With a smaller R content their
structure is exactly face-centered cubic, like the CaSe compounds. But for
contents of about 30 at% R, a rhombohedral distortion appears, which progres-
sively increases with the R content. These distortions are greatest for the
CaR,Se, compositions. In these homogeneity ranges the CaR,Se, compositions
have a particular individuality shown by an extremum of the a angle of the
rhombohedron.
(3) CaR,X, compounds. In the sulfide systems there are two varieties. One is
orthorhombic of the Yb;S,type at low temperatures (for Ho to Lu and Y) and
the other is orthorhombic of the Er,MnS, type at high temperature (from Er to
Lu and Y) (Patrie et al., 1967). The crystal structure of CaLu,S, of the first type
is described by Rodier et al., (1977a). In the selenide systems, we have just seen
that the CaR,Se; (R = Ho to Lu and Y) compounds correspond to an extremum
of the rhombohedral distortion of the solid solution (Golabi et al., 1965a,b).

The CaCe,S; compound, the only sulfide of this series to be cathodolu-
minescent, has a yellow emission which is of practical importance (Yim et al.,
1973).

The structural behavior of the telluride system (section 14) is closely related to
that of the selenides (Pardo et al., 1969).

The structures of the divalent ytterbium intermediate phases in the systems
YbX-R,X; are nearly identical to those of the systems formed by calcium. For
the sulfides of the YbR,S,-type there is a cubic ThsP,-type (for La to Ho), and an
orthorhombic Yb;S,-type (for Ho to Lu and Y) (Vo Van et al., 1966). For the
selenides there are solid solutions of the Th;P,type with the light lanthanides,
and solid solutions of the NaCl-type which become rhombohedral in the
neighborhood of the YbR,Se; compositions (Ho to Lu and Y). Moreover, at low
temperature “YbR,Se,” nonstoichiometric phases of the Yb;S,-type exist (Ho to
Tm) (Souleau et al., 1969).

5.3. Sr, Ba, Pb, Mn(1l) and Eu(II) derivatives

Compounds of the formula MR,X, have the structural types given in tables 31.8
and 31.9. For the Th;P; structural type, solid solutions exist continuously
between R,X; and MR,X,. Therefore, these last compounds are only observed
for the light lanthanides. The compounds formed by the other elements have the
orthorhombic CaFe,0, structural type.

References to these systems are the following:

Sr and Ba sulfides Flahaut et al. (1965g¢,1965¢)
Patrie et al. ( 1965)

Pb sulfide Patrie et al. (1969})

Sm(II) sulfide Vo Van et al. (1966, 1969)

Eu(II) sulfide Vo Van et al. (1966, 1969)

Hulliger et al. (1966a)
Lugscheider et al. (1970)
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Pb selenide Patrie et al. (1969))

Sr and Ba selenides Patrie et al. (1964)
Golabi et al. (19659
Flahaut et al. (1965c)

Eu(Il) selenide Hulliger et al. (1966a)
Souleau et al. (1968).

Solid solutions of the NaCl-type formed by sulfides R,;S; of the light
lanthanides in SrS have been obtained in a flux of Li,S and in an atmosphere of
H,S. It seems that these solid solutions, which do not exist in the absence of
flux, are possible because, of the substitution of rare earth for the calcium and
the lithium (Banks and*"%"1949; Yakel et al. 1949).

The magnetic properties of the compounds EuR,S; and EuR,Se, have been
studied by Hulliger et al. (1965), (1966a,b) by Gorochov et al. (1969) and by
Lugscheider et al. (1970), (1971). All these compounds are paramagnetic, and have
magnetic ordering only below 4 K. Hulliger et al. found EuY,X,; and EuGd,X, to
be ferromagnetic, and EuTb,X,;, EuLu,X, and EuSc,X; to be metamagnetic. In
all cases, only the Eu sublattice seems to be ordered. Lugscheider et al. found all
the EuR,S; compounds to be antiferromagnetic below 4 K.

Coordination of the elements. In these compounds, the rare earths have their
usual coordination from 8 to 6. The magnesium is six coordinated (MnY,S; and
Ho,FeS;-types) or four-coordinated (spinel) as usual. In the solid solutions of the
Th;P,-type Mg has an unusual 8-coordinated environment, which explains the
small extent of the homogeneity range.

The other divalent elements are 8-coordinated (Th;P, and CaFe,0; types),
7-coordinated (Yb;S; and Er,MnS; types) or 6-coordinated (NaCl type solid
solutions). It is observed in this case that the coordination of the divalent
element changes as a function of the coordination of the rare earths elements
with which it is combined.

6. Ternary systems R-Cu-X and R-Ag-X (X = 8§, Se)

In these systems, the sulfides are very similar to the selenides. In contrast, the
tellurides are quite different and will be discussed in section 14.

6.1. The CurX~-R,X; (X = 8, Se) systems

These have been studied by Ballestracci et al. (1965a,b), Julien-Pouzol et al.
(1968c, 1970, 1972), Dismukes et al. (1971), and Aliev et al. (1972, 1973) when X
is S and by Julien-Pouzol (1968a,b,c, 1972) and Aliev et al, (1975) when X is Se.

The distribution of the observed phases is shown in (fig. 31.12), as a function of
the composition (n = Cu/(R + Cu)). Five structural types are identified.
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Sulfides Selenides Tellurides
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Fig. 31.12. Crystal types in the R,X,-Cu,X systems. A: Th;P, type, B: monoclinic unknown structure, C:
solid solutions of the hexagonal Er,;Cu,S: type, Ci: ScCuS; type, Cy: Ery;3Cu,S; type, Cs: orthorhombic
superstructure of the C-type, D: orthorhombic Cup;LasSes, F: orthorhombic structure.

Solid solutions of the cubic ThsP,type. These are formed from the R;X,
chalcogenides of this type. The homogeneity ranges are large in the sulfides, up to
the compositions CuR;Sg, for which the metal positions are filled. In the selenides as
is usual, these homogeneity ranges are narrower (Julien-Pouzol et al., 1968a, 1972).

Monoclinic CuRX,. These compounds, formed by the light lanthanides, from
La to Tb for the sulfides and from La to Gd for the selenides have the space
group P2,/b. The structure is unknown (Julien-Pouzol et al., 1968c, 1972).

Orthorhombic CuRS,. These compounds only occur in the sulfides, and are
characteristic of the elements of the second part of the rare earth family (from
Ho to Lu, and for Y). They have the space group P2,2,2,. The structure is
unknown, but seems closely related to the AgErSe,-type (Julien-Pouzol et al.,
1970, 1972).

Orthorhombic LasCu3Se . This compound is only observed in the La;Se;—~Cu,Se
system (Julien-Pouzol et al., 1972).

Solid solutions of the trigonal C type. These are characteristic of the heavy
lanthanides, yttrium and scandium, and are observed in all the systems R,Xs-
CuX for X=18, Se, Te (and also in the R,Te;~Ag,Te systems). Typically,
homogeneity ranges exist from CuRX, (n = 0.50) to Cu,R,3X; (n = 0.75).

The structure of Cu,Er,;S; was determined by Ballestracci et al. (1965b,c)
from powder diagrams. In the trigonal P3 cell, which contains one formula, the
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atomic positions are:

2Er in 1(a) 0 00
2Cu 2(d) 5 3 0365 3 1 0.635
28 2 4 % 0745, % 1 0255

The copper atoms have a tetrahedral coordination, and the R atom has a
nearly regular octahedral environment of suiphur atoms (fig. 31.13). The Er has a
disordered arrangement in the 1(a) position, but without a single crystal study it
is not possible to be sure of the absence of superstructure.

More recently, the structure of CuScS,; was described by Dismukes et al.
(1971), from single crystal determinations. The structure is nearly the same as
the preceding one, but the copper atom occupies only one of the 2(d) sites. The
space group is then: P3m1, and the atomic positions are:

Sc  1(a) 0 0 0

Cu 1) § % 0.4126
SH by 1 %3 07760
S2) by i %3 0.2542.

At the present time, we may consider two alternatives for the solid solutions.
First, a completely disordered one, for which each extremity of the homogeneity
range has a disordered arrangement of copper on its positions, or of R on its
positions:

(CUD)R52 and CUz(R2/3D1/3)Sz,
For the intermediate compositions, the two series of metal sites are simul-
taneously partially vacant, but contain only one kind of element:

(Cup- )R @430 01-013)S2,

The second possibility involves the ordered phases CuRS, and Cu;RS;, the first
having the structural type of CuScS; and the second being a superstructure of
this trigonal array. For the intermediate compositions the ordered vacant sites
are progressively occupied by the supplementary atoms. It can be represented,

aV3

Cu25r2/3 52 CuScSy
Fig. 31.13. Structures of the trigonal

O s Otose Oco cells of Cu;ErysS, and CuScS,, along

the 100 planes.
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for example:
Cus(Cuy— 0)sRa(R,[i-,)Se.

In this case, it is possible to pass progressively from an ordered structure to a
disordered one. Other alternatives are possible, and some further work is
necessary on this subject.

Apparently, in the system Ag,Te-R,Te; (Pardo et al., 1973, section 14) the
same two possibilities of solid solutions exist depending upon the nature of the
rare earth, a disordered one for the system Gd,Te;—Ag,Te, and a partially
ordered one for the other rare earths.

6.2. The Ag,X-R,X;5 (X = 8, Se) systems

Four families of phases have been observed (fig. 31.14) by Ballestracci
[1966a,b), Julien-Pouzol et al. (1973) for the S compounds and by Julien-Pouzol
et al. (1968b, 1969, 1973) for Se compounds.

Solid solutions of the Th;Ptype. These are nearly the same as in the Cu;X-R,X;
systems (Ballestracci, 1966a; Julien-Pouzol et al., 1973).

AgRX, compounds of the AgYbS,-type. This type was described by Ballestracci
(1966b), from a powder diagram analysis. The tetragonal cell has the space group
I41md

The ytterbium atoms are inside nearly regular octahedra of sulphur. The silver
atoms have strongly distorted octahedral environments with one of the six §

R;53-AgpS RpSe;~AgySe
La l_..
Ce | L
Pr L
Nd | T T
Sm
Eu
Gd
™ e
Dy L
Ho
Y
Er —
Tm __gN
Yb _
Lu - !5 53_
Sc

|

(

m
§

e 8 ¢ & & o o o
I

.

D U T SO S DV e e

R253 0S AgpS RoSes 0s AgnSe

Fig. 31.14. Crystal types in the RyX;-Ag:X systems. T: ThiP4 type, E: AgYbS; type, F: AgErSe; type,
N: Nacl type solid solutions, S: tetragonal superstructure of the N type.
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Fig. 31.15. Structure of the AgErSe;, ortho-
rhombic: a=6876A, b=13786A, c=
Se Er Ag 4,175 A.

atoms very far from the Ag atom, and probably not bonded. Ballestracci
observed a monoclinic distortion of this structure with the other rare earth
sulfides, but this observation needs supportive studies with single crystals. Four
compounds of this type are observed in the selenides series, from Gd to Ho.
They are tetragonal (Julien-Pouzol et al., 1969, 1973).

AgRSe, compounds of the AgErSe,-type. This structure was established, from a
single crystal study, by Julien-Pouzol et al. (1977) (fig. 31.15). The flat orthorhombic
cell, P2;2;2,, contains four formulas. The erbium atoms are at the center of
nearly regular octahedra of selenium. The silver atoms are inside flat tetrahedra,
with four nearly equal Ag-S distances. These tetrahedra form open chains along
the Oz direction and constitute channels in which it might be possible for the
silver ions to move. These compounds are ionic conductors. They are only
known in the selenides series, from Dy to Lu, and for Y and Sc (Julien-Pouzol et
al., 1969, 1973).

Phases of the NaCl type. These phases were described, for the AgRS; composi-
tions (R = Er to Lu), by Ballestracci (1967). In fact, they are nonstoichiometric
phases observed for Er and Tm in the sulfide systems, and for Dy and Er and Y
in the selenide systems (Julien-Pouzol et al., 1973). They occur in the Ag,X rich
region of the system, and in some cases they approach the AgRX, composition.

Superstructures of the NaCl-type. These phases are only observed for the heavy
rare earths (Julien-Pouzol et al., 1973). They form homogeneity ranges similar to
the preceding ones. Moreover, in the Yb-Ag-X ternary systems, the possibility
of a valence change in ytterbium from 3 to 2 affords a large homogeneity surface
including the Ag,YbsXs composition. For this composition, a tetragonal super-
structure of the NaCl type is observed, with a’'=aV?2 and ¢ =2a. Some
additional work is necessary to define this structure precisely.
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6.3. Remarks concerning the coordination of the cations

The known structures in these systems concern the heavy rare earths ex-
clusively. In these cases, the rare earth atoms have their usual octahedral
environment. The copper atoms always are inside tetrahedra (CuScS,,
Cu,Er,;5S;). However, the big question concerns the ThsP,-type solid solutions,
for which the metal atoms only have one kind of 8-coordinated site. It does not
seem possible that copper atoms can accept this environment. We are obliged to
admit that these atoms are displaced inside the large polyhedron of eight S
atoms, in order to be bonded to only three or four S atoms (as in LagCu,Si,Sy,
where the copper is shifted toward the center of a triangular face of the
octahedron, section 9.2).

The silver atoms accept tetrahedral (AgErSe;), five-coordinated (AgYbS,) or
octahedral (NaCl phases) environments. For the Th;P,-type solid solutions the
preceding remarks are still of value.

7. Ternary compounds formed by rare earths and IIB elements

7.1. The RyS3:~ZnS systems

Most of the R,S;-ZnS systems do not contain definite intermediate
compounds. The R,ZnS, compounds are only obtained for the heavy lanthanides
(R=Tm to Yb). They are orthorhombic, EMnS,-type (Yim et al., 1973).

The Sc,ZnS, compound is a spinel (probably normal). Its electrical and optical
properties have been studied on single crystals, pure and doped with various
elements. It shows a band gap in the visible (E,=2.1eV), and its electrical
conductivity, which usually is very small, is strongly increased by doping with
elements like Ag, Cr or Ga. In these cases, it becomes an n-type semiconductor.
It does not show cathodoluminescence (Yim et al., 1973).

7.2. The R,S:-CdS systems

The following intermediate phases are observed.

Solid solutions of the Th;P,type. These are formed from R,S; sulfides of this
type, although their extent is not well-known. It is possible that they go to the
compositional limit R,CdS,. However, Yim et al. (1973) observed only the
Th;P,-type for the La,CdS, phase, and obtained non-identified phases or mix-
tures of phases for the subsequent elements up to Dy.

Compounds R,CdS, of the spinel type. These are known for the sulfides with
R =Dy to Lu and for Y and Sc (Fujii, 1972; Yim et al., 1973). They are normal
spinel, as shown for Yb,CdS, (Holtzberg, 1963) and Tm,CdS, (Suchow and Stemple
1964). Electrical (Yim et al., 1973) and optical properties (Suchows. 5**’”’1"'1964;
Yim et al., 1973) were especially studied. Infrared fluorescence (at 1.97 wm) is
observed at 6 K for Tm,CdS, and for various compositions of the spinel
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homogeneity range formed between In,S; and Tm,CdS; (Suchow and SfemPle(HG'-l).
Single crystals of Sc,CdS; were doped with various elements. The electrical
conductivity is greatly increased in some cases with the formation of p-type (Cr)

or n-type (Ga) semiconductors.

Compounds R,CdS; of the Ho,FeS,-type. These are observed for the sulfides
with R =Dy to Er, and Y (Adolphe et al., 1968).

7.3. The R,Se;-CdSe systems

The compounds R,CdSe, have the normal spinel structure, from Dy to Lu, and
for Y (Holtzberg, 1963; Fuji, 1972). The magnetic properties of Yb,CdSe,; and
their interpretation in terms of their crystal field are described by Pokrzywnicki
et al. (1974).

8. Ternary sulfides and selenides formed by IIIB or IVB elements with R elements

The structures of the ternary compounds formed by R sulfides (or selenides)
with M = IIIB or IVB sulfides (or selenides) are closely related to each other.

The elements Al, Ga, Si, and Ge are always inside MX, tetrahedra of S or Se
atoms. In the known structures, these tetrahedra are independent from one
another. On the other hand, in the corresponding ternary compounds formed by
IA or TTA elements instead of the R trivalent elements, these MX, tetrahedra
generally have common apices, and constitute chains and cycles. The R elements
favor the insulation of the MX, tetrahedra in the ternary compounds.

The elements In and Sn in ternary compounds with the rare earths occur only
in their upper oxidation states, In(III) and Sn(IV). Their environment is no
longer tetrahedral but octahedral. The [MX;] octahedra are linked to each other
by common edges and constitute chains through the network. In contrast, in
compounds formed by IA or ITA elements instead of R elements, the In or Sn
are always found inside tetrahedra [MX,].

This influence of the R elements on the atomic environments of the M
elements in ternary compounds, that is, insulation of the tetrahedra and a
passage to a higher coordination of the M elements, is related to a decrease in
the ionic character of the R—X bond relative to the IA or IIA-X bonds. There is
a concomitant increase of the ionic characier of the M-X bond.

In contrast to the preceding cases Tl or Pb only exist in ternary compounds
with their lower valencies, TI(I) and Pb(II). These compounds, of general
formulae TIRX, and PbR,X,, have classical structures, rhombohedral NaFeO,-
type. and cubic Th;P4-type or orthorhombic CaFe,O,-type respectively. These
compounds have been described in sections 4 and 5.

8.1. Description of the systems

The R,S5-SiS, systems. Three types of compounds are known at present.
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Rhombohedral R4Si;,Sy,, which really is an Ry(SiS), orthothiosilicate, has the
LaGesSy, structural type, R=Ce to Gd (Perez et al., 1969). Hexagonal
R(Si, 5S4 has the structure of the R¢B,C,X,s family (section 9), R = Gd to Dy and
Y (Michelet et al., 1970).

The R,5~GeS, and GeS systems. The phase diagram of the La,S;-GeS, system
has been described by Sarki§ov et al, (1968, 1970). Two congruent compounds
are present, La,Ge,S; (m.p. 1071°C) and La,GeSs (m.p. 1105°C). The first
involves a phase transition at 845°C. Actually, from the structural studies of
Michelet et al. (1966, 1969a, 1970, 1975), Mazurier et al. (1973, 1974), Collin et al.
(1973a) there are the three following phases in this system, LasGe,sS(« which is
only stable at high temperature in a disordered form, LasGe;S;; and La,GeS:s.

For the other rare earths, the following compounds are also observed:
R«Ge»sS1s, where R =1La to Ho and Y (Michelet et al., 1969a) which probably
undergoes an order—disorder transition, except for the La sulfide; R4GesSy,,
where R = La to Gd (Michelet et al., 1966); R,GeS;, where R = La (Michelet et
al., 1970) and probably Ce (Beskrovnaya et al., 1971).

In the R,S;-GeS systems (Gus’kova et al., 1973a, 1975), the R,GeS; thioger-
manites exist for R=1.a to Gd. They disproportionate at about 600°C. Their
structure is unknown.

In the ternary R—-Ge-S systems (Michelet et al., 1969a), solid solutions exist
between the RsGe,sS;s and RsGesS;y compositions with the same hexagonal
R¢B,C>X 4 structure (section 9). A general view of the structural aspects of the
preceding compounds has been presented by Michelet et al. (1975).

The R,Ses—-GeSe, systems. Some R,Se;~GeSe, phase diagrams have been studied
by Russian teams, La,Se;—GeSe; by Rustamov et al. (1973), and Pr,Se;-GeSe; by
Alieva et al. (1973) and Beskrovnaya et al. (1973). A general view of the systems
formed with La, Ce and Pr is given by Nasibov et al. (1975a). In these systems,
which are very similar, three compounds are observed, R,GeSes, R,Ge,Se; and
R,Ge;Ses. The first two involve phase transitions.

Recently, the La,;Se,—~GeSe, system was studied again (Loireau et al., 1977b).
Two compounds were characterized. One of them, LasGe,sSe s, belongs to the
hexagonal R¢B,C,X 4 hexagonal family (section 9). The other, La,Ge,Se;, seems
only stable between 950 and 1000°C.

The ternary La,Se;-GeSe,~Ga,Se; system is described by Loireau-Lozac’h et
al. (1977b).

The R,S:-SnS, and SnS systems. These have been studied by Gus’kova et al.
(1973b), Mel’chenko et al. (1973) and Guittard et al. (1976a). Compounds of the
general formula R,SnS; exist from La to Dy with two very similar crystal types,
but with different crystal type for Y.

The R,Se;~SnSe; and SnSe systems. The phase diagrams of the systems R;Ses-
SnSe; have been described for R = La to Sm (Rustamov et al., 1971); Nasibov et



40 J. FLAHAUT

al., 1972, 1975b). They were found to be very similar to each other, and contain
compounds of the general formulas R,SnSes and R,Sn,Se;. However, the exis-
tence of the intermediate compounds is denied by Guittard et al. (1976a).

The R,X3-AlX; systems (X =S, Se). The La,S;~Al,S; phase diagram is
described by Guittard et al. (1976b). The hexagonal compound LagAl;psS
undergoes an order—disorder transition (section 9). One other compound of
probable composition LaAl;S exists only in a short interval of temperature.
Glasses are obtained with a large range of compositions by fast cooling of the
melts. The temperature of the glassy transition is relatively high at about
T, = 550°C. These glasses crystallize when heated, with intermediate formation
of three metastable phases.

The RsAl3S14 compounds, previously described as having the composition
RAIS;, are observed for R = La to Ho and Y, and the R¢Al,y:Se ;s compounds for
R = La to Ho (Patrie et al., 1969a).

The R,X3-Ga,X; systems (X =S, Se). Russian workers have described the
following phase diagrams:

Nd,S:-Ga,S; Kejserukhskaya et al. (1970, 1972),

La,Se;—Ga,Se;  Efendiev et al. (1964a),

Ce,Ses-Ga,Ses Efendiev et al. (1964d),

Nd,Sex-Ga,Se;  Efendiev et al. (1964c¢),

Sm,Se-Ga,Ses Efendiev et al. (1964b).

In all these cases, intermediate isostructural RGaX; compounds were observed
(Karaev et al., 1966a). Their elecirical properties were studied by Samsonov et
al. (1967, 1968) and (Babaev et al., 1970). Actually, these compounds have the
R¢Ga, 03X, formula, and have the hexagonal structure of CegAl;p3S1s. Therefore,
a new description of the phase diagrams R,S;-Ga,S;, for R =La, Ce, Nd, Er and
Y (Loireau-Lozac’h et al., 1977a) and R,Se;—Ga,Se; for R=La, Nd, Gd and Y
(Lozac’h et al., 1973a) has been presented, which is in strong disagreement with
the previous reports.
Finally, the following series of compounds has been identified (Lozac’h et al.,

1973a,b; Loireau-Lozac’h et al., 1977a):

R¢Ga;0nSiy, R=1La to Tb and Y is hexagonal CegAl ¢3S s-type (Patrie et al.,

1969a) with order—disorder transitions;

RGaS;, R = La and Ce, of unknown structure;

R103GasS1s, R = La and Ce, is melilite-type (LLozac’h et al., 1973b);

R:GaSq, R=Dy to Er and Y, orthorhombic Er;GaSe-type (Lozac’h et al.,

1971);

RsGaypSen, R = La to Gd (Patrie et al., 1969a);

RGaSe;, R = Gd to Ho, of unknown structure.

In some cases, glasses are obtained by quenching the melts from 1100-1200°C.
These glasses crystallize when heated, with the formation of intermediate
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phases. Their vitreous transition is about T = 650°C (Loireau et al., 1976). Their
vibrational properties are described by Lucazeau et al. (1977). They have strong
fluorescent properties (Reisfeld et al., 1977a,b).

For the selenides, glasses are only obtained in the ternary system La,Se;—
Ga,Ses—GeSe, (Loireau-Lozac’h et al., 1977b).

The R, X5-In,X; systems (X =S, Se). Five series of intermediate phases
have been identified (Guittard et al., 1978a) in the sulfide systems:

RInS; (?) is orthorhombic, with unknown structure, R = La to Nd;
R;InSs is orthorhombic of the La;InSe-type, R = La to Nd;
R5InSg is orthorhombic of the Sm;InSe-type, R = Sm to Tb
R;sIn;Sy; is monoclinic of the TbslnsS;-type, R = Sm to Tb.

From Dy to Tm, there are no intermediate compounds but only narrow solid
solutions of the spinel-type from In,S;. With Yb, the homogeneity range is larger
and exists from In,;S; to YbInS; (Abdullaev et al., 1968). Finally, with yttrium an
orthorhombic compound YInS; has been described (Karaev et al., 1966b).

In the selenide systems which have not been extensively studied, only the
LagIn;o3Ses compound has been identified. It exists only with lanthanum for
dimensional reasons (section 9) (Patrie et al., 1969a).

8.2. Crystal structures of some special crystal types

Compounds related to the R¢B,C,X\, family. This hexagonal family will be
discussed in greater detail in the next section. Three series of compounds are
directly related to this type.

1. ReAl¢3S14 (R = La to Ho and Y), R5AI10/3S€14 (R = La to Ho); RGGGIOBSM
(R=La to Tb), R¢Gao;3Se1s (R = La to Gd) and the single indium derivative
LaglngsSeys (Patrie et al., 1969a). These compounds, prepared at high tempera-
tures and quenched, have the structure described for CegAl,3S, or
Ceg(Alssly3) AL Sy, in which the Al atoms occupy, in a disordered way, the B
sites of the general formula (de Saint-Giniez et al., 1968). When they are slowly
cooled, an hexagonal superstructure appears (a = ayV3, ¢ =2c,), Wwhich
certainly results in an ordering of the Al or Ga atoms and the vacancies on the B
sites of the general formula. But this ordered structure has not yet been
described.

2. ReSiysSu (R=Gd to Dy and Y) and Rs¢Ga,sS,y (R=La to Ho and Y)
(Michelet et al.,, 1969a). These compounds correspond to the Rg[Bgs[J;sJCX14
general formula. Recently, an order—disorder transition similar to the preceding
one was observed (Guittard et al., 1976b). The structure of the ordered ar-
rangement was first described for Dy¢Ge;sSi, as a hexagonal superstructure,
space group P3 (a = aoV'3, ¢ = 2¢y), by Collin et al. (1973b). The structure of the
disordered a,, ¢y hexagonal cell was recently described by Bakakin et al. (1974)
for PTGGCZ.5SI4.

3. RsGesSis (R = La to Sm),(Michelet et al., 1969a). These compounds are only
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El"3 Ga 56

Er Fig. 31.16. Orthorhombic cell of Er;GaSe:
O aa a=1036A,b=13.12 A, c=640 A, z =4.

known with the simple (ao, ¢o) hexagonal cell, corresponding to the disordered
arrangement of germanium on the B sites, in agreement with the general formula
Re(BL)C: X s

In fact, there is a homogeneity range from R¢Ge, 5S4 to R¢GesSy4, in which the
Ge atoms which occupy the B sites are tetravalent and divalent respectively for
the extreme compositions, and have mixed valencies for the intermediate
compositions. The T sites are exclusively occupied by tetravalent germanium.

ErsGaSs-type, (Jaulmes et al., 1973). The cell is orthorhombic, space group
Cmc?2,. The Ga atoms are inside nearly regular tetrahedra (Ga-S distances
3x2.25 A and 2.30 &) which are independent of one another. The Er atoms have
7-prismatic coordination. The prisms are linked together by common triangular
faces or common edges, and form a sheet parallel to the a, ¢ plane. Two parallel
sheets are linked by Ga tetrahedra (fig. 31.16).

SmiInSe-type, (Messin et al., 1977). The cell is orthorhombic, space group Pnnm.
The In atoms are inside nearly regular octahedra of S atoms which share two of
their opposite edges and form chains parallel to the ¢ axis. The three Sm atoms
have two kinds of environments, two of them have 8-prismatic coordination and
the third has 7-octahedral coordination (fig. 31.17).
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sm  Fig. 31.17. Orthorhombic cell
of SmyInSs: a =16.51 A, b =
13.63 A, c=3901 A, z=4.

La;InS¢-type, (Carré et al., 1978). The cell is very similar to the preceding one,
but has a different space group: P2,22. The structure only differs in the
environment of half the In atoms, whose coordination is no more octahedral but
tetrahedral, resulting in a translation of the corresponding In atom toward a
bridge of the octahedron of SmyInS¢. The tetrahedra are independent from one
another.

The R atoms keep the same environment in the two structures.

ThiInsS\,-type, (Carré, 1977). The monoclinic cell has space group P2,/m. The In
atoms have two kinds of environments with four octahedral and one tetrahedral
sites. The R atoms have the same environments as in the two preceding
structures (fig. 31.18).

LasGe,So-type, (Mazurier et al., 1974). This compound is rhombohedral, space
group R3c. The Ge atoms are inside nearly regular tetrahedra of sulphur atoms,
which are independent of one another. The La atoms have two different sites in
prismatic environments with additional equatorial 1.a—S bonds. The La(l) atom
seems to be 9-coordinated with three long equatorial bonds. The La(2) atom is
7-coordinated, because two of the three equatorial La-S distances are too large
to be true bonds. This structure can be regarded as formed by [GeS4]*” anions
and La*" cations, and is characteristic of the orthothiogermanates.

La,GeSs-type, (Mazurier et al., 1973). This compound is monoclinic, space group
P2)/a (fig. 31.19). The coodinations of the atoms are similar to those discussed
above. The La atoms are inside triangular prisms of S atoms, with two or three
more S atoms in the equatorial plane of the prism. The La and S atoms
constitute sheets, parallel to the a, ¢ plane, which have the [LaS] composition
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Fig. 31.19. Structure of L.a,GeSs. The shaded
S atoms belong to the [LaS] sheets. The Ge
Fig. 31.18. Monoclinic cell of TbyInsS,;: a = 10.998 A, atoms are not shown: they are inside the 2
b=2126A, c =3.897 A, v=96.3° z=2. central tetrahedra.

Fig. 31.20. Orthorhombic cell of La,SnS;: a =11.22 A,
La,SnSg b=792A,c=39%A z=2

and bear some resemblance to the hexagonal sheets observed in the RXY
compounds with two anions such as SmSI described in section 15. The GeS,
tetrahedra are between the sheets, and share one S atom with only one of the
sheets.
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La;SnSs and Sm,SnSs-types. These compounds (fig. 31.20) are extremely similar,
and differ only in the coordination of the R atoms. They are orthorhombic, space
group Pbam. The Sn atoms have an octahedral environment. The octahedra are
bound together, as are the octahedra [InS¢] in Sm;InS,, and constitute in-
dependent chains parallel to the ¢ axis. The R atoms are inside tricapped trigonal
prisms. In the case of La,SnS;, two of the three equatorial La-S distances are
relatively long, but are nevertheless considered to correspond to true bonds
yielding a coordination number of 9 for La (Jaulmes, 1974). In the case of
Sm,SnSs, one of the equatorial Sm-S distances becomes so large that it is no
longer considered a bond giving a coordination number of 8 to Sm (Guittard et
al., 1976a). Thus, in the different R,SnSs; compounds, from R=1La to Dy,
although the structures are nearly identical, there is a significant change in the
environments of the rare earths. The problem is to know whether or not the
change is continuous or discontinuous and further structural work is necessary.
From a consideration of the Guinier diagrams, it seems that a discontinuity
exists between Nd and Sm suggesting that the La, Ce, Pr and Nd derivatives are
of the La,SnSs-type, and that the Sm, Gd, Tb and Dy derivatives are of the
Sm,SnSs-type.

9. Quaternary compounds

Two groups of quaternary compounds are well known:
—those formed by 3 metal and one non-metal atoms: tetragonal RBC;S,
compounds of the melilite type; hexagonal R¢B,1L,X,, (X =S, Se) compounds of
the CesAlysSis-type; monoclinic R;B;Sn;S;; compounds of the EusSniSy; type.
— those formed by 2 metal and 2 non-metal atoms: RBOS; (with B = Sb, B1, Cr”,
Ga,...) of different crystal structures; (R0O),Ga; 5S4, tetragonal. They are two
cations oxysulfides.

9.1. The RBC,S, compounds

Compounds of the RBC;0; general formula have been described by Russian
workers, especially for the light rare earths, with B = Ca, Sr or Ba and C = Al or
Ga (Toropov et al., 1970; Ismatov, 1970a,b,c; Ismatov et al., 1970). Similar
compounds were observed for sulfides but more limited in extent (Lozac’h et al.,
1973b): RCaAlS,, R = La to Nd; RSrAl:S,, R = only La; RCaGasS;, R = only La;
RSrGasS;, R=La and Ce; REu'Ga;S;, R = La and Ce.

These compounds are obtained by the way of glasses (prepared by quenching
the melts), which are then heated at temperatures slightly above the crystal-
lization temperatures.

In the tetragonal cell of these compounds, rare earths and alkaline earths
occupy an 8-coordinated position in a disordered way (an Archimedian antiprism
of non-metal atoms), while the Al or Ga atoms are in two kinds of tetrahedral
sites. This structure was first described for melilite, a mineral of the composition
(Ca, Na)z(Mg, A_l, Sl)307
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Fig. 31.21. Hexagonal lattice of the R¢B,C,X 4
compounds. Two half orthorhombic equivalent
cells are joined in order to show the octahedral
B environment.

Vacancy compounds result from the preceding structures by substitution of
alkaline earths by rare earths, Rs3GasS; with R = La and Ce (see section 8).

9.2. The R¢B,C,X,4 and related compounds

These were first described by Guittard et al. (1968a). General views of these
compounds were published by Flahaut et al. (1970) and Collin et al. (1973a) (fig.
31.21). Many compounds of this general formula are presently known (table 31.10).
Moreover, in many cases the necessity of equality between cationic and anionic
charges requires the existence of vacancies. These vacancies are always on the B
sites and the deficient compounds presently known have the compositions
Re(B, [0, ,)C:X14 with n =3 3, 1 and § (table 31.11).

The cell is hexagonal, space group P6;. The crystal structure was first
described from CesAlj3Si4 (de Saint-Giniez et al.,, 1968), and later with
LagMnSi,Sis (Michelet et al., 1969b; Collin et al., 1970a), LasCu,Si,S4 (Collin et
al., 1971[’)) L%Sl’lojSizSu, DyﬁGengM or Dy6G60_5Gezs]4, La61n2/3$i2514 (COllll’l et
al., 1973b) and PrGe; S, (Bakakin et al., 1974).

It appears that, in all cases, disordered arrangements of vacancies and atoms
on the B sites occur in samples obtained at sufficiently high temperatures and
quenched. But, superstructures have been observed in samples cooled slowly or
prepared at appropriate temperatures. Three kinds of superstructures are
known:

LagSngsS1;S4
Dye(Geos)GeaSia

Lag(Iny3)Si;S1s @ = a3 ¢ = 3¢, space group P6s;
LaG(G&;/j)Gast a = ao\/3 Cc = 2C0.

} a=ayV3 c¢=2c, space group P3;

The superstructures have been solved in the first two cases (Collin et al., 1973b).
In the hexagonal sub cell a, ¢o the R atom is in a triangular prism of X atoms
with two additional X atoms in the equatorial plane of the prism. One of the R-X
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TABLE 31.11.
Vacancy compounds R,B,C,X 4.

Corresponding
Saturated n deficient Studied
formulas value formulas structures
LnB(I),C(IV), X4 1 LngBADDCAV )X 4 Nd¢GesS4
LagMnSist
: Lag(B(ID,5043)CAV), X1 Linglny;Si;Sie
% Lng(B(IV);o[2)C(IV)X 14 LaeSny ;551814
DysGe, sS4
LngBAD,CUID,X 4 % Lﬂe(B(HI)A/}D2/3)C(IH)2X14 CesAlpSis
1 LngBAV)CNHCAID), X 14 LaSnAlLS,
Lo BIID,CAD, X 2 LoBAV)3n0n)CdD,X . No known compound

equatorial distances is nearly parallel to the ¢, axis, and the other is oblique.
Their relative value is therefore strongly dependent on co/a,. For relatively small
values of co/ao, the coordination of the R atom is 8, characteristic of light rare
earths. For relatively large values of c¢/ao, the interatomic distance R-X which is
parallel to the ¢, axis is too long for a bond, and hence the coordination is only 7,
characteristic of the heavy rare earths.

The B site is on the hexagonal axis inside a trigonal antiprism of X atoms,
which can be viewed as a slightly distorted octahedron. Elements which usually
have an octahedral environment in their compounds (Mg, 3d elements) occupy
the center of the antiprism. Elements which usually have lower coordinations
(e.g. 4 for Si, Ge(IV) or Sn(IV); 3 for Al or Ga; or 2 for Ag or Cu) are not at the
center, but are displaced along the hexagonal axis in order to shorten 3 of the
B-X interatomic distances and to lengthen the other three. For instance, for Al
in CegAl;(;3S14 the Al-S interatomic distances are 3 at 2.24 A and 3 at 2.09 A (fig.

Fig. 31.22. Relative dispositions of the B cations inside
the B octahedral sites of the hexagonal R,B,C,X
structure.
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31.22). The limiting case is observed for Cu atom which is exactly in the plane
of the three S atoms at the base of the antiprism in LagCu,S1,S;4. The three short
Cu-S distances are 2.27 A while the three long ones are 3.61 A and do not
correspond to bonds. Therefore, according to the position of the atom inside the
antiprism along the 6-fold axis, the coordination goes from 6 to 3. The possibility of
" this variation in coordination explains the large number of compounds of this
structural type.

The C site is on the 3-fold axis, inside a tetrahedron of X atoms. These sites
are exclusively occupied by elements which usually are 4-coordinated in their
compounds, and mainly form covalent bonds (especially for Al, Ga, Si, Ge and
SnlV).

Some elements can simultaneously occupy the B and C sites: Al, Ga, In, Si
and Ge. In this case, ternary compounds are formed, (section 8). These are:
R6A110/3X14, RGGamBXM, (X= S, SC) (Patrie et al., 19693), R(sSizA5S|4, R6G62.5sl4,
RGeS, ReGesSes (Michelet et al., 1969a; Guittard et al., 1970).

9.3. R,B3Sn;S,; compounds

These compounds have structures of the EusSn;S; type (Jaulmes et al., 1977a)
(fig. 31.23), orthorhombic Pm2,b, in which the europium has the two valences 2 and
3, specifically Eu(III),Eu(I);Sn(IV);S;, (section 13). It is possible to substitute a
trivalent rare earth for Eu(III), and a divalent element for Eu(I) if they have the
same crystallochemical behavior especially Sr and Pb:

R,(IIDEu(II);Sn;S;;, for La to Yb and Y;
R,(IID)Sr:Sn3S1, for Lato Yband Y;
Rz(III)Pb;;SIl}S]z for La to Gd.

Fig. 31.23. Orthorhombic Pm2,b cell of EusSn;Si;: a =3.924 A, b =11.509 A, ¢ =20.219 A.
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The trivalent rare earths are in one 8-prismatic and in one special 7-coor-
dinated site. The divalent elements, europium (II), strontium or lead, are in 7- or
8-coordinated prisms. The tin IV occupies two nearly octahedral sites and one
5-coordinated triangular bipyramidal site. Other possibilities exist for the filling
of the sites with the formation of superstructures.

9.4 Two cations oxysulfides

In the La;0,5-Ga,S; system (Guittard et al., 1977), 3 intermediate compounds
are present: (La0)4Gag;Se tetragonal, LaGaOS, orthorhombic and LaGa;OSs.
The structure of the first compound shows the presence of (L.a0O) sheets, which
alternate with gallium sulfide sheets. In this case, oxygen atoms are only
bonded to the lanthanum atoms, and gallium atoms are only bonded to
the sulfur atoms. In contrast, the structure of LaGaOS, (Jaulmes, 1978) is
not a sheet structure, and the O and S atoms are bonded to the two metal atoms,
without preferential bonding.

In the R,0,5-Sb,S; or Bi;S; systems only exist one intermediate compound
(RO)BiS; (R=La to Pr) or (RO)SbS, (R=1La to Nd) (Pardo et al. 1976). Two
different crystal types are observed; one of them is described for (CeQ)BiS,
(Ceolin et al., 1976): it is a sheet structure, with alternating sheets of (CeO) and
sheets of bismuth sulfide.

Glasses are obtained in the R,0,S5-Ga,S; systems, especially with R=La
(Guittard et al., 1978b). Similar glasses can be prepared with a third sulfide; in
the case of Ag,S, the glasses are ionic conductors (Carcaly et al., 1978).

10. Ternary sulfides and selenides of the rare earths and the 3d elements

The 3d elements, from which we exclude scandium studied in the section 3
with the rare earths, exhibit primarily the two oxidation states +2 and +3 in their
ternary chalcogenides. The +2 oxidation state is the more frequent from Cr to Ni
and is the only one in the case of Mn and Ni. The +2 state is observed as
tabulated below. |

R;MS,; where R=La to Nd and M= Co, Ni (Collin et al., 1974b) is
tetragonal of LayNiS; type. Where R=7Y and Dy to Yb and M = Cr, Mn, Fe
(Adolphe et al., 1968; Patrie et al., 1969c¢) it is monoclinic of the HosFeS;
type; (table 31.12). This last type is also observed in the Dy,;MSe; selenides
where M = Cr, Mn, Fe (Souleau et al., 1966).

RgM;S;s or Ry eM;1Se9 where R=1.a and Ce and M=Cr, Mn, Fe is
monoclinic of the Las,sMniSe type (Colin et al., 1974a).

R,MS, where R =Tm to Lu and Sc and M = Mn and Fe (Patrie et al., 1964)
is a direct spinel and where R=Tb to Yb and M = Mn, Fe (Patrie et al.,
1966) it is an orthorhombic Er,MnS, type; or where R = Ho to Yb and Y and
M = Cr (Tomas et al., 1976a) it is an orthorhombic Er,CrS; type. The spinel
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TABLE 31.12
R4MS; compounds of the Ho,FeS;-type (identical to the YS;-type)

Gd Tb Dy (Y) Ho Er Tm Yb Lu Ref.

R;S; compounds + + + + + +
RS, + + + + b
RCrS, + + + + a
R:MnS; + + + + + + a
RFeS; + + + + + a
R.MgS,; + + + + +

R,CdS; + + + + a

a: Adolphe et al. (1968); b: Patrie et al. (1969c¢).

type is also observed for selenides where R=Lu, Y, Sc and M = Mn only
(Guittard et al., 1968).

R,;M,S;s where R=La and Ce and M = Cr, Mn, Fe (Patrie et al., 1968) is
orthorhombic of La,Fe,S;s type.

The +3 oxidation state is most often observed in the chromium derivatives.
The RCrS; sulfides were described by Takahashi et al. (1973) and the RCrSe;
selenides by Nguyen et al. (1971).

With iron, the +3 state is only known in LaFeS; (Takahashi et al., 1971). In
some cases, intermediate oxidation states are observed. For instance, in the
La;Fe,Ss structure all the iron is in the +2 state. However, Fe’" ions and
vacancies in the iron sites appear in the nonstoichiometric La,Fe,sSs and
La,Fe; %Ss compounds (Besrest et al., 1977, 1978).

Very little information exists about ternary derivatives of titanium and
vanadium.

10.1. Description of the various systems

10.1.1. R-Ti~-X and R-V-X systems

There has been no structural study made on the phases observed in these
systems which often have complicated structures. For the trivalent state of
titanium or vanadium some phases have been pointed out, but the description of
the networks should be reexamined. LaTiX; where X =S, Se and LaVX; where
X =8, Se are probably monoclinic (Donohue, 1975). R¢TisS;s where R=1La to
Gd and RgV,S;s where R = La to Gd are probably also monoclinic (Patrie et al.,
1969¢).

Phases in which titanium or vanadium are in the divalent state have well-
known crystal types. There are, for example, R;VS; of the HosFeS; type (table
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31.12) and Yb,TiS; and Yb,VS, of the YbsiS, type, whose magnetic properties
seem to show mixtures of Il and III valences for the two metal elements (Patrie
et al., 1969c¢).

10.1.2. R,S3-CrS systems

The chromium 2+ ion has a t3, e, electronic configuration for an octahedral
environment in low field. It therefore presents a Jahn-Teller effect with dis-
tortion of the CrS¢ octahedron, two of the opposite Cr-S bounds being longer
than the other four. This Jahn-Teller distortion is observed only for a sufficiently
high proportion of Cr(II) ions relative to the other metal atoms. It exists in the
R,CrS, compounds which present a distortion of the CrS4 octahedron relative to
the Er,MnS, crystal type, (Tomas et al., 1976b) but it is not observed in the R,CrS;
compounds which have the HosFeS, crystal type. The phases presently known
are indicated in fig. 31.24.

R,CrS; compounds. They exist from Ho to Yb, and for yttrium (Tomas et al.,
1976a). Their X-ray diagrams are very similar to those of the Er,MnS,-type with
which they were first confused (Patrie et al., 1966).

Las6Cri1Se. This compound, only known with La, has the LaseFeSeo struc-
tural type (Collin et al., 1974a).

R4CrS; compounds. They exist from Ho to Tm and for Y (Adolphe et al., 1968).
No solid solutions were observed (see for example the description of the
CrS-Y,S; system (Flahaut et al., 1962)).

Ry93-CrS Rp 53 -CroS,
La of La A e
Ce Ce
Pr Pr
Nd Nd
Sm Sm
Eu Eu
Gd Gd / [ @ !
Tb Tb \ /
D Dy ® ]
Yy s e Y B« e . '
Ho g. -) Ho f ® °
Er A 3 ] B Er L3 Y
Tm (. [ Tm
Yb . Yb
Lu ® Lu
Sc s U Sc sD
R553 0s crsS RpS3 05 Cr253

Fig. 31.24. Crystal types in the R,S;-CrS systems. A: Er,MnS; type, B: Er,C1S, type, E: La; Cry; S,
U: Se,CrSy. Crystal types in the R,S;-Cr,S; systems, A: LaCrS; type, B: monoclinic RCrS;
compounds, C: RCrS¢ compounds, D: ScCrS; type.
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10.1.3. R,S5;:-Cr,S; systems

RCrS: compounds. They seem to exist for all the rare earths, but not all are
described (Takahashi et al., 1971, 1973). LaCrS; has a special monoclinic
structure which was solved by Kato et al. (1977). DyCrS; has an unknown
orthorhombic structure. YCrS;, GdCrS;, HoCrS; and ErCrS; have the same
monoclinic structure, called the YCrS; structure, which is also unknown. The
optical absorption of these compounds was described in the range 0.15-1.7 eV.
In all cases, a sharp absorption edge was found at 1.20-1.30eV at room
temperature.

The ScCrS; compound has a rhombohedral structure which is a distortion of
the NaCl array (Dismukes et al., 1970).

RCrSs compounds. They exist for yttrium and from Gd to Er (Takahashi et al.,
1974). Their optical properties were described by Ametani (1974) but their
structure is still unknown.

10.1.4. R,Ses-CrSe systems
The only compound which has been described is DyCrSe,;. Other phases do
not appear (Souleau et al., 1966).

10.1.5. R,Se;-Cr,Se; systems

RCrSe; compounds. Only one series of isostructural compounds (from La to
Nd) exists. Their crystal structure was described for CeCrSe; (Nguyen et al.,
1969, 1971). The magnetic and electrical properties of polycrystalline samples and
single crystals were described by McKinzie et al. (1971) and by Gorochov et al.
(1971, 1973). All these compounds are antiferromagnetic with Néel temperatures
between 160 K for LaCrSe; and 180 K for NdCrSe;, but the magnetic behavior is
a relatively complicated one. Above the Néel point the positive Weiss constants
indicate ferromagnetic intrachain Cr-Se-Cr interactions. As the temperature is
lowered through the Néel point, longer antiferromagnetic Cr~Se-Se~Cr inter-
actions between the chains become dominant. At still lower temperatures, there
may be a canting of the spins which would give rise to a weak ferromagnetism.
The resistivity and Hall effect show these compounds to be extrinsic semicon-
ductors at room temperature.

10.1.6. R,S5;-MnS systems
Six series of phases have been identified, most of them being also observed
with Mg (section 5.1, fig. 31.25).

Solid solutions of the Th;Ptype. These solutions have nearly the same extent
as in the MgS-R,S; systems. They never attain the composition R,MnS cor-
responding to the complete filling of the metal positions (Flahaut et al., 1965c).
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Fig. 31.25. Crystal types in the R;S;-MnS and R,S;-FeS systems, A: Y,MnS, type B: Er,CrS, type,
C: spinel type, D: HosFeS, type, E: LajpeMn;Se, F: LaFe,Ss and non-stoichiometric related
super-structures, N: NaCl type, T: ThsP4 type.

Solid solutions of the NaCl-type. Manganese is the only 3d element having a
sulfide of the NaCl-type, and it is able to form solid solutions with the R,S;
sulfides. The homogeneity ranges are especially large for the heavy rare earths,
and nearly identical to those observed for MgS. In the case of Sc,S; a dis-
continuity in the variation of the parameter is probably due to a superstructure
(Barthélémy, 1971). In these solid solutions, the exchange interactions charac-
teristic of pure MnS decrease very rapidly as a function of the R,S; content
(Barthélémy, 1971).

R.MnS; compounds. They have two crystal types, orthorhombic of the Er,MnS,
type from Tb to Tm and for Y (Patrie et al., 1966) and cubic normal spinel from
Tm to Lu and Sc (Patrie et al., 1964). The spinel Yb,MnS,; was studied
extensively by Longo et al. (1967). The transition from the spinel to a new cubic
Th;P-type is achieved by high pressure in the cases of Tm,MnS, and Yb,MnS,,
as in the corresponding derivatives of magnesium (Hirota et al., 1976).

The magnetic properties of the R,MnS, compounds have been studied by
Barthélémy (1971). They have a normal paramagnetic behavior up to about 10 K,
except for the compounds formed by non-magnetic rare earths Y,MnS,,
Lu,MnS,; and Sc,MnS,, which are antiferromagnetic at low temperature. The
exchange interactions of Sc,MnSy are described by Wojtowicz et al. (1969).

In the solid solution Mn,Mg,_.Y,S;, anomalous behavior of the magnetic
properties are explained by the disordered distribution of Mn, Mg and Y on the
same octahedral sites (Heikens et al., 1973).

RiMnS,; compounds. They exhibit the Ho,FeS; structural type where R = Dy to
Yb and Y (Adolphe et al., 1968). Their magnetic properties were studied by
Barthélémy (1971).
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Las,eMni1Seo compound. It is the only representative of this structure in these
systems (Collin et al., 1974a).

10.1.7. R;Ses-MnSe systems

The only selenides which exist in these systems are:
(1) Dy;MnSe; of the HosFeS:-type. (The other rare earths only give mixtures of
constituent selenides.) (Souleau et al., 1966).
(2) RyMnSe, of the spinel type for R = Yb, Lu and Sc (Guittard et al., 1966). For
the other R elements unidentified ternary compounds probably exist.

10.1.8. R,S;-FeS systems

These are very similar to the R,S;-MnS systems so far as the nature of the
intermediate phases are concerned. Indeed, for the heavy lanthanides we
observe R;FeS; compounds of the ErMnS,-type for R= Ho to Yb, the spinel
type for R=Y, Lu and Sc, and R,FeS; compounds of the HosFeS;-type for
R=Hoto Yband Y. Likewise, for the light lanthanides we observe phases of the
LaypeMny Se-type with La and Ce. There is, however, an absence of the
Th;P,-type solid solutions with light lanthanides, and of the NaCl-type solid
solutions with heavy lanthanides and yttrium (Patrie et al., 1969¢c) (fig 31.25).

In addition, there exist new phases La,Fe,Ss and Ce,Fe,S;s (Patrie et al., 1968)
and nonstoichiometric phases which were studied with lanthanum derivatives
La,Fe,;-.Ss with x =0.13 and 0.24. These nonstoichiometric compounds are
superstructures of La,Fe,Ss in which part of the iron sites are partially vacant
while some of the iron atoms become trivalent (Besrest, 1975; Besrest et al.,
1977, 1978), (fig. 31.26). La,Fe,S;s is antiferromagnetic at low temperature, with a
Néel point of 11 K (Collin et al., 1973d). Its magnetic structure was determined at
4.2 K. It shows superexchange interactions between Fe’ ions located in the
chains. The nearest neighbor chains are uncoupled but coupling between next
nearest neighbour chains is realized through super—super exchange interactions
of the type Fe-S-S-Fe, or possibly more complex paths including La** (Plumier
et al., 1974).

10.1.9. R,S;-Fe,S; systems

A hexagonal compound was described by Takahashi et al. (1971) for the
LaFeS; composition. However, a structural study of Collin (1978) concludes that
this phase belongs to the R¢B,C,X;, hexagonal family (section 9) and really has
the LagFe 03S1s composition. In this case, the two tetrahedral C sites are fully
occupied by Fe** ions, and the two octahedral B sites are partially occupied in a
disordered way by 3Fe*" ions, in agreement with the general rule.

10.1.10. R—Co-X and R-Ni-X systems
The compound LaCoS;, in which the Co has the surprising +3 oxidation state,
was described by Takahashi et al. (1971). Collin et al. (1974b) have obtained the
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tetragonal compounds RsCoS; for R=La and R4NiS; where R=La to Nd in
which the transition element is normally divalent.

10.2. Description of the structural types

The so-called “spinels”. Patrie et al. (1964) first described R,MnS, spinels and
R,FeS, spinels (R=Yb, Lu and Sc). Riedel et al. (1977) published a study of
polycrystalline spinel Fei.,Yb,-,S,, with 0=<x =< 0.4. From Mossbaiier spectra it
appears that xFe is trivalent. From X-ray powder studies, the tetrahedral site is
occupied by iron only, and the octahedral site by a mixture of Fe and Yb.
Recently, Tomas et al. (1978) found from single-crystal X-ray and Mdssbauer
studies, that the tetrahedral site is not fully filled by Fe atoms, and that Yb atoms
and some of the Fe atoms occupy 2 series of octahedral sites. The occupancy
factors are: tetrahedral site 8a: 0.8 Fe, normal octahedral site 16d: 0.8 Yb +0.09
Fe, octahedral site 16¢c: 0.13 Yb + 0.01 Fe.

LaCrS; type. The large triclinic cell contains 64 formula units, The structure
consists of alternating layers of LaS and CrS,. The LaS layers have a NaCl-like
atomic arrangement. The CrS, layers have a Cdl; like intralayer structure. The
two kinds of layers are stacked without strict commensurability between them
(Kato et al., 1977).

LaCrSes-type. The orthorhombic Pnam structure is identical with that of
NH,CdCl; (fig. 31.27). The Cr atoms are inside nearly regular tetrahedra which
share opposite edges to form zig-zag chains parallel to the short axis of the cell.
These chains are separated by CrSe, polyhedra, formed by tricapped trigonal
prisms (Nguyen et al., 1971).

Las eMn 1 Se-type. This formula is contained in a monoclinic cell of space group
Bm. There are 28 positions for lanthanum in this cell, of which 12 are only
partially filled (occupancy factors 0.63 to 0.82). Their coordination is 7-8. Eight
manganese atoms are inside distorted octahedra. On the other hand, six other
very special positions at very short distances from one another (1.95-1.96 A) are,
in groups of three, in the same cavity formed by 12 S atoms. These positions are
half filled by the Mn atoms. Here is the first example of clusters of 3d elements
with metal-metal bonds. The same structure was observed with the iron deriva-
tive (Collin et al., 1974a).

Er,MnS,-type. This structure, previously described by way of Y,MnS, (Che-
valier, 1968), was solved later with better accuracy from a crystal of Er,MnS..
The cell is orthorhombic, space group Cmc2,. The metal atoms have two kinds
of positions, one is a 7-coordinated site (7-prismatic) which contains one of the
two Er atoms of the formula. The second type consists of two 6-coordinated
sites (octahedral) containing a mixture in equal proportions of the second Er
atom and the Mn atom in a disordered arrangement
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Fig. 31.27. Ort}},orombic cell of
LaCrSes. a =8.08A, b=13.74A, ¢ =
LoCrSey 3.95A, z=4.

Er,CrSstype. This structure is very similar to the preceding one. It is the
consequence of the ordered distribution of the Er and Cr atoms on the octa-
hedral sites. The orthorhombic Pb2,a cell, which results from this order, is twice
as large. Whereas the ErSg octahedron is nearly regular, the CrS¢ octahedron is
very distorted, with a lengthening of two opposite Cr-S distances, and a
relatively large variation of the length of the other four bounds (Tomas et al.,
1976b). This distortion, and the ordering, are the consequences of the Jahn-
Teller effect of Cr(II) in a weak field.

La,Fe,Ss-type and related vacancy structures. The cell of La,Fe,Ss is ortho-
rhombic A2,am. The La atoms are in two very similar positions (7- or 8-
coordinated, in mono or dicapped trigonal prisms). The Fe(I) atoms have two
extremely different environments; the first is tetrahedral, the second one is
octahedral. The FeS,; and FeS¢ polyhedra are contiguous, and share a common
edge. They constitute zig-zag chains, parallel to the c-axis, formed by the two
alternating Fe sites. Four similar chains go through each cell, and are connected
by LaS;g polyhedra (Collin et al., 1971a; Besrest et al., 1977).

Two non-stoichiometric vacancy compounds have been isolated, La;Fe;s:Ss
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and La,Fe15Ss. Their cells remain orthorhombic, and result from the preceding
by having multiples of the b parameter (fig. 31.26).

La,Fe;Ss La;Fe S5 LasFe; 7655
a=11.4061:\ "=gq a”"=a
b=16.4921;\ b'=3b b"=2b
c= 3.996 A '=¢ c'"=¢
A2;am A2am P2am

The structure of La,Fe;s;Ss has nearly the same general array as La,Fe,Ss
except that one octahedral and one tetrahedral Fe sites are partially vacant, with
respective occupancy factors of 0.82 and 0.80. One of the tetrahedral Fe
exchanges an additional bond with a fifth neighboring S atom, and simul-
taneously brings together the neighboring octahedral Fe atom of the same chain
(Feoca~Fewna = 2.82 A) (Besrest et al., 1977).

In the structure of La,Fe,5Ss the modifications are more obvious. Only one of
the iron chains remains saturated; the other three have partial vacancies, two on
the octahedral Fe sites, one on the tetrahedral Fe sites, with respective ratios of
occupancy of 0.80, 0.74 and 0.39. The “tetrahedral” sites are the most modified,
because all of the Fe atoms which occupy them become five-coordinated by
bonding with the neighboring fifth sulfur atom. But, whereas, the “tetrahedral”
Fe located near a partially vacant site of octahedral Fe draws near the sulfur, the
tetrahedral Fe located in the neighborhood of a saturated octahedral Fe draws
away from it (Besrest et al., 1978).

HoFeS;-type. This compound is isostructural with YsS; (section 1). In the
monoclinic C2/m cell, there are three kinds of positions for the metal atoms.
The first, with a multiplicity 4 and 7-coordination is exclusively occupied by Ho.
The others are 6-coordinated (nearly regular octahedra) containing the two metal
atoms in a disordered way in the proportion of three Ho to one Fe. One of these
positions has the multiplicity 2, and contains 30% of the Fe atoms, while the
second has the multiplicity 4 and contains 35% of the Fe atoms (Adolphe et al.,
1965, 1968).

So, we find once more for this structure, as for Er,MnS,, the disordered
arrangement of heavy rare earths and the 3d elements Cr, Mn, and Fe, which is
only possible on the octahedral sites.

LasNiS;-type. The tetragonal cell of this compound, I/mmm, shows a super-
structure a’ = 4a, ¢’ = ¢, for which the space group is not known. The structure
was solved from reflections of the sub-structure only, because the reflections of
the superstructure are too weak to be determined. This structure is related to
that of K,NiF,. The La atoms are 7- or 8-coordinated. The Ni atoms are 6- or
7-coordinated but with 2 or 3 long bonds (Collin et al., 1974b).

8cCrSs-type. The very large rhombohedral cell contains 12 formulas. It is a
superstructure (X18) of a rhombohedral sub-cell which is simply related to the
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NaCl structure. It is likely that the distortion and the superstructure result from
the ordering of the metal atoms and vacancies on the cationic sites of NaCl
(Dismukes et al., 1970).

11. Ternary sulfides and selenides formed by rare earths and 4d and 5d elements

Donohue et al. (1974b) described the R,MX; families:

R,HfS;s, R =1.a to Lu, Eu and Yb excepted;
R,ZrSs, R=1.a to Lu, Eu and Yb excepted;
R,;HfSes, R =La to Gd (?);

R,ZrSe, R=1a to Th.

The synthesis of these compounds, in sealed ampoules, is only possible in the
presence of a small quantity of iodine., These compounds are orthorhombic,
U;Ss-type, like the corresponding compounds formed by M = U or Th (Jeitschko
et al., 1975). They have a high electrical resistivity, except for the Sm deriva-
tives, for which the relatively low electrical resistivity is probably related to a
non-stoichiometry due to the presence of a small proportion of divalent ions.

Compounds RMX; exist with M = Nb and Ta, for X = S and Se, but they have
not been so extensively studied. All show metallic electrical conductivity. Their
structures are unknown (Donohue, 1975).

The EuNb;S, compound was described by Berkooz et al. (1970). Really, it is
an insertion compound of divalent europium in Nb§S,, having a composition near
Eu,sNbS; (Jellinek, 1971). It is hexagonal and has no ferromagnetic transition.

The insertion compounds R, MosSs have been obtained for all the R elements
(Fisher et al., 1975). They crystallize in a rhombohedral lattice, like PbMog3sSg
(Chevrel et al., 1971). These compounds have narrow homogeneity ranges, with
x approximately equal to 1 for the light rare earths, and to 1.2 for the heavy rare
earths. More extended solid solutions are observed for Pr, Nd, Eu and Yb. The
magnetic moments correspond to the presence of trivalent ions, with the
exceptions of Eu, which is divalent, and Yb, for which the magnetic moment is
strongly dependent on the x value. Magnetic ordering does not appear in the
samples, down to 1.3 K.

These compounds are superconductors. Most of them have transition
temperatures, T, below 1 K, however, some occur at higher temperatures (about
7 K for the La derivative and 8.5 K for the Yb derivative). These compounds are
superconductors in spite of the presence of magnetic ions. This characteristic
shows that the exchange interaction between the superconducting electrons and
the R ions is very weak, and supports the idea that the d-electrons of Mo are
primarily responsible for the superconducting properties.

In an attempt to reduce this interaction further, the R,MosSes series was
synthesized (Shelton et al., 1976). Almost all these compounds are superconduc-
tors above 5K (except Ce and Eu derivatives) and the transition temperatures
are higher than those found in the sulfides. The lanthanum compound possesses
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the third highest transition temperature among the M, MosXs phases reported to
date.

In the PbMosSs_,_,Se, Te, and MogSs_.-,Se, Te, systems, Chevrel et al. (1975)
pointed out a strong correlation between T, and the lattice parameters especially
the rhombohedral angle «. In the Sn;, . Er,MosSs system, Fradin et al. (1976)
verified that there is a cell size that optimizes T., but in this case the angle is
constant as Er is substituted for Sn.

12. Systems U (or Th)-R-X

Some of the phases which exist in the systems U-S (Picon and F‘“,\'"TgSS) and
U-Se (Khodadadfﬁbﬁﬁ) have great structural similarities with rare earth chal-
cogenides. Moreover, in the trivalent state, uranium has nearly the same dimen-
sions and the same environment as neodymium. However, the U,S; sulfide
(Zachariasen, 1949) is not isomorphous with Nd,S; and only some selenides and
tellurides of intermediate rare earths have the type (cf. table 31.8, n phases). The
U,S; sulfide does not exist, and only the U;Se, selenide has the ThsP,; type
structure of the light lanthanides.

In spite of these differences, the similarities are the source of large homo-
geneity ranges in the ternary systems R-U-X. There are not as yet complete
descriptions of these systems. Figures 31.28 and 31.29, prepared from literature

Ternary system La.U.5. Fig. 31.28. Ternary system La~U-S,

Ternary system ErU.S. Fig. 31.29. Ternary system Er-U-S.
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data, although incomplete, suggest the existence of large homogeneity domains
between the UX and RX compounds.

In some of these intermediate compounds, uranium has the normal valency of
four or perhaps the valency 3 (in ScU;Sg). It is more difficult to know its valency
in compounds and solid solutions where it has the apparent oxidation state +2
(solid solutions of the Th;P; and YsS; types).

RIIN,U(IV)Ss compounds and solid solutions of the U;Ss type. The R,US;s
compounds are observed from La to Gd (Vo Van et al., 1975). They are
orthorhombic, space group Pnma, of the U;Ss type (described by Potel et al.,
1972; Moseley et al., 1972). The structure was solved for Sm,USs (Vo Van et al.,
1975).

The Sm atom has an 8-prismatic environment, the same as the trivalent U
atom of U;S;, and the interatomic distances Sm~S and U(II)-S are equal. The U
atom has the same 7-octahedral environment as the U(IV) atom in U;S;. As is
usual in this kind of polyhedron, the two sulphur atoms which substitute at one
apex of the octahedron are at a very short distance from one another (3.21 A).

Continuous solid solutions are formed from these compounds to U,Ss,
(R,_ dIHU (IID)),UAV)Ss, with 0 <x =< 1. Partial solid solutions are observed
from these compounds on the R,USs-US, section. There are vacancies in the
R(III) site represented as (R(III),-, UdV)auy: Taiax)UIV)Ss, with 0 < x < 1.09 for
R = La. In the case of lanthanum, which was especially studied, the domains are
represented in fig. 31.28.

The compounds RUIIYUIV),Ss of the U;Ss type. The RU,Ss compositions
belong to the R,US:—U,3S; systems alluded to above. For the exclusively trivalent
rare earths dealt with in the preceding paragraph, these compositions are written
RAIDUIIDU((IV)Ss. For Eu and Sm, valence changes represented by R(III) -+
UIID) - RD+ UIV) occur because their divalent states are more stable than
the trivalent state of uranium.

Valences of both II and III exist in the samarium sulfides. Thus, the reaction
of U;Ss with Sm(II),U(IV)S; involves the progressive transformation of Sm(III)
into Sm(II), to give the final composition Sm(IDUIV),Ss in which all the
samarium is divalent (Vo Van et al., 1975).

In the case of the europium, for which the trivalent state is not very stable in
the sulfides, the compound Ew(IID),U(IV)S;s does not exist. Only Euw(IDUIV),S;
is known (Brochu et al., 1970, 1972) and the solid solution is formed only
between Eu(IDU(IV),Ss and Us;S;. Finally the two compounds Sm(IDU(IV),S;s
and Eu(I)U(IV),Ss have a special position in the phase diagram (Vo Van et al.,
1975).

The compounds R,U(IV)sSis and R4;ThsS .. These two series of isostructural
compounds, located on the R;S;~US; or ~ThS, sections, only exist for the heavy
lanthanides from Tb to Lu and for Y. They are orthorhombic, space group B2,
Bm or B2/m but their structure is unknown (Vo Van et al., 1974).
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YbosUs5S: compound. This compound is isostructural with Ce,Lu,;S,, (Rodier
et al.,, 1975). The two metals are simultaneously present with two oxidation
states, +3 and +4 for uranium and +2 and +3 for ytterbium. The environments
are as follows: 8-prismatic for U(III), 7-octahedron for U(IV), 7-prismatic for
Yb(II) and 6-nearly regular octahedral for Yb(III). The crystallographic formula
is 0.90(U(111))70.94(U(1V))20.92(YbID))( Yb(111))¢0.95(Yb(IIl)); and four sites are
partially vacant (Rodier et al., 1976b).

ScU(I1I)3Ss compound. This compound is orthorhombic, space group Pnnm.
The uranium occupies three kinds of sites: 8-prismatic, 7- or 8-prismatic and
7-octahedral. The scandium is in slightly distorted octahedra (Rodier et al.,
1976a).

Solid solutions and R(III,UX, compounds of the ThiP, type. They have been
studied in the case of the sulfides along the sections R,S;-US and R;S,—“U;S,”,
this latter composition really is a mixture of U,S; and US (Demoncy et al., 1970).
The widest range of homogeneity is observed in the ternary R-U-S systems for
Ce and Pr, where it attains the composition n = 0.30 (n = U/(U + R)).

In the case of the selendides and tellurides, these domains have been studied
only on the R,Xs-UX binary systems. They are broader than for the sulfides, and
attain the R(II[);UX; composition, for R=1La to Nd. But it is likely that
continuous homogeneity ranges exist from R;X, to U;X,, of the same type, and
contain the R,UX, compounds (Demoncy et al., 1970).

Solid solutions and R(I1I1),US; compounds of the YsS; type. These compounds,
obtained from Ho to Tm and for Y, are isostructural with the RsS; compounds
formed by the same R elements. Continuous homogeneity ranges probably exist
between these two kinds of compounds, but they have not been observed
(Demoncy et al., 1970).

In these two series of solid solutions, and in the R,UX, and R,US; compounds,
the uranium valency is not well defined, and it is probable that these
compounds have semi-metallic properties.

i3. Ternary compounds formed by divaient rare earth elements

In the rare earth family, the stability of the divalent state, relative to the
trivalent state, follows the order Eull> SmII > YbII. Therefore, the Eu deriva-
tives are observed more frequently because EuX compounds have no oxidation
or reduction behavior against chalcogenides of multivalent elements in their
maximal valency. For instance, SnS; combines with EuS but it is reduced to SnS
by SmS or YbS sulfides. In this case, the compound Eu,SnS; exists but the
compounds Sm,SnS, or Yb,SnS, are unknown. In a similar way, SmS reduces
MgS and cannot form solid solutions with it; but SmS does not reduce CaS, SrS
or Ba$S, which are more stable than MgS, and forms solid solutions with them
(Vo Van et al., 1970b).
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13.1. Compounds with the I1A elements

The SmS-MS and EuS-MS systems (M = Mg, Ca, Sr, Ba). Continuous solid
solutions exist between these sulfides which have the same NaCl-type. With Sm,
it is necessary to prepare them above 900°C, because SmS disproportionates at
low temperature into Sm;S4 and Sm, and in this case MSm,S, derivatives of
Sm(III) appear. Moreover, MgS is reduced at high temperature, and this sulfide
cannot form solutions with SmS (Vo Van et al., 1970b).

13.2. Compounds with the IIIA elements in their trivalent state

SmR,X,4, EuR, X, and YbR,X,. See section 5.3.

13.3. Compounds with the 3d elements

EuTi,Ss and EuV,S,;. These compounds have the same crystal structure as the
high temperature variety of EuCr,S, (Nguyen, 1971). They have a paramagnetic
behavior between 80 and 800 K (Gorochov et al., 1969).

EuCr,S; and EuCr,Se,. These compounds seem to be dimorphoic, but Nguyen
(1971) gives slightly different compositions for the two varieties. The “low
temperature variety” is hexagonal P6, isostructural with PbCr,S; (Omloo et al.,
1968, 1971; Gorochov et al., 1969; Nguyen, 1971), but this structure is unknown.
For the “high temperature variety”, the crystal network is still unknown. These
compounds are semiconductors (Gorochov et al., 1969). The “low temperature
varieties”” of the two compounds are ferrimagnetic with Ty= 150 K for the
selenide (Gorochov et al., 1969) and Ty = 68 K for the sulfide (Lugscheider et al.,
1971).

EuS-FeS system. No intermediate compound is observed in the phase diagram
(Meyer et al., 1973).

13.4. Compounds with the I11B elements

EuAlLX;, EuGa,Xs and Euln, X, (X = S, Se). These compounds have the same
crystal type, orthorhombic PbGa,Ses-type, but this structure is not yet known
(Eholié et al., 1971; Donohue et al., 1974a; Aliev et al., 1976). The phase diagram
of the EuS-Ga,S; system shows the congruent melting of EuGa,S, at 1215°C
(Barnier et al., 1976a). All these compounds are paramagnetic between 80 and
800 K. They have p-type semiconductivity (Aliev et al., 1976).

13.5. Compounds with the IVB elements

Eu,SiSs and Eu,GeS,. These compounds are monoclinic, like Sr,GeS, (Michelet,
1972).
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Eu-Sn-S system. Two intermediate phases are known: Eu;Sn,S; and EusSn;Sy,.
They are formed by tetravalent tin.

EusSn,S;. It belongs to the EuS-SnS, system. The flat orthorhombic Pbam cell
contains two formulas. Each tin atom is inside a tetrahedron of sulfur atoms. It
is however strongly displaced towards one face. As a result it is in front of a
fifth S atom, but at a relatively large distance. The coordination of tin is
therefore between four and five.

The Eu atoms have two kinds of eight-coordinated environments. The first is a
tetragonal prism, a form which is unknown for the trivalent rare earths. The
second is a triangular prism with two additional bonds in the equatorial plane
(coordination 8-prismatic) (Jaulmes et al., 1977b).

EusSn3S;;. This compound does not belong to the system EuS-SnS,; because Eu
has the two valences 2 and 3: (Eu(ID);(Eu{I)),(Sn(IV)):S;,. In this sense, it is a
quaternary compound (fig. 31.23).

Two Sn atoms are inside nearly regular octahedra. The third is five-coor-
dinated but its arrangement differs from that in Eu;Sn,;S;. The sulfur polyhedra
form chains through the structure, parallel to the short axis. The three Eu(Il)
atoms have a 8-triangular prismatic coordination. The two Eu(IIl) atoms have
varied environments: 8-prismatic as in the preceding case, but with shorter Eu-S
bonds, and 7-octahedral (Jaulmes et al., 1977a). This structure figures centrally in
new families of quaternary compounds (9-3).

13.6. Compounds with the VB elements

EuSb,X, and EuBi, X, (X = S, Se, Te). The synthesis and the crystallographic
study are described by Rustamov et al. (1977).

14. Binary tellurides

We shall describe here the binary tellurides which are different from the
binary sulfides and selenides, and the properties studied in the R-Te systems.

14.1. Phase diagrams

The phase diagrams of various R-Te systems have been described:
La-Te Ramsey et al. (1965a), Eliseev et al. (1965b)
Ce-Te Chukalin et al. (1967a,b);
Pr-Te Jarembash et al. (1970);
Nd-Te Jarembash et al. (1965a), Lin et al. (1965), Abrikosov et al. (1965),
Zinchenko et al. (1966, 1967);
Eu-Te Sadovskaya et al. (1970);
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Gd-Te Zargarjan et al. (1967);
Dy-Te Abrikosov et al. (1970);
Ho-Te Jarembash et al. (1974);
Er-Te Haase et al. (1965);
Tm-Te  Eliseev et al. (1976a).

The first four systems are very similar and contain the following phases:
RTe, cubic NaCl-type; Ri;Tes~R,Te;, solid solution of the Th;Pstype; RiTe,,
tetragonal; RTe,.,, tetragonal Fe,As-type in which 0 = x =0.2; R,Tes, R,Te;; and
RTe;, closely related compounds which have elongated pseudo-tetragonal cells.

With Gd, Dy, and Ho, the phases seem very similar to those preceding, except
for the R,Tes;, which has another crystal type and is exactly stoichiometric.
However, some discrepancies exist concerning the compositions of the Te-rich
phases, which are due to the absence of complete structural studies.

In the case of the Eu-Te system, only the compounds EuTe, Eus;Tes;, EusTe,
and Eu;Te, are observed. '

The sesquitelluride R,Tes, RiTes and the lower tellurides RTe were discussed
in section 2 because of their close structural and physical relationship with the
corresponding sulfides and selenides.

In contrast, the higher tellurides have special characteristics which will be
discussed here. Some references concerning physical properties of R-Te
systems are as follows (see also section 2):

thermoelectric and electrical properties
La-Te system, Ramsey et al. (1965b)
Nd-Te system, Abrikosov et al. (1967)
Er-Te system, Haase et al. (1966);
thermal expansion
La-Te system, Eliseev et al. (1967b);
thermodynamic properties
La-Te system, Somov et al. (1973);
magnetic properties
Pr-Te system, Chechernikov et al. (1967)
Nd-Te system, Pechennikov et al. (1967)
Dy-Te system, Pechennikov et al. (1970)
Sm-Te system, Lashkarev et al. (1971)
Er-Te system, Hoggins et al. (1968);
Mossbauer effect
Sm-Te system, Aleksandrov et al. (1971).

14.2. Higher binary tellurides

All these compounds apparently have structures which are closely related to
the Fe,As structural type of the RTe, compounds.

RTe, compounds. These compounds were first described by Pardo et al. (1965).
Their crystal structures were confirmed by structural studies from Eliseev et al.
(1965a) on CeTe, and Wang et al. (1966) on NdTe, (fig. 31.30).
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Fig. 31.30. Tetragonal cell of the Fe,As type of
I..aTez.

From Wang et al. (1966) the interatomic distances in NdTe, are: Te(a)-Te(a)
3.187 A; Te(a)-Te(b) 4.036 A; Te(b)-Te(b) 4.009 A; Te-Nd 3.26 to 3.38 A. These
values show the very special behavior of the Te(a) contained in the basal plane
of the cell. These Te atoms are at very short distances from one another and
form very compact layers of Te, in which they are directly bonded by covalency.
In contrast, the Te(b) are at large distances from the other Te atoms and are not
bonded together; they are only bonded to the five R atoms which surround them.

Each R atom is at the center of a 9-apices polyhedron. Because of this large
coordination, this structural type is only observed from La to Dy. But high
pressure (100 kbars) high temperature (1200°C) treatments give RTe,,
compounds for all the lanthanides and for Y (Cannon et al., 1970).

A non-stoichiometry exists in each case, to about RTe, 3 (Wang et al., 1966).
The vacancies of tellurium only occur in the basal plane of the cell.

The thermoelectric and electrical properties of LaTe, and its solid solutions
were studied by Ramsey et al. (1963, 1965a). The specimens of LaTe; studied are
degenerate semi-conductors of p-type. However, single crystals of LaTe,
(Eliseev and ‘Q?’f%l&)and NdTe, (Andrellos and Brp,1962) are n-type under certain
conditions of temperature. Really, these compounds are very sensitive to the
influence of impurities. The solid solution LaTe, ,, which probably has n-type
conductivity when pure, can be changed to p-type by introduction of various
impurities, especially oxgen, and also metals like Sb (Narasimhan et al., 1968).
The magnetic properties of PrTe;, are described by G hechernikov et al. (1967).

R, Te; compounds. These compounds exist from La to Dy. Their structure,
which is not yet known, is apparently closely related to RTe,, as suggested by
their X-ray diagrams. Their cells seem to be tetragonal P4/mbm (Eliseev et al,,
1966¢) except for La,Te; (Kuznecov, 1972).

RyTes compounds. These compounds exist from La to Ho, and for Y, except for
Eu. From powder studies, they have very elongated orthorhombic pseudo-
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tetragonal cells. A structural model was proposed, based on similarities with the
crystal structures of RTe; and RTe; (Pardo et al., 1965, 1967a). The cell consists
of two blocks of two superimposed RTe; unit cells placed one upon another. A
double layer of Te atoms appear between the blocks, as in RTe;.

RTe; compounds. These compounds, first observed by Carter (19653 for CeTe;
and by Ramsey et al. (19655for LaTes, exist for Y and from La to Tm, except
for Eu (Pardo et al., 1965, 1967a). The crystal structure, described by Norling et
al. (1966) for NdTe; is orthorhombic pseudo-tetragonal, space group Bmmb. The
structure may be viewed as a stacking of two NdTe; blocks of the Fe,As-type:; a
double layer of Te atoms is between each block.

LaTe; (Ramsey et al., 1965b) and ErTe; (Haase et al., 1966) are degenerate
semiconductors of p-type. By stacking different kinds of blocks of the Fe;As-
type, it would be possible a priori to obtain various kinds of formulas especially
RiTes and R,Te;. The latter appears in the phase diagrams of the Russian
workers without structural description. Structural research needs to be done, but
twinning and very easy cleavages make it hard to obtain good crystals.

15. Ternary compounds containing rare earths, tellurium and a third element

15.1. Ternary compounds with two anions

Presently five series are known.

The solid solutions formed between the R,S; sulfides and the R,Tes tellurides
were studied in a few cases. For the light lanthanides they have the ThiP,
structural type. For the heavy rare earths (R =FEr, Tm and Lu) these solid
solutions have the structural type of the sesquitellurides, orthorhombic Sc,S;
(Ghémard, 1976: Ghémard et al., 1971a, 1978a,b).

The oxytellurides (RO),Te, tetragonal from La to Dy (Pardo et al., 1965; Kent et
al., 1962; Obolonchik et al., 1966; Raccah et al., 1967) and orthorhombic from Er
to Lu (Pardo et al., 1967b). The magnetic properties of some of these compounds
were studied by Lash?grev et al. (1967).

The sulfoteliurides (RS);Te;.,, from Tb to Tm and for Y. These compounds have
a large homogeneity range (0=<x <0.13 for Dy, for instance) and present an
order—disorder transition from a low temperature monoclinic form to a high
temperature orthorhombic form, the first being a superstructure of the other
(Ghémard, 1976; Ghémard et al., 1971a, 1978a,b).

We shall show in section 16 that the (RO) or (RS) groups form sheets of
pseudo-tetragonal arrangements of distorted tetrahedra [R,0] or [R.S]. Between
the sheets are double layers (for (RO),Te) or single layers (for (RS),Te) of
tellurium atoms.
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The hydrotellurides (RH,)Te, from La to Pr. These phases are hydrogen
deficient. They are tetragonal, probably of the PbFCl-type (Carter, 1961).

15.2. Ternary compounds with two cations

Ternary compounds containing tellurium, rare earth and a second metal were
studied in the following cases.

Cu,Te-R;Te; systems. These systems were studied by Pardo et al. (1971, 1972)
and Agaev et al. (1973, 1974) (fig. 31.12). Many new phases are observed in the
case of the light rare earths, but their structures remain unknown. For the heavy
rare earths, from Gd to Lu and for Y, trigonal phases RCuTe; appear similar to
those observed for the corresponding sulfides and selenides. A continuous
homogeneity range exists to the composition GdCu;Te; only for Gd (or between
n=40.5 and n =0.75 with n = Cu/(Cu+R) atomic), as for the selenides. With
the subsequent rare earths, the homogeneity ranges are narrower and stop at
about n = 0.60. They probably have the ScCuS, structure. A second series of
phases appears near the composition n = 0.70-0.75 for Tb, Dy and Ho. They are
closely related to the preceding and probably are hexagonal superstructures.
Finally for Er and Tm, the compounds RCu;Te; have orthorhombic cells which
are distortions of the hexagonal cells of the preceding phases. In these studies,
complementary single crystal work is necessary.

Ag,;Te—R,Te; systems. Three types of phases are observed near the RAgTe,
composition (Pardo et al., 1973). From Dy to Tm and for Y, the compounds are
of two varieties. One is a tetragonal unknown structure which is stable at low
temperature, and the other a trigonal ScCuS,-type structure stable at high
temperature without a homogeneity range. In the special case of Gd, both
varieties are present, but the trigonal one probably has a disordered arrangement
and gives a large homogeneity range (between n = 0.50 and 0.75). Lutetium has
only a trigonal LuAgTe, compound.

CaTe-R,Te; systems. They are very similar to the corresponding systems of
selenides (section 5, fig. 31.11) (Pardo et al., 1969).

With the light lanthanides from La to Sm, only solid solutions of the ThsP,
type exist. These solid solutions do not attain the CaR,Te; composition. With the
heavy lanthanides Dy to Lu and yttrium, there are two categories known. At low
temperatures the CaR,Te; compounds are of the rhombohedral Yb;Ses-type. At
high temperatures large homogeneity ranges (only studied for Er) exist from
CaTe, cubic NaCl-type, to n = Ca/(Ca+ Yb) = 0.65 in which there is a rhombo-
hedral distortion. The distortion has its maximum value for the composition
CaR,Te,, like in the selenide system (section 5).

Ga;Tes-R,Te; systems. Only Ga,Te;~Sm;Te; was studied. An intermediate
SmGaTe; compound exists (Karaev et al., 1965).
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Fig. 31.31. Crystal types in the R,Te;-CaTe systems: T: type
Th;P,4, R: thombohedral solid solutions, distortion of the NaCl
RoTez  CoRgTe, CaTe type N.

Tl,Te-R,Te; systems. In agreement with the corresponding selenide systems
(section 4), these contain intermediate TIRTe, compounds which are rhombo-
hedral of the NaFeO,-type, where R=Pr to Lu and Y, but not Eu and Yb
(Kabré et al., 1972, 1974).

PbTe-R,Te;~R3Te; systems. Aloman et al. (1968, 1971) describe R,PbTe,
compounds, which form ThsP;type solid solutions with R,Te; and R;Te,.
However, the existence of these compounds has not been confirmed by other
studies (Patrie et al., 1969b).

LaTe,-LaSh, system. A large solid solution exists from LaTe, to the composi-
tion limit LaSb,Teys, in which the substitution of Te by Sb creates an ortho-
rhombic distortion of the tetragonal structure of LaTe, (Wang et al., 1967). This
substitution decreases the resistivity, and degenerate p-type semi-conductors are
obtained. The thermoelectric power first increases then decreases as the material
becomes more metallic (Narasimhan et al., 1968).

MTe-EuTe systems. Several systems were studied to follow the influence of
substitution of Eu by other metals, M, upon magnetic interactions and the
electronic properties of EuTe (see ch. 20). Studies of SnTe-EuTe have been
made by Mathur et al. (1971) and of PbTe-EuTe by Suryanarayanan et al. (1968).

16. Ternary compounds with two anions

Ternary compounds formed by rare earths and two non-metals, in which one
of them is a chalcogen, have been widely investigated. A review was made by
Dagron et al. (1971) of halogeno-sulfides and by Flahaut (1976) of [RS] sheet
compounds.

We can distinguish two classes of compounds. First, those which are solid
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solutions formed from the binary constituent compounds and which have the
crystal structure of the binary compounds, and secondly, those which have
special crystal types.

16.1. Solid solutions

They are formed from the binary compounds by substitution of S or Se by a
second non-metal, frequently arsenic, silicon, germanium, or tellurium. Such a
choice of elements is evidence of the covalent character of the bonding in the
rare earth sulfides and selenides.

_The following homogeneity ranges have been described.

RS M,, with M = As, Si, Ge. With As, the homogeneity range extends
continuously from RS to RAs to give compounds which have the same NaCl-
type structure. With Si and Ge, the domain stops at x = 0.33 (Ghémard et al.,
1971b).

R,$:-R;S,— R,S;_,Te,. This homogeneity surface in the R-Te-S ternary system
has the Th;P, structural type.

R,S3-R3S,— R3AsS5. This homogeneity surface in the R—As-S ternary system
also has the ThsP, structural type (Céolin et al., 1971). These two series of solid
solutions are formed only by the light R elements.

R;Te;-,S; solid solutions. These solid solutions of the orthorhombic Sc,Si-type
tellurides of the heavy rare earths and yttrium have a wide composition range (x
attains 1.95 for Er, Tm and Lu) (Ghémard et al., 1972).

16.2. Ternary compounds

Their crystal structures, which are different from those of the binary
compounds, are listed in table 13. In many cases the rare earths and one of the
two non-metals, X, form sheets of general formula (RX);*, the second non metal
Z being between these sheets in a single or double layer. Some exceptions of this
general arrangement are known, however, especially in the series of polytypes
RSeF with R=7Y or the heavy rare earths.

16.2.1. Sheet compounds
The (RX) sheets have three kinds of arrangements.

16.2.1.1. The R and X atoms have planar coordinations. These are only known
when X is a small atom like fluorine and Z a large atom like Se. But two kinds of
coordinations are observed for R atoms.

First, in the RX planes, the R and X atoms have the same triangular
coordination. This type of structure is only observed for the largest rare earths.



TABLE 31.13
Ternary two anions compounds - References of the second column are
concerned with the description of compounds. References of the third column
are concerned with the description of crystal structures.

Formulas Elements concerned Crystal types
(RO),S La-Luand Y [1, 17, 48] hex. Ce,0,S [10]
(Ry4S1)0O La-Sm [22,23] tetrag. PrioS140 [21]
(RO),Se La-Lu and Y [8, 9, 20] hex. Ce,0,S [10]
(RO),Te La-Dy [29, 31] tetrag. Nd,0,Te [32]
Ho-Lu and Y [30] orthorh. unknown
(RO),S, La-Nd (Ce excepted) [2] tetrag. Pr,0,S, [11}
(RO)4Ses La-Yb (Eu excepted) [41] orthorh. Las04Se; [43]
(RF)S La-Erand Y [3, 4] tetrag. PbFCI1 [3]
Tm-Lu and Y [3, 4] hex. B8 YSF [12]
(RF)Se La {351 hex. a LaSeF [33]
La~Gd, (Eu excepted) [35] tetrag. PbFCl
Dy-Yb [36]; Polytypes: orthorh. 201[37]
(see also 44) 6 0O [38]
14 O [46]
monocl. 4 M [39]
8 M [47]
10 M [45]
Ho-Lu and Y [28] rhomb. YbSeF
hex. YSF 8 [12]
R,SeF; L.a-Nd [35]} rhomb. Ce,SeF, [34]
(RS)C1 La-Pr (Eu excepted) [5] orthorh. CeSI [15]
Dy-Luand Y orthorh. FeOCl [16]
(RS)Br La-Pr [3, 5, 6] orthorh. CeSI [15]
Pr-Tb (Eu excepted) |3, 6] monocl. NdSBr [13]
Dy-Lu and Y [3, 6] orthorh. FeOCl [18]
(RS)I La and Ce [3,4, 5] orthorh. CeSI [15]
Ce-Sm [3, 4] rhomb. SmSI [14]
Gd-Lu and Y [3, 4] hexag. unknown
(RS),Te vy Tb-Tm and Y [27] orthorh. (TbS),Te [26]
monocl, (DyS);Tey,
[26, 49]
(RS),As,_ La-Tm (Eu excepted) [7, 40] monocl. CeAsS [19]
R,SiS; La~Nd [24] monocl. La,GeS; [25]
R,GeS; La [24] and Ce [42] monocl. La,GeS; [25]

{1] Flahaut et al. (1958). [2] Khodadad et al. (1965). [3] Dagron et al. (1971).
[4] Dagron et al. (1969). [5] Dagron (1966). {6] Dagron et al. (1970). [7] Céolin et
al. (1972). {8] Benacerraf et al. (1959). [9] Guittard et al. (1966). [10] Zachariasen
(1949). [11] Ballestracci (1967). [12] Rysanek et al. (1973). [13] Savigny et al.
(1973a). [14] Savigny et al. (1973b). [15] Etienne (1969). [16] Sfez et al. (1973).
[17] Collin et al. (1965). [18] Collin et al. (1973c¢). [19] Sfez et al. (1972). [20] Eick
(1960). [21] Carré et al. (1970). [22] Besangon (1973). [23] Besangon et al. (1973).
[24] Michelet et al. (1970). [25] Mazurier et al. (1973). [26] Ghémard (1976). [27]
Ghémard et al. (1971a). [28] Dagron (1976). [29] Pardo et al. (1968). {30] Pardo
et al. (1967b). [31] Kent et al. (1962). [32] Raccah et al. (1967). [33] Nguyen
(1973a). {34] Nguyen (1973b). [35] Dagron (1971). {36] Dagron (1972). [37]
Nguyen (1973c). [38] Nguyen et al. (1975a). [39] Nguyen et ai. (1975b). [40]
Céolin et al. (1977). [41] Khodadad et al. (1967). [42] Beskrovnaya et al. (1971).
[43] Dugué et al. (1970). [44] Van Dyck et al. (1976). [45] Nguyen et al. (1977a).
[46] Nguyen et al. (1979). [47] Nguyen et al. (1977b). [48] Eick (1958). [49] Ghémard
et al. (1978a,b).

72
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La Fig. 31.32. Crystal structure of LaSeF: content of the 110
plane of the hexagonal cell, a =4217 A, ¢ =8.188 A,
P6s/mmc, z=2.

It has been known for a long time for bastnaésite (in this case the second anion
is a CO; group). In the case of the chalcogenides, for example, in « LaSeF
studied by Nguyen (1973a) (fig. 31.32) the Se atoms alternate with (LaF) planes.
Further in Ce,SeF, (fig. 31.33) studied by Nguyen (1973b), the tysonite-like
groups alternate with « LaSeF like groups. In this way, there are two kinds of
environments for the fluorine atoms —tetrahedral in the tysonite-like groups,
triangular in the & LaSeF-like groups.

Second, in the RX planes the F atoms have the same triangular environment
of R atoms, and the R atoms have a hexagonal environment of F atoms. This
kind of arrangement is only observed with Y and the smaller rare earths. Two
structures are known, which are closely related to one another, the first having a
hexagonal - A B A B —arrangement of its groups, and the second having a
rhombohedral - A B C - arrangement. Hexagonal 8-YSF (Rysanek et al., 1973,
fig. 31.34) is an example of the first and rhombohedral YbSeF, ,0,, (Nguyen et
al., 1978) is an example of the second. This compound is widely nonstoi-
chiometric with an x value of about 0.9.

These two structures are indicated as 2H and 3R terms of a new series of

Fig. 31.33. Rhombohedral R3m cell of Ce,SeF,. The equivalent
hexagonal cell is represented along the 110 plane. a,=4.144 A,
ch=23.08A, z=3.
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hex. YSF3 romb. Yb Seﬂ_xOx/z

Fig. 31.34. Structures of YSF, (hex.) and YbSeF (rhomb.). Content of the 110 planes.

polytypes formed by the fluoroselenides RSeF of the heavy lanthanides (Dagron,
1976). A 33R term is also known.

16.2.1.2. The X atoms have a tetrahedral environment of R atoms. The [R4X]
tetrahedra share their four apices with four neighboring tetrahedra, so the mean
formula of the sheet is [RX]}".

The X atoms which are associated with the R atoms in these sheets are the
smaller, or the more electronegative, of the two non-metals. For example, the
known families of this type are:

(RO) sheets (RO),S, (RO),SE, (RO);Te, (RO),S,, (RO),Se; (fig. 31.35);
(RF) sheets (RF)S, (RF)Se;
(RS) sheets (RS)CI, (RS)Br, (RS)I, (RS);Te,..

Two kinds of arrangements of these tetrahedra are possible (fig. 31.36).
(1) A hexagona] arrangement such as occurs in SmSI (Savigny et al., 1973b),
rhombohedral (fig. 31.37) and (CeO),S (Zachariasen, 1949) hexagonal. The cor-
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Fig. 31.35. Sheet structure of (LaO)Ses,
orthorhombic: a=13.234, b=8.594, ¢ =
4.101 A,

G\

Telragonal array Trigonal array [R40] tetrahedra.

Fig. 31.36. The two fundamental arrangements of

Sm S Q S

Fig. 31.37. Rhombohedral structure
Q' ; of SmSI, represented by the 110
plane of the hexagonal equivalent

cell. ay=4.54 A, ¢, =32.69 A.

(5SmS),
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(YF)S
(Type PbFCH)

I Fl - “.‘: : < AN Fig. 31.38. Sheet structure of the PbFCl type of YSF. Tetragonal
SN G SEISESELD  cell, a =377 A, ¢ =680 A,

responding hexagonal arrangement is not known for the other rare earth
compounds.

A strong distortion of this hexagonal arrangement is observed in the La,GeSs-

type (Mazurier et al., 1973), in which the (RS) sheets alternate with [GeS,]
tetrahedra. But each [GeS,] tetrahedron shares one S atom with the neighboring
sheet; this is the reason why the formula is not (LaS),GeS; (see section 8.2).
(2) A tetragonal arrangement occurs in PbFCI, a classical structure determined
for a-YSF by Dagron et al. (1971), and observed only for (RF)S and (RF)Se
compounds (fig. 31.38). This tetragonal sheet is also observed in (NdO),Te
(Raccah et al., 1967) and the oxytellurides of light R elements.

In the case of the (RS) sheets, however, distortions in the tetragonal array
occur and the following structural types have been described:

FeOCl, orthorhombic (as shown in ErSCl by Sfez et al., 1973) and in LuSBr
by Collin et al., 1973c);

CeSlI, orthorhombic (Etienne, 1969);

NdSBr, monoclinic (Savigny et al., 1973a) (fig. 31.39);

(TbS),Te, which occurs at low temperatures in a monoclinic form (fig. 31.40) as
in (DyS),Te,s, and an orthorhombic form at high temperature, as shown in
(TbS),Te (Ghémard, 1976, 1978a,b). Wide non-stoichiometry is observed in
this case (Ghémard et al., 1971a).

In all the preceding structures, the sheets of [R;X] tetrahedra - hexagonal,
tetragonal or with lower symmetries — are separated from one another by double
layers of the Z anions. The only exception is the Te atoms in the (TbS),Te
structural type, which are in a single layer, with a disordered arrangement and a
partial formation of Te, pairs.

16.2.1.3. The X atoms have a pentahedral environment of R atoms. The R atoms
in this case are inside square-based pyramids [Rs;X], which share their apices
with five neighboring pyramids (four in one way and the fifth in the opposite
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Ln S Brou ! r

=
Nd 5 Br-type Ce 5i-type

Fig. 31.39. Sheet structure of the closely related monoclinic NdSBr-type and orthorhombic CeSl
type.NdSBr: a=694A, b =691 A4, c=7.05A, y=99.28°, 2=4. CeSI: a=7354A, b=14.424,
c=7.064,z=8.

Fig. 31.40. Sheet structures of (LnS),Te,,,.

{ThS1,Te The S atoms are not shown: they are inside
' L O Te the (Ln), tetrahedra. For (TbS),Te: a=
" 4.18A, b=5324, c=13684, z=2.
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Sheet of
[CeSS]
pyramids

- (Asly loyer Fig. 31.41. The tetagonal cell of the anti-Fe,As type. The
; ; (CeS)As compound is a slight monoclinic distortion of this
c + O i O type.

way), and constitute sheets of (RX) composition. Between these sheets is a
single layer of the second Z non-metal. This structure is that of the anti-Fe,As-
type (Flahaut, 1974) (fig. 31.41). It is observed, with a slight monoclinic dis-
tortion, in the (CeS),As,-, type of the arseniosulfides of the rare earths, which
are widely nonstoichiometric. The As atoms are bonded by covalency to each
other in their plane, and form a planer macromolecule. Thus this structure is
formed by the superposition of (CeS);™ planes (Sfez et al., 1972; Céolin et al.,
1972).

16.2.2. The RSeF polytypes

The RSeF fluoroselenides of the heavy rare earths and yttrium form two
series of closely related polytypes —the first one being orthorhombic, O, the
second one monoclinic, M. Their cells have the same a, and ¢, parameters (fig.
42) and differ only in the third parameter b,, which is a multiple of the b,
parameter of the fundamental cell. For example, b, = inb, for the orthorhombic
cells in which n =6 or 14 in the known examples, and b, = snbo/sin y for the
monoclinic cells where with n =4, 6, 8, 10, 12 or 14. The y angle is given by the
relation tan y = 2a¢/3nb, (Dagron, 1972).

One of the important characteristics of these polytypes is the possibility of
obtaining each of them in a pure structural form (Dagron, 1972, 1976).

The structure of the fundamental orthorhombic type was described for YSeF
(Nguyen, 1973¢). It has the 2O symbol, because it involves two alternating
blocks (fig. 31.43). These blocks, designated by S and T really are structurally
equivalent, and result from one another by a glide plane parallel to a, b.
Therefore, the arrangement of the 2 O polytype has the symbol [ST],.

a

R Sfrsdsansdnn ol 5 Fig. 31.42. Cells of orthorhombic (O) and monoclinic (M)
sM 6M 8M 10M 12M polytypes. The ¢ axis is perpendicular to the figure plane.
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S J Fig. 31.43. Orthorhombic cell of the 2 O polytype of YSeF, a = 9.91 A,
b=6314, c=4080A, z=4.

The structures of the other polytypes depend on the arrangements of the S
and T blocks. If the S and T blocks are in equal numbers, the cells are
orthorhombic, O. In all the known cases, there is an SSS triad associated with a
TTT triad and with a variable number of ST pairs. There are no ST pairs in the
6 O, but two pairs occur in the 10 O.

If the S and T blocks are in unequal numbers the cells are monoclinic M.
There is always an SSS (or TTT) triad associated with an odd number of
alternating S and T blocks.

The following structures are known presently from X-ray diffraction studies:

4 M [SSS T, (Nguyen et al., 1975b, fig. 31.44);
6 O [SSSTTT], (Nguyen et al., 1975a, fig. 31.45);
8 M [SSSTS TS Ti. (Nguyen et al., 1977b)
10M [SSSTS TS TSTI. (Nguyen et al., 1977a);

140 [SSSTSTSTTT STST], (Nguyen et al., 1979).

A study from Van Dyck et al. (1976a,b), by electron diffraction and micros-
copy, confirms these arrangements, and shows other polytypes having the
following arrangements:

6 M [SSSTS Tl
I2M[SSSTSTSTSTS Ti,;
14M [SSSTSTS TS TS TSTY,

In addition the electron microscopic study also shows some special arrange-
ments, for instance, a monoclinic polytype formed by regular alternating units of
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Fig. 31.44. Structure of the monoclinic
4M polytype of YSeF, a =9.96 A,
b=13.00A, c¢=41064, y=
104924, 2z =8,

Fig. 31.45. Structure of the orthorhombic 6 O polytype of ErSeF, a = 9.90 A b=1870 A, c = 4.095
A z=12
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10M and 12 M. Moreover, stacking faults appear in some cases with, for
example, exchange of a triad SSS for an alternating arrangement STS.

Recent studies on 8 M, 10 M and 14 O polytypes show the central block of the
SSS triad to be strongly non-stoichiometric, fluorine being substituted for by
oxygen (Nguyen et al., 1977a,b, 1979).

Finally, it should be noted that this series of polytypes is closely related to
another series of polytypes which was described in 16. 2.1.1. Note that the
structure of YbSeF,_,O,; really is an infinite arrangement of the same kind of

blocks, [S], or [T],.
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1. Introduction

1.1. An historical perspective

The historical development of the chemistry of the rare earth halides is similar
to that of most elements in that the halides were some of the first compounds to
be prepared. Pioneering work was done by Moissan, Matignon and Bourion near
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the beginning of this century and was followed about thirty years later by a
second flurry of activity in the reports of Klemm and Jantsch and their
coworkers. Near the middle of the century, interest was again rekindled after a
second period of inactivity. The renewed efforts were in part due to the need for
separating the lanthanide elements from spent nuclear fuel mixtures. An im-
portant part of this work was the development of methods for the preparation of
large quantities of the metals by reduction of the fluorides and chlorides
(Spedding and Daane, 1952; Daane and Spedding, 1953). The development of
these procedures has obviously been very important in the growth of rare earth
metallurgy, but it also seemed to coincide with an uninterrupted interest in the
chemistry and fundamental properties of the rare earth halides. The availability
of high purity rare earth oxides has undoubtedly contributed to this activity.
During the next ten to fifteen years, interest in the chemistry and fundamental
properties of the rare earth halides grew steadily and the state of the art is
described in two important reviews (Thoma, 1966; Brown, 1968). During the past
decade, the level of activity has increased substantially with the investigation of
both new aspects of halide chemistry as well as careful reexamination of
previous results. This work is an attempt to complement the earlier reviews by
focussing attention on recent results, on how they have altered the understand-
ing of fundamental properties and hopefully to draw attention to those topics
which need additional investigation.

Several areas of halide chemistry have recently been active or significantly
altered by recent results. The area of preparative methods has been surprisingly
active and has expanded to include crystal growth procedures. Substantial
progress has been made in the definition and refinement of structural properties
and in the expansion of thermodynamic data. Other important areas of progress
include the identification and characterization of both novel reduced halides and
interesting gas phase species.

Interest in the halides has also been enhanced by a variety of recently
developed uses and potential uses for the halides. A thorough discussion of rare
earth halide applications is beyond the scope of this review, but a brief mention
of several interesting and important topics should be made. In addition to their
use in metallurgical procedures, the halides have found numerous applications as
heterogeneous catalysts for fluorination and chlorination of hydrocarbons and as
host materials for luminescence studies and for the investigation of spectral,
magnetic and crystal field parameters of ions. Certain trifluorides are transparent
over wide spectral ranges, have high radiation and thermal stability and have
found application as optical materials for lasers. Halides doped with other
lanthanides have been found to act as filters for the vacuum ultraviolet region.
The band width varies with dopant level. Various halides and mixed halides are
finding uses as hosts for upconversion phosphors (Wright et al., 1973; Pierce and
Hong, 1973). The use of a lanthanide trichloride quantum counter for thermal
imaging has also been described (Herrington et al., 1975). The lanthanide halides
have recently been employed both as primary irradiators and as additives for
spectral balance in high intensity discharge lamps (Zollweg et al., 1975). The
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trifluorides are ionic conductors (Kummer and Millberg, 1969) and because of
their insolubility in aqueous solution have found important applications as
selective ion electrodes. The properties of halide thin films (Tiller et al., 1973)
have been described; potential applications are as optical coatings and in
electrical devices. The molten halides have potential for use as fluxes in
electroslag melting of active metals such as titanium and zirconium, and because
of their ability to dissolve the rare earth metals they show promise as solvent
systems for preparative reactions.

1.2. A survey of the halides and their properties

If the binary rare earth halides are classified according to composition, three
convenient categories are found: the trihalides (RXs3), the tetrahalides (RX,) and
the reduced halides (RX,, x < 3). The trihalides are known for all the rare earth
elements except europium. The triiodide of europium is unstable and has not
been prepared. The various physical property measurements that have been
reported for anhydrous Eul; cannot be correct. The trihalides of promethium
have been prepared and characterized (Weigel and Sch@rer, 1967; Weigel, 1969).
The chemistry of these materials is similar to that of the adjacent lanthanide
halides; the somewhat specialized procedures for these materials will not be
included in this review and the reader is referred to these sources. For the
tetrahalides, only the tetrafluorides of cerium praseodymium and terbium are
known. Reports for CeCl, appear in the literature, but its existence has not been
substantiated and these references must be discounted. The dihalides have long
been known for those elements, Sm, Eu, and Yb, which have stable divalent
states; however, dihalides have been characterized for a surprisingly large
number of lanthanides. Other reduced halides include the sesquichloride of gado-
linium, Gd,Cl;, and an extensive series of intermediate halides with 2 < x < 3.

Marked differences are observed between the properties of the halides. The
trifluorides are stable in air at room temperature and are non-hydroscopic. They
are sparingly soluble in water with solubility product constants which vary from
107" for lanthanum to 107" for lutetium (DaDilva and Queimado, 1973). In liquid
HF, the solubilities are less than 4 x 10 mole/¢ (Ikrami et al., 1972). At high
temperatures the trifluorides react with oxygen and moisture to form the oxide
fluorides, ROF, which are stable in air at temperatures greater than 1000°C.
Conversion of the fluorides to the oxides may be achieved by heating in steam at
1000°C (Stezowski and Eick, 1970).

In contrast, the anhydrous trichlorides, tribromides and triiodides and the
reduced halides are extremely air sensitive materials and are rapidly hydrated or
hydrolyzed in air. The trilodides are especially moisture sensitive and
deliquesce. Unlike the trifluorides, the other trihalides are very soluble in water
at 25°C. Solubilities of the trichlorides vary from 3.89 moles/¢ for lanthanum, to
a minimum of 3.57 moles/¢ at terbium and back up to 4.10 moles/¢ at lutetium
with pH values of the saturated solutions in the range 1.0-2.0 (Spedding et al.,
1974a). At high temperatures, the trichlorides, tribromides and triiodides also
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react with water or oxygen to form the oxide halides, ROX. Like the oxide
fluorides, the lighter oxide chlorides are stable in air at 1000°C. The heavier
oxide chlorides, the oxide bromides and the oxide iodides are readily converted
to the oxides by ignition in air at 1000°C. Equilibrium measurements have been
made for the reactions RCl;+30,— ROCI+ Cl, at elevated temperatures (Baev
and Novikov, 1965). In general the reactivity of the halides increases down the
halide group. At high temperatures, they are known to react with silicon dioxide
to form silicon tetrahalides (Corbett, 1973). The iodides are particularly reactive,
and in somewhat similar high temperature processes act as reducing agents in
reactions with metal phosphates, (Haschke, 1976a). The products include
lanthanide oxide silicates, elemental iodine and high yields of phosphorus
triiodide, which has previously been prepared only by direct combination of the
elements.

2. The trihalides

2.1. Preparative methods

The large number of recent publications on preparative methods suggests that
this is an important aspect of halide chemistry. High purity materials with low
levels of anionic contamination are naturally desired for property measurements.
The trihalides occupy a position of special importance because they are
employed as starting materials for the preparation of essentially all the tetra-
halides and reduced halides. High quality anhydrous halides are commercially
available, but care must be exercised in their procurement (Haschke, 1975a). The
reactivity of the chlorides, bromides and iodides to atmospheric moisture
virtually necessitates that they be prepared in the laboratory. Preparative
procedures have been described in several comprehensive reviews (Taylor, 1962;
Kiss, 1963; Brown, 1968). Additional reviews have appeared for the fluorides
(Carlson and Schmidt, 1961; BZatsanova, 1971) and for the chlorides, bromides
and 1odides (Block and Campbell, 1961; Johnson and Mackenzie, 1970). In the
present review, an attempt will be made to evaluate the various methods.

The important preparative methods for the trihalides may be included in one
of the following categories: (a) preparation from the rare earth metals, (b)
preparation from other halides by metathetical processes, and (c¢) preparation
from the oxides. Since the hydrated halides are readily prepared from the
oxides, their dehydration is considered as a special case of category (c). A
variety of additional preparative methods appears in the literature, and many of
these are described in the reviews mentioned above. The starting materials are
frequently so unusual and the procedures so complex that they are of little
synthetic value.

Preparation of the trihalides from the metals has generally been confined to
the chlorides, bromides and iodides. Two variations of the procedure are the
reaction of the metal with either the gaseous hydrohalic acid or with halogen
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vapor (Druding and Corbett, 1961). Reaction between the hydrohalic acid and
metallic containers such as Mo and W is prevented by controlling the partial
pressure of H, in the reaction zone. Rigorous purification of the gas stream is
necessary, but impurities which are inherent in the metal are unavoidable.
Analytical data for commercially available rare earth metals of 99.9% purity
show the presence of several mole percent of dissolved gases such as nitrogen
and oxygen (Bu%,b et al., 1971).

Several different types of metathetical reactions have been employed. The
reactions of HBr and HI with the trichlorides have been described (Taylor,
1962), but these procedures are complicated by the hydroscopic nature of both
reactants and products, and they seem to be of minor importance. The exchange
reaction between the mercuric halides and the rare earth metals (Asprey et al.,
1960) is a useful procedure for preparing laboratory quantities of the trihalides
(X =Cl, Br, I). Carter and Murray (1972) have employed two variations of this
procedure to produce the trihalide, RX;, plus either Hg or HgX depending on the
R:HgX; ratio of the reactants. The reaction mixtures, which are easily prepared
by weighing, are heated in glass ampoules at 300°C, and the Hg or HgX products
are separated from the rare earth halide by distillation. The products frequently
contain traces of mercury and like other reactions employing the metals are
subject to inherent contamination. Tribromides and triiodides have also been
prepared by exchange reactions using the rare earth oxides (Taylor, 1962). The
oxides are heated with either AlX; or a mixture of Al and X, (X = Br, D).

Preparative procedures which employ the oxides as starting materials have
several advantages. The methods are particularly attractive because oxides are
available in high purity at lower unit cost than any other starting materials. The
trifluorides are readily prepared by the reaction of anhydrous HF with the oxides
at 700°C (Carlson and Schmidt, 1961). Large quantities of product may be
obtained by this procedure, but kinetic problems arise from the formation of a
thick product layer on the unreacted oxide. These difficulties have been over-
come by mechanical mixing and the use of a fluidized bed. A variation of this
fluorination process employs the reaction of the oxide with excess ammonium
fluoride or ammonium bifluoride at 200-300°C and sublimation of the residual
reagent at higher temperatures. The analogous reactions with the other am-
monium halides are substantially incomplete even after repeated additions of
excess reagent (Taylor, 1962). A somewhat surprising variation of the latter
method is the reaction of ammonium fluoride with oxide, hydroxide or carbonate
under hydrothermal conditions in a process which may parallel the geological
formation of tysonite (Haschke, 1975b). The oxides may also be fluorinated with
gaseous F,, but the experimental problems limit the use of this method. Direct
halogenation of the oxides are incomplete for the other halogens and in general
do not proceed past the formation of the oxide halide.

A large number of chlorinating agents have been employed for conversion of
the oxides at temperatures between 400 and 800°C. These methods, which have
been extensively reviewed by Taylor (1962), include the use of carbon tetra-
chloride, thionyl chloride, disulfur dichleride, disulfur dichloride plus chlorine
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mixtures and phosgene. Extra precaution is necessary because several of these
methods involve toxic substances such as phosgene, a product of the carbon
tetrachloride reaction. In general these methods are limited to small quantities of
product because of Kinetic inhibition. The reagents and carrier gases must be
rigorously purified. Analogous procedures are not applicable to other halides,
and these methods appear to be of rather limited importance.

Dehydration of the dehydrated trihalides is a final method for oxide con-
version. The hydrated trichlorides, tribromides and triiodides, RX5-xH,0, are
obtained by dissolution of the oxides in aqueous hydrohalic acid and condensation
by warming and desiccation (Ashcroft and Mortimer, 1968; Brown et al., 1968).
The hydrated trifluorides are prepared by dissolution of the oxide in HNQO; or
HCI and precipitation with aqueous HF. The filtered trifluoride may be dehy-
drated by heating slowly to 600°C in an inert gas stream or in vacuum (Strizhkov
et al., 1972). Products obtained by heating in air are contaminated with oxide
fluoride (Batsanova, 1971). Thermal decomposition studies of the hydrated
trichlorides, cf. section 5.1, have shown that the oxide chlorides are readily
formed, but careful dehydration under N, flow has apparently been successful
for the chlorides (Ashcroft and Mortimer, 1968). Tribromides have also been
prepared by careful vacuum dehydration, but the lutetium products were
contaminated with oxide bromide (Brown et al., 1968). In general simple dehy-
dration becomes increasingly difficult with increasing atomic number of both the
lanthanide and the halide.

The dehydration process is greatly enhanced by the presence of a high halide
activity. The trifluorides and trichlorides have been prepared by thermal dehy-
dration under a flow of the purified hydrogen halide (Taylor, 1962). An adap-
tation of this method involves dehydration in the presence of a high concen-
tration of the respective ammonium halide (Taylor and Carter, 1962). This
method has been applied to the fluorides (Greis and Petzel, 1974), the chlorides
(Cox and Fong, 1973), the bromides (Haschke and Eick, 1970a) and the iodides
(Kutscher and Schneider, 1971). An intimate mixture of the hydrated halide and
a multifold molar ratio of ammonium halide is obtained by condensation of an
aqueous solution. The mixture is dehydrated at low temperature and high
vacuum with cryogenic trapping. The ammonium halide is sublimed at higher
temperatures. Early work indicated that large quantities of product were swept
away by escaping gases, but this occurs only if the temperature is increased too
rapidly. The vacuum system should be designed so that the ammonium halide
will transport to its final deposition point in one step. The ammonium halides
have high temperature phase transitions with large molar volume changes and
attempts to chase the deposit by movement of the hot zone may fracture a glass
vacuum system. Of all the methods only this one is applicable to all the
trihalides. The fluorides, chlorides and bromides and the iodides of the lighter
elements are high quality products. Even with the careful procedures outlined by
Kutscher and Schneider (1971), the heavier iodides are contaminated with
oxygen and must be purified by distillation.

Although high quality products are obtained by several of the above methods,
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the preparation of high purity halides requires that additional precautions be
taken. The first concerns the choice of container material. Quartz and other
silicate glasses are convenient, but at high temperatures react with the halides,
especially the iodides, according to the following reaction (Corbett, 1973):

2RX;(s, €) + SiOq(s, €) > 2ROX(s) + SiX4(g)

A variety of oxide silicates and halide silicates such as the Yb;(SiOy,),Cl phase
characterized by Ayasse and Eick (1973) are also possible products. Tantalum,
tungsten and molybdenum appear to be suitable high temperature container
materials and problems are encountered only in the presence of HX or X,.
Consequently these materials are not suitable for containment of trihalides
which decompose to RX, and X, at high temperatures (Haschke and Eick,
1970b). In the absence of lanthanide metal, graphite containers are also satis-
factory and have been employed for vaporization studies. Some confusion
seems to have arisen from the reports of Block and Campbell (1961). The carbon
contamination described by these authors results from the preparative tech-
niques, not from the miscibility of carbon in the halides. Graphite has been
found (Kirshenbaum and Cahill, 1960) to react slightly (less than 0.1%) with
several trifluorides at 2200°C, but SmF; is reduced to the difluoride at 1700°C. A
second essential for preparation of high purity halides is purification by vacuum
distillation. Oxygen contamination is eliminated because the oxide halides
vaporize incongruently with formation of the gaseous trihalides and the non-
volatile oxides (Haschke and Eick, 1970b; Work and Eick, 1973). Procedures and
apparatus for vacuum distillation have been described by Block and Campbell
(1961) and Carter and Murray (1972). Purification of the trifluorides by a molten
salt process has also been described by Carlson and Schmidt (1961).

Another aspect of preparative procedures is the growth of large single
crystals. Trifluoride crystals have been obtained by the Stockbarger and Stober
techniques (Jones and Shand, 1968) and similar procedures employing the
Bridgman-Stockbarger method have been described for the chlorides and
bromides (Cox and Fong, 1973). Problems are encountered with EuCl; and the
tribromides of Sm, Eu and Yb because of thermal decomposition. Crystals of
EuCl; have been grown by the Bridgman method in sealed tubes containing a
chlorine atmosphere (Mroczkowski, 1970). Schaefer and Karbinski (1974) have
described a chemical transport method for growth of certain RF; and RCl;
crystals at 500-600°C and a high partial pressure of Al,Cls. The transport species
may be molecules of the type RALCl;,.

A final comment concerns the thermal instability of several trihalides and the
adjustments which must be made in the procedures for their preparation. Early
work demonstrated that several of the trihalides such as SmBr; and Sml; were
thermally unstable (Jantsch and Skalla, 1930); however, these findings have not
received adequate attention. The triiodides of Sm, Eu and Yb are unstable with
respect to their diiodides at temperatures of most preparative methods. Asprey
et al. (1964) have prepared Sml; and Ybl; by reaction of the diiodides with iodine
at 30 atm and 500°C, and Kutscher and Schneider (1971) have prepared Sml; by
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low temperature dehydration. Asprey et al. (1964) were unable to prepare Eul,
from the diiodide and iodine at 100 atm and 600°C. The author has observed that
hydrated Eul; loses iodine at 100°C, and since trivalent europium is so easily
reduced by iodide, it is doubtful that a simple preparative method will be
successful. Europium tribromide has been obtained by the reaction of the
dihalide with bromine (Haschke and Eick, 1970a); the bromine pressure in
equilibrium with the dibromide and tribromide is 1 atm at 400°C, Haschke (1973).
Data for EuCl; (Sommers, 1976) show that samples prepared in vacuum at 350°C
have a substantially substoichiometric composition, EuCl,eg.0003. After the
product was heated at 360°C under 1 atm of chlorine, the composition was found
to be EuClsgg.0002. Similar tendencies toward slight substoichiometry might be
expected for Sml; and YbBr; at relatively low temperatures.

2.2. Structural properties

Although systematics and similarities in the chemical properties of the tri-
halides have long been recognized, such is not the case for their structural
properties. Six different structure types are known for the trihalides at room
temperature; their stability ranges and other data are presented in table 32.1. As
one might expect, a regular decrease in cation coordination number is observed
with increasing atomic number. Lattice parameters for all the trihalides are given
by Brown (1968). High precision parameters have recently been reported for the
trifluorides by Greis and Petzel (1974). Several of the structures are frequently
designated as other types; UCl;- and Y(OH);-type, YCI:- and AICL-type and
Bil;- and FeCl;-type are used interchangeably in the literature.

The lanthanide trihalides structures are known to exhibit a high frequency of
nine-coordinate-cation geometries (Karraker, 1970) but only recently has an

TABLE 32.1
Structural data for the rare earth trihalides, RX;.

Structure

type La_F; YF,; UCh PuBr; YClL, Bil_;
(space group) (P3ch) (Pnma) (P6;/m) (Cmcm) (C2/m) (R3)

F La-Pm Sm-Lu,Y - - - -

Cl - - La-Gd Tb Dy-Lu,Y -

Br - - La-Pr Nd-Eu - Gd-Lu, Y
I - - - La-Nd - Sm-Lu®, Y
X /R3+

Range” 1.28-1.39 1.41-1.60 1.63-1.93 1.96-2.17 1.99-2.13 2.08-2.55
Cation

coord. No. 119) 9 9 8 6 6

*Eul; is unknown. ®Data for isostructural actinide compounds are inciuded, Brown et al.
(1968).



HALIDES 97

attempt been made to correlate the structural data (Haschke, 1976b). It is
interesting that the anions and cations of most trihalide structures are bilevel,
i.e., in one crystallographic direction all the anions and cations are found at one
of two levels in the structure. The high coordinate structure types (LaF;, YF;,
UCl;, PuBr;) may be derived from the anti-NiAs-type structure by removal of
two-thirds of the metal layers. These structures are therefore closely related to a
structure with closest packing of cations and have space groups which are
subgroups of the highest symmetry space group, P6s;/mmc, of anti-NiAs. In
addition, these structures are all interrelated by displacive processes involving
slight displacements of the ions. The remaining structure types (YCl, Bil;) are
based on closest packed arrangements of cations in which the metals occupy
layers of octahedral sites.

Definition of the LaF;-type or tysonite structure has had a complicated
historical development. The original work of Oftedal (1929) showed a sub-
structure-superstructure relationship and resulted in the assignment of a
hexagonal (P6;/mcm, Z = 6) supercell, but later work by Schlyter (1953) showed
no superstructure and led to the assignment of a bimolecular hexagonal
(P6s/mmc) cell. Recent independent results by Mansmann (1965) and Zalkin et
al. (1966) on high quality crystals verify the superstructure and show a trigonal
space group, P3cl. A third independent X-ray study (Rango et al., 1966) gives
atomic coordinates in close agreement with these results, but is based on a
different space group, P6;cm. Both space groups are subgroups of P6;/mmc, and
attempts to resolve the discrepancy in symmetry by spectroscopic methods have
not been successful (B:r}tsanova, 1971); however, the P6;cm symmetry could
arise from twinning of a trigonal system. The subcell structure proposed by
Schlyter is projected on (1120) of the hexagonal cell in fig. 32.1. The centered
orthorhombic equivalent of the hexagonal cell is outlined. Heavy and light
circles indicate ions at fractional coordinates of 0 and 3, respectively, along the
projection axis; the bilevel nature of the structure is obvious. Large circles
indicate anions and small circles indicate cations. Since most trihalide structures

Fig. 32.1. The disordered LaFi-type struc-
ture (P6;/mmc) projected on (1120). (See text
for identification of symbols.)
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have this bilevel feature, these identification symbols will be employed
throughout this section. The metals occupy pentacapped trigonal prisms and are
therefore eleven-coordinate. Since two fluorides are at somewhat greater dis-
tances (3.01 A) than the other nine (2.41-2.61 A), the cations have also been
described as nine-coordinate. The structure of disordered LaF;, which is derived
directly from anti-NiAs without loss of crystallographic symmetry (Haschke,
1976b) may also be represented by layers of RX, and X (cf. fig. 32.2) which are
residual layers from the anti-NiAs structure. Projection of ordered LaF; in the
same orientation in fig. 32.3 shows that the superstructure arises primarily from
the ordering of anions in the X layers. Two-thirds of the X anions are displaced
slightly within the layers and result in a tripling of the orthorhombic cell along
the projection axis and in a hexagonal supercell that is a three-fold multiple of
the subcell.
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Fig. 32.2. A (1120) projection of dis-
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The other high-coordinate trihalide structures in table 32.1 are related to the
disordered L.aF; structure by displacive processes (Haschke, 1976b). The YF;-
type structure (Zalkin and Templeton, 1953) is projected on (001) of the
orthorhombic cell in fig. 32.4. The metal and fluoride positions are both slightly
distorted from the bilevel values of the LaF; structure (cf. fig. 32.1). The
fractional coordinates along the projection axis are indicated by the numbers in
the diagram. Although the anion to cation radius ratio is substantially increased,
the cation coordination number is maintained at nine by this distortion. The
UClIs-type structure (Zachariasen, 1948) is projected on (0001) of the hexagonal
cell in fig. 32.5. The cation coordination polyhedra are again tricapped trigonal
prisms and the ions are rigorously bilevel. The space group of UCl is a direct
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Fig. 32.5. The UCl-type structure (P6;/m)
projected on (0001).
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subgroup of that for disordered LaF;, and the two structures may be inter-
changed by a simple displacive process (Haschke, 1976b). The UCI; is un-
usual in that a regular nine-coordinate cation geometry Is maintained at
even higher anion to cation radius ratios than for the YF; structure. The
structure is also interesting because of vacant channels of anions running
through the structure normal to the projection plane. These channels provide
potential sites for the accommodation of two additional cations per unit cell. If
cation occupancy occurs half-way between the two layers of anions, the cations
are six-coordinate (essentially octahedral); if occupancy occurs at the same level
as the anions, they are nine-coordinate (tricapped trigonal prismatic). The UCl,
structure may also be described by alternating layers of RX, and X as shown in
fig. 32.6. The RX, layers are composed of [M,X,] units like those of LLaF,, but the
arrangement of units within the layers are different (Haschke, 1975¢). The
orthorhombic PuBr; structure (Zachariasen, 1948) is projected on (100) in fig.
32.7. Comparison of this structure with that of disordered LaF, in fig. 32.1 shows
a remarkable similarity. The space group of PuBr; is alsc a direct subgroup of
that for disordered 1.aF;. A simple distortion of the X layers from their planar
alignment (cf. fig. 32.2) produces the PuBr; structure and reduces the effective
cation coordination number to eight. The stability of these anti-NiAs-related
structures is consistent with the apparent stability of the RX; layers in which the
metals achieve six-coordinate arrangements in essentially two dimensions and
which permit the attainment of high coordination numbers in three dimensions.

The structures observed at high anion to cation radius ratios are derived from
closest packed anion arrays. The YCl;- and Bils-type structures (Wyckoff, 1964)
differ primarily in the type of closest packing. A projection of the monoclinic
YCl; structure on (010) in fig. 32.8 shows that the anion rearrangement is a slight
distortion of cubic closest packing. The octahedral sites, which are viewed along

(free circles) layers are shown normal to
a a [100].

%@ ~ Fig. 32.6. A (0001) projection of UCl; in
@% (% f which alternating RX, (triangies) and X
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Fig. 32.7. The PuBr;-type structure
(Cmem) projected on (100).

Fig. 32.8. The YCl;-type structure
(C2/m) projected on (B10).

their two-fold axes, lie in layers coplanar with (001). Alternate layers are vacant,
and one-third of the octahedral sites in the occupied layers are also vacant, but
the ordering of vacancies is not shown by the projection. A partial projection of
the rhombohedral Bil;-type structure on (1120) of the hexagonal cell in fig. 32.9
shows that the anions occupy nearly perfect hexagonal closest packed positions.
Alternate layers of octahedral sites are vacant and two-thirds occupied by
cations. The ordering of metals in the layers, which is again not shown by the
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Fig. 32_.9. The Bils-type structure (R3) projected
on (1120) of the hexagonal cell. (One-half of the
cell is shown.)

projection, gives rise to the long hexagonal ¢ parameter and the rhombohedral -
symmetry of the structure.

An important aspect of rare earth halide structural chemistry not shown by
table 32.1 is polymorphism. Its occurrence is expected along the interfaces of the
various structural types, and because of the displaced structural relationships is
to be expected for additional trihalides. Structural transitions are known for
trifluorides, trichlorides and triiodides, but not for tribromides. The high
temperature X-ray diffraction data of Thoma and Brunton (1966) show that the
LaF;-type trifluorides melt without structural change; however, an ordered-
disordered transition is expected at high temperatures. High temperature
modifications are observed for the YF;-type trifluorides (Sm-Lu, Y). A maxi-
mum in the transition temperature coincides with a minimum in the melting
points near Ho, and the stability range for the high temperature form of HoF; is
only 73°C. The lighter trifluorides (Sm-Ho) have LaF;-type modifications, but a
different high temperature form exists for the heavier trifluorides (Er-Lu, Y).
More recent work of Jones and Shand (1968) shows that YF;-type HoF; can be
grown directly from the melt. High temperature calorimetric data for the
trifluorides (Spedding and Henderson, 1971; Spedding et al., 1974b) do not show
a transition for either TbF;, DyF; or HoF;. The observed shattering of these
crystals indicates that the transition occurs, but that it is too close to the melting
point to be resolved by DTA or drop calorimetric measurements. Pastor and
Robins (1974) have proposed a revised high temperature phase diagram which
shows that SmF; and EuF; have high temperature LaF; modifications, but that
the heavier trifluorides melt without transition. These workers ascribe the
differences in transition temperatures to sample purity and suggest that earlier
samples were contaminated by hydroxide which stabilizes the high temperature
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structure. Data are not presented for the heavy trifluorides (Er~Lu) and ad-
ditional work is necessary to resolve this question.

The YFs-type to LaF;-type transition of the trifluorides is consistent with the
displacive relationships of the two structures. Transformation of the metastable
LaF;-type EuF; to the YF;-type at temperatures as low as 50°C (Greis and
Petzel, 1974) can readily be explained. The observed distortions of the LaF;-type
trifluorides with decrease in cationic radius (B:fatsanova, 1971) suggest that the
interface between the LaF; and YF; structures is not sharp. X-ray data for the
high temperature forms of the heavy trifluorides have been assigned to the
a-UO;-type structure (Sobolev and Fedorov, 1973). A projection of the a-UO;
structure (Zachariasen, 1948) on (100) of the centered orthorhombic equiyalent
of the unimolecular hexagonal cell is presented in fig. 32.10. The space group of
a-UQO; is a direct subgroup of that for disordered L.aF,, and the two structures
are related by a displacive process (Haschke, 1976¢). The anions in a-UQ; are in
a rather highly distorted cubic closest packed array. One-third of the octahedral
sites in all the cation layers are occupied by metals. The up and down alternation
of the metal columns is like that in LaF; and related phases. The existence of a
displacive relationship and the tendency toward formation of closest packed
anion structures at high anion:cation radius ratios are consistent with the
proposed a-UQOs-type structures.

Polymorphism is also observed for the trichlorides. Harris and Veale (1965)
obtained a mixture of UCIl;- and PuBrs-type GdCl; by condensation of the vapor
on a water-cooled surface. DTA data for the mixture show a sharp exotherm at
100°C, and the authors conclude that the PuBr;-type trichloride is the stable
form below 100°C. Low temperature (Sommers, 1976) and high temperature
(Dworkin and Bredig, 1971a) heat capacity data show no evidence for a trans-
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ition, and it appears that the PuBr;-type phase is a metastable product formed
by condensation of the vapor. PuBrs-type TbCl; (Forrester et al., 1964) is the
only trichloride for which a high temperature transition is observed (Dworkin
and Bredig, 1971a), but the high temperature structure has not been identified.
Dimorphism has also been reported for DyCl; by Bommer and Hohmann (1941a)
who found B and y forms which were subsequently identified as PuBr;- and
YCl;-type structures, respectively. Enthalpy of solution data showed that the
PuBrs-type phase is more stable than the YCl; form by approximately
3 kcal/mole, but the methods for preparing or interconverting the two forms are
not described. During gas phase hydrolysis experiments, Weigel and Vishnevsky
(1969) obtained DyCl; products which gave two sets of equilibrium data consis-
tent with the earlier report. The YCL form was readily identified, but the X-ray
diffraction data for the second phase could not be assigned to a PuBr;-type
structure, and its method of preparation could not be defined. Heat capacity data
show no evidence for a thermal transition and additional investigation of DyCl,
is necessary. NMR data for PrCl; in an applied magnetic field shows that a spike
at 0.42 K in the heat capacity is not a magnetic transition, and the formation of a
low-symmetry trichloride phase has been proposed (Hessler and Carlson, 1971).

Phase transitions have been observed for several triiodides (Druding and
Corbett, 1961; Mee and Corbett, 1965; Corbett et al., 1966; Johnson and Corbett,
1969; Kutscher and Schneider, 1971; Dworkin and Bredig, 1971a), but structural
data are not available. The lighter PuBri-type triiodides (La-Pr) melt without
transition, but the isostructural NdI; phase is dimorphic. Transitions are obser-
ved for the lighter Bil;-type triiodides (Sm, Gd-Ho, Y), but not for Er.

Several of the structure types found for the halides are observed for other
important monovalent anion systems such as the trihydroxides and trihydrides
and derivatives of these structures are observed for a variety of ternary phases
(Haschke, 1975¢ and 1976b). Other monovalent anions, Y, are accommodated in
PuBr;- and UCls-type RX; phases by replacement of the X layers. The resulting
RX,Y compositions are structural derivatives of the parent trihalide structures.
These observations and the phase equilibria and crystal growth habits of the
ternary derivatives support the conclusion that several of the trihalide structures
are accurately described by alternation of RX, and X layers, but additional work
is clearly necessary.

2.3. Thermodynamic properties

The determination of thermodynamic properties for the trihalides has been a
particularly active area of investigation and the availability of data has been
greatly enhanced. Several compilations of thermochemical data are available.
Available experimental data and estimated values are found in the early
reference works of Wicks and Block (1963) and Feber (1965). Since data are still
unavailable for many halides, the value of these compilations has remained.
Thermodynamic data are reviewed by Novikov and Baev (1964) and the ther-
modynamic and magnetic properties are extensively reviewed by Westrum
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(1968). Selected thermochemical data are reported by Thoma (1966) and Brown
(1968). Data for the fluorides are given by B:ﬁ:atsanova (1971) and numerous
compilations and original references are cited by Meyers (1975). The compilation
by Schumm et al. (1973) is an important source of critically evaluated data the
halides is condensed, solution and gaseous phases at 298 K. Enthalpies of
formation are reported for the anhydrous trichlorides, and triiodides and for a
large number of trifluorides, but data are not available for the tribromides. Free
energy of formation, heat capacity and entropy values are also reported for
some trihalides. In the absence of experimental data, this source is useful for
evaluating and adjusting estimated values of earlier compilations. Thermo-
chemical functions have been compiled for the gaseous species RX;, RX; and RX
(X=F, Cl, Br, I) from 298-3000 K (Krasnov and Danilova, 1969), but the values
based on estimated molecular constants. Because of the extensive literature in
this area, this review will concentrate on most recent work. The thermochemis-
try of vapor species and vaporization processes and of hydrated halides is
discussed in sections 2.3 and 5.1.

Determination of the basic thermodynamic properties of the rare earth
trifluorides remains incomplete. This is in part due to experimental difficulties,
and only one direct calorimetric measurement has been reported. The enthalpy
of formation, AH %, of YF; (—410.7 + 0.8 kcal/mole) has been measured by
fluorine bomb calorimetry (Rudzitis et al., 1965). In an expansion of earlier work,
Polyachenok (1967) has obtained values for several trifluorides (La, Pr, Nd, Gd,
Er) by an equilibrium exchange reaction: RCI;(€) + AlF;(¢) » RF;(£) + AICL(g).
Solid state emf data have been reported by Skelton and Patterson (1973) for the
trifluorides of Nd, Gd, Dy and Er. Similar measurements have been described by
Rezukhina et al. (1974) for the trifluorides of La, Pr and Y. The 4H %, values
are 5-10 kcal/mole more negative than values reported earlier.

Enthalpies of formation of the trichlorides are given in several reports. The
initial solution calorimetric measurements of Bommer and Hohmann (1941a)
have been repeated in part by Spedding and Flynn (1954), Stuve (1964), (1965),
(1967a) and (1967b) and most recently by Krestkov et al. (1972). The enthalpies
of solution are generally in good agreement, but substantial variations (5-
10 kcal/mole) are observed in AH % values. The differences obviously arise
from the data employed in the reduction cycle. The AH 2 values listed by
Schumm et al. (1973) vary regularly (—256 to —238 kcal/mole) from LaCl; to
TbCl;, but increase to —240 kcal/mole for HoCl; before decreasing regularly to
~226 kcal/mole for LuCls. The discontinuity coincides with the structural change
from the closely related UCl;- and PuBrs-type phases to the cubic closest packed
YCl;-type phases. The —239 kcal/mole value for B(PuBr;-type)-DyCly and the
~236 kcal/mole value for y(YCl-type)-DyCl; are inconsistent with the trends
established by adjacent trichlorides, and the need for additional investigation of
these phases is reemphasized. The measurements of Krestkov et al. (1972)
include the determination of the temperature dependence of the enthalpy of
solution-for several trichlorides; the values are more negative by approximately
15 kcal at 100°C than at 0°C. Other data for the condensed phases include the
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measurement of densities and molar volumes of several molten trichlorides (Cho
et al., 1972).

Although experimental thermochemical data are virtually nonexistent for the
tribromides, data for the triiodides are extensive. The enthalpy of formation of
EuBr; has been determined (Haschke, 1973), but should be reevaluated when
additional data become available for EuBr,. The AH %03 values for the triiodides
(Schumm et al., 1973) which are apparently based on the calorimetric data of
Bommer and Hohmann (1941b), decrease regularly from —159 kcal/mole for Lal;
to —131kcal/mole for Lul;. A discontinuity at the point of structural change
from the PuBr;- to the Bils-type structure is not observed. Enthalpies and free
energies of formation and entropies of the solid triiodides have been derived by
Hirayama et al. (1975) from vaporization and mass spectrometric studies. The
AH %65 values for the lighter iodides are in close agreement with the above
values, but differences of approximately 10 kcal/mole exist for Hol;, Erl; and
Tml;. The AH?%ss values listed by Lishenko et al. (1973) are intermediate
between those of the above reports, and a pronounced discontinuity in the
values coincides with the structural change occurring between NdI; and Sml,.
The origin of the differences for the heavy triiodides is not understood, but it
may well be related to difficulties encountered in preparing these materials in
high purity.

The thermodynamic data of the condensed trihalides has been greatly expan-
ded by recent measurements of high and low temperature heat capacities. Drop
calorimetry has been employed by Spedding and Henderson (1971) and Spedding
et al. (1974b) for determining the high temperature heat capacities of the rare
earth trifluorides. Heat capacity equations, enthalpy and entropy increments and
free energy functions are tabulated from 400-1900 K. Data for EuF; are limited
to a maximum of 1500 K because of reduction by the tantalum container. The
transition temperatures, melting points and enthalpies of transition, AH,, and
enthalpies of fusion, AH?,, are reported. The values of AH,+ AH;, are 12—
13 kcal/mole across the series. Similar measurements are reported for the
trichlorides, tribromides and triiodides by Dworkin and Bredig (1963a,b, 1971a),
and the corresponding thermodynamic functions are reported for 298-1300 K.
Data are available for all the trichlorides except those of Pm, Sm, Eu, and Yb.
For the UCL- and PuBr;-type trihalides, AH ¢, + AH$,, = 11-13 kcal/mole. Similar
values for the YClL:-type trichlorides and Bils-type tribromides and triiodides are
in the range 7-11 kcal/mole. These data emphasize the differences between the
anti-NiAs-related structures and the closest-packed-anion structures and are
consistent with AH% values in which discontinuities of 3-5kcal/mole are
observed. .

A limited number of low temperature heat capacity measurements have been
described. The adiabatic calorimetric measurements of Westrum and Beale
(1961) are the only data available for the trifluorides. Similar heat capacity
measurements have recently been reported for the lighter lanthanide trichlorides
(La-Gd) in the range 5-350 K (Sommers, 1976), and for EuBr; in the range
5-340 K (Deline et al., 1975). Heat capacities, enthalpy and entropy increments
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and free energy functions are tabulated. The Schottky contributions are in
agreement with values calculated from spectroscopic data. Excellent agreement
is observed between the low and high temperature data for the trichlorides. Heat
capacity measurements for trichlorides of Ce, Pr, Nd and Sm and the tribromide
of Ce in the range 0.3-4.2 K show maxima at or below 1 K (Colwell et al., 1969).
These data and results of NQR and magnetic susceptibility measurements
indicate the occurrence of cooperative magnetic interactions and are consistent
with the formation of antiferromagnetic linear chains.

The recent heat capacity measurements have greatly expanded the number of
halides for which standard entropy values, S%s, are known. However, methods
for estimating entropies remain important. Values have been estimated for
fluorides (Petzel and Greis, 1972), chlorides (Hariharan et al., 1972), bromides
(Haschke and Eick, 1970c), and iodides (Hirayama et al., 1975), using the method
of Latimer (1951) and the modifications of Westrum (1967). The procedure,
which involves combination of lattice contributions of the anion and cation with
the magnetic contribution of the lanthanide ion has been examined by Sommers
(1976) using experimental S%s data for the trichlorides. The magnetic contribu
tions equal R'In(2J + D) eu for all the trivalent lanthanides except Eu, for which
the population of low lying levels must be considered and a value of 3.5 eu is
recommended. If the experimental S%; of LaCls is employed as a reference, the
lattice contribution of chloride is 5.9 eu, a value which is 1.0 eu lower than that
projected by Latimer. The experimental and estimated S%g values for the
trihalides are in excellent agreement if the revised cation contributions of
Westrum (1967) are employed. A similar analysis of experimental 55 values for
the trifluorides (Westrum and Beal, 1961; Rezukhina et al., 1974), indicate that
the lattice contribution of fluoride should also be revised downward to 3.1 eu
The S5 data for EuBr; (Deline et al., 1975), suggest that the projected lattice
contribution for bromide may also be too high, but additional data are needed
before revised bromide and iodide values can be recommended.

2.4. Vaporization and the vapor phase

Numerous mass spectrometric investigations of the vaporization reactions of
condensed rare earth trihalides have shown that they are congruent processes
and that at low partial pressures the primary vapor species is the monomeric gas,
RX;. Mass spectra of equilibrium trifluoride (Zmbov and Margrave, 1968),
trichloride (Hastie et al., 1968), and triiodide (Hirayama and Castle, 1973) species
effusing from a Knudsen source generally show intense peaks of RX; and low
relative intensities of RX3, RX™ and R*. Incongruent processes are observed for
the trihalides of Sm, Eu and Yb. Formation of the dihalides is observed in some
cases, but intermediate compounds, RX,, (2< x < 3) are formed in the case of
SmBr; (Jantsch and Skalla, 1930), YbCl, (Fishel and Eick, 1971), SmF; (Biefeid,
1974), EuF; (Petzel and Greis, 1972) and YbF; (Biefeld and Eick, 1975). ESCA
data for condensed effusates of the trifluorides (McCreary and Thorn, 1974a)
show that EuF; and YbF; and to lesser extents SmF; and TmF; are dissociated
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to RF; and F; in the vapor phase. Although the trihalides are generally stable in
equilibrium, the observations of Lishenko et al. (1973) indicate that this is not
the case for nonegquilibrium conditions. At 1400 K and 107 atm, the triiodides are
unstable with respect to the elements and can be used for preparing metallic
films.

Determination of molecular structures of the gaseous trihalides has been a
difficult problem. The RX; molecules were generally assumed to be planar, Dsy,
and early electron diffraction data confirmed this conclusion. Subsequent IR
spectra of matrix isolated rare earth trifluorides reopened this question. The data
of Hauge et al. (1971) have been interpreted on the basis of nonplanar, Cs,,
geometries. Similar data of Wesley and DeKoch (1971) have been assigned to
D, symmetry; however, PrF; was found to be nonplanar. Electric field
deflection studies of the trifluorides (Kaiser et al., 1972a) are inconclusive.
Several of the trifluorides appear to be polar and others nonpolar. Gas phase [R
data for the trichlorides (Selivanov et al., 1973) show only the asymmetric
frequencies, »;; evidence for », modes could not be found. The more recent
electron diffraction results of Giritcheva et al. (1974) show that the rare earth
trihalides are pyramidal. The reported X-R-X bond angles, with uncertainties of
*2° are: ScF; (109°), LuCl; (111°), LaBr; (115°), GdBr; (114°) and LuBr; (114°).
The IR spectra of ScF; and LuCl; have been assigned and unobserved frequen-
cies calculated. Since planar molecules are expected only if the bonding is ionic,
the calculations of Meyers (1975) are of particular importance. Comparison of
experimental atomization energies with those calculated by an ionic model
shows that the total bond energy cannot be accounted for by ionic interaction.

Another interesting aspect of rare earth trihalide vaporization processes is the
formation of dimeric molecules, R;Xs. The existence of the diamer was first
observed (McKinley, 1965) in the mass spectrum of YCls. The diamer fragments
Y,Cl%, Y,Cli and Y,Cl3 were observed along with fragments of the monomer,
and enthalpy changes were measured for both vaporization processes. Similar
results were reported for lanthanide trichlorides by Novikov and Gavrycherkov
(1967) and Hastie et al. (1968). The latter authors give estimated enthalpies of
diamerization for the rare earth trichlorides and observe that La,Cls constitutes
about 1% of the vapor at 0.1torr (1030 K). Extrapolation of the data to the
boiling point (2085 K) shows that the gas phase is approximately 85% diamer.
Skinner and Searcy (1971) determined that R,F¢ fragments were not observed in
earlier work because of masking by monomer fragments and that La,F, is 1% of
the vapor at 1575 K. The thermodynamics of vaporization and diamerization are
reported for the La and Ce fluorides by Roberts and Searcy (1972). Recent data
(Hirayama et al., 1976) show that La,l, also constitutes approximately 1% of the
vapor at the melting point (995 K).

Substantial efforts have been devoted to the determination of the equilibrium
partial pressures and the thermodynamics of vaporization of the trihalides. The
first systematic investigation of vapor pressures of the trifluorides is the series of
mass spectrometric measurements of Margrave and coworkers (Zmbov and
Margrave, 1966; Kent et al., 1966; Besenbruck et al., 1967, Zmbov and






