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[. Introduction

Metal chalcogenides are characterized generally by
the absence of closest packing and the propensity for
Q---Q interactions (Q = S, Se, Te). As a consequence,
low-dimensionality and anisotropic physical proper-
ties often result. Interest in metal chalcogenides
stems not only from their structures but from the
variety of physical properties that they exhibit. These
include low-temperature superconductivity, charge-
density waves,? optical properties,®* and thermoelec-
tricity.5

A subset of metal chalcogenides, namely, rare-earth
transition-metal chalcogenides, is the subject of this
review. These compounds, which contain a combina-
tion of d- and f-elements, are of fundamental interest
in solid-state chemistry and materials science; in
addition, there is the potential for useful physical
properties. The 3d metals, in particular Fe, Co, and
Ni, are strong itinerant electron ferromagnets,
whereas the lanthanides have localized 4f moments
with high anisotropic energy. Thus, the magnetic
exchange energy in 3d/4f compounds may comprise
three different types of spin—spin interactions, namely
3d—3d, 3d—4f, and 4f—4f, to give materials suitable
for magnetic storage.®” Additionally, d-element chal-
cogenide semiconductors, such as MQ (M = Zn, Cd),
are widely used for their optical properties.® Tradi-
tional chalcogenide luminescent materials of this type
have been doped with Cu™, Ag"™, Mn?*, Ln®", or other
cations to produce diluted magnetic semiconductors
with modified luminescent and magnetic proper-
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ties.®® Examples of 3d/4f compounds, albeit not
chalcogenides, with interesting properties include the
industrially important materials Nd:YIG* and the
permanent magnetic alloys SmCos and Nd,Fe;;,B*
as well as the heavy fermion conductors CeRu,Si,*?
and HoNi,B,C.:?

Despite over 50 years of research in the area of
rare-earth transition-metal chalcogenides, the field
remains relatively narrow. This is especially evident
when one considers the drastic decrease in the
number of ternary compounds as we move from the
sulfides to the tellurides. For example, if we consider
those compounds that have been characterized by
single-crystal diffraction methods, then ternary 4f-
sulfides are known for all 3d metals but far from all
4d or 5d metals, and only a few 3d/4f selenides and
tellurides are known. Unfortunately, the situation is
only slightly better for quaternary systems, although
for such systems improved synthetic methods, espe-
cially the reactive-flux technique,'* are bringing
about a rapid increase in the number of new com-
pounds.

Chemical Reviews, 2002, Vol. 102, No. 6 1931

ll. Scope of This Review

This review is limited to compounds that have been
characterized by single-crystal diffraction methods,
although occasional reference is made to related
compounds characterized by powder diffraction meth-
ods. In this way we reduce the number of compounds
to be considered and those we do consider are subject
to less uncertainty as to their stoichiometry and the
relation of structure to physical properties. Even
within those compounds characterized by diffraction
methods we impose further restrictions: (1) we do
not consider the large and growing area of “misfit
structures”® of the “LnMQ3” or (LnQ)xMQ, composi-
tions, (2) we do not consider oxychalcogenides, and
(3) we do not consider doped or intercalation com-
pounds, all subjects in their own right. We note in
passing that there is a relatively recent review that
is concerned with metal chalcogenides of Th and U.16

The various compounds reported within this review
are sorted into the categories of ternary and quater-
nary compounds. In each category the materials are
listed roughly in order of increasing structural com-
plexity. A brief account of synthesis, structure, and
physical properties is provided. Tables 1—4 offer lists
of the individual compounds sorted by common
structural features. These tables clearly depict the
wide variation in structure type among the solid-state
3d/4f chalcogenides.

lIl. Ternary Compounds

The majority of ternary compounds discussed here
have been synthesized by conventional high-temper-
ature syntheses, although increasingly with the
addition of alkali-metal halide fluxes, such as KCI
or Kl. Such fluxes enable lower reaction tempera-
tures, shorter heating profiles, and improved crystal
growth. In general, the thermodynamic products are
obtained in these syntheses; Q—Q bonding is absent,
and the compounds are “classic” in that oxidation
states are readily assigned. However, some of the
compounds discussed are “nonclassic” in that formal
oxidation states cannot be assigned. This is especially
true in some tellurides, where a range of Te—Te bond
lengths occurs. Many of these nonclassic compounds
have low-dimensional structures. They have gener-
ally been synthesized by the reactive-flux method!#
and may be kinetic products.

We generally choose chalcogenides as structure
types in the descriptions below, even though some
correspond to other known structure types, e.g.,
oxides.

A. LnCuQ; Phases

Compounds with this formula that have been
characterized by single-crystal diffraction studies
include LaCusS,,*” SmCuS,,*® YCuS,,*® LaCuSTe,®
and SmCuSTe.?

1. Syntheses

LaCuS; was prepared by the reaction of La,S; and
Cu,S at 1673 K under a current of H,S. The high-
temperature reaction of Sm,S; and Cu,S produced
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Table 1. Summary of the Rare-Earth Transition-Metal Chalcogenide Three-Dimensional Phases

Mitchell and Ibers

compound structure type related compounds section figure number

CeCrSes [NH,][CdCIs] il 11
DyaFeTEZ ZrsCoAl, Er;Ni,Te, 11.F 8
EroesCU2S2 anti-La;03 1HLE 7
Er,CdS, cubic spinel 11.K.1 13
Erzch4 Erzch4 EI’gMnS4 111.K.4 15
ErzMnS4 YzMnS4 Er2CTS4 11.K.3

Er;Ni,Te; Er;Ni,Te; DysFeTe; 11.H 10
EUo,sngsses EUo,sngsseg 11.S 22
EUeCU12F613527 BaGCU12F913827 V.S 42
EuZrSes [NH,][CdCIs] il 11
Gdo.66Cr2Ss SMo.e6Cr2Sa HI.L 16
Gdo,ssCUzSz anti-La203 11.E 7
GdAgS; LnS 1.8

HoAgS; LnS 11.B

Ko,sBao,sDyCU],,sTes Ko,sBao,sDyCullsTeg KZrCuS; 1IV.D

LazFel_is LazFel_is LagFEQSs I11.N

LayFe; g7Ss LayFe; g7Ss LasFe,Ss 111.N

LazF8255 LazFezss I11.N 18
LasCuSiS; CeeAls33S14 IV.N 36
LaPbCuS; LaPbCuS; o-LaxSs3 IV.A 25
SMp.esCraSs SMp.esCraSs I1.L 16
Tm,ZnS, olivine 1.K.2 14
YbAgQS: NaCl 11.B

Table 2. Summary of the Rare-Earth Transition-Metal Chalcogenide Layered Phases

compound structure type related compounds section figure number

[-BaLaCuSes Eu,CuS; IV.C.2.b 12
BmGd2Cd3Sm Ba4NdZCd3Selo IV.P 38
BasNd,CdsSe1o BasNd,CdsSesq IV.P 38
Ba4$m2Cd3510 Ba4NdZCd38e10 IV.P 38
BasTh,CdsS1g BasNd>CdsSesq IV.P 38
BaDyCuTe; KZrCuS; IV.C.2.a 26
BaErCuS; KZrCuS; IV.C.2.a 26
BaGdAuSe; KZrCuSs IV.C.2.a 26
BaGdCuSe; KZrCuS; IV.C.2.a 26
BalLaCuTes Eu,CuS; IV.C.2.b 12
BaYAgSes KZrCuSs IV.C.2.a 26
BaYAgTes KZrCuS; IV.C.2.a 26
BaYCuTes KZrCuS; IV.C.2.a 26
CsCe,CuSg KEu,CuSg IV.L 34
CsCeCuS; KZrCuSs; 1IvV.B 26
CsGdZnSes KZrCuS; 1IvV.B 26
Er4_eMno_4S7 Y537 I1.P 20
EFGCI’ZSM ErGCrZSn YbeFeZSn LT 23
ErAgSe; ErAgSe; 111.B 4
Eu,CuS; Eu,CuS; 1.J 12
EuCupgsTe> CaMnBi; KEuCu,Tes 11.C

Gds;CrSes U3ScSs 111.0 19
GdgCrTe13CI SmgCrTelg,CI IV.R 41
HosFeS; YsSy 1P 20
KzCECUzS4 KzCGCUZS4 IV.G

KCe,CuSs KEu,CuSg IV.L 34
KCe,CuSeg KEu,CuSg IV.L 34
KCeCuTey KCeCuTey IV.E 29
KEu,CuSe KEu,CuSe IV.L 34
KEuUCu,Te, CaMnBi; EuCupesTez 1V.H 5
LasNiS LasNiS7 KoNiF, 11.Q

LaCusS; LaCus; 1. 1
LaCuSTe LaCuSTe LaCus, LA

szCGCU3T€5 szceCU3T65 1v.J 32
Sm3CrSeg U3ScSq 111.0 19
Sm3CrTe13CI Sm3CrTe13CI IV.R 41
SmCus; LaCus; LA 1
SmCuSTe SmCuSTe LaCus; LA 3
ThsCrSeg U3ScSs 111.0 19
Tbgch813C| SmgCrTe13CI IV.R 41
Y,HfSs Us3Ss .M 17
Y4FeS7 Y5S7 I1.P 20
Y5F62T62 Y5F€2T62 11.G 9
YbeFGzSu YbeFEgSu EreCroSyy LT 23
YCuS; YCuS; LaCus; LA 2
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Table 3. Summary of the Rare-Earth Transition-Metal Chalcogenide Cluster and Linear Chain Phases

compound structure type structural features related compounds section figure number
DyCuosTe; LaCugsTe, Te chains .o 6
EusResS11 EusResS11 cluster 11.U 24
GdsCu,Tey GdsCu,Ter Te chains LR 21
GdCupasTe; LaCuosTe; Te chains 1.D 6
Lais59Crs4S32 Lais59Crs4S32 cluster Laz 266M1.1Se 1TV
Lase6F€1.1S6 Laz266MnN1.1Se cluster La;s59Crs4Ss2 1.V
Las266MnN1.1Se Laz266MnN1.1Se cluster Lais9Crs4Ss3: 1LV
LaCuosTe; LaCugsTe; Te chains .o 6
LaCUo_4oTez LaCUo_stez Te chains 11.D 6
NdCugs7Te;, LaCuosTe; Te chains .o 6
SmCUo_34T92 LaCUo_ngez Te chains 1H1.D 6
Table 4. Summary of the Rare-Earth Transition-Metal Chalcogenide Tunnel Phases
compound structure type related compounds section figure number
a-BaLaCuSe; BalLaCuS; BaErAgS; 1IV.C.2.c 27
BazLaAgg,Se BazLaAgsse 1V.M 35
BazYAgsse BazLaA95S5 1V.M 35
BaErAgS; BaErAgSs BalLaCuSs Iv.C.2d 28
BalLaCuS; BalLaCuS; BaErAgS; 1IV.C.2.c 27
CS3Gd4CU5T€10 Rb3Nd4CU5Telo |VQ 39, 40
CSGdzAggses RbszAggses AanMQa, szGdaCU4Sg 1V.K 33
CSLa2CUSG4 KGdzCUS4 ALngMng, szGd4CU4Sg IV.F 30
CsstCUSE4 KGdzCUS4 ALngMng, szGd4CU4Sg IV.F 30
CSszAQ3S€5 RbszAggse5 AanMQa, szGd4CU4Sg IV.K 33
KgCeAg3Te4 K2C8A93T84 V.1 31
K3Dy4Cu5Tem K3Dy4Cu5Telo |VQ 39, 40
K3Ef4CU5T€10 K3Sm4Cu5Te10 |VQ 39, 40
Kng4CU5T€10 K3Sm4Cu5Te10 |VQ 39, 40
K3SmyCusTesp K3Sm,CusTeso |VQ 39, 40
KGd,CuS, KGd,CuS, ALn2M3Q5, Rb,Gd4sCusSq IV.F 30
Rb>GdsCusSe Rb,Gd4CusSq AanMQ4, ALn2M3Q5 IvV.O 37
RbgDy4Cu58em Rb3Gd4CusSeso |VQ 39, 40
Rb3Gd4CusSerq Rb3Gd4sCusSeso |VQ 39, 40
Rb3Gd4CusTero RbsNd;CusTe1o |VQ 39, 40
RbsNd4sCusTesg RbsNd;CusTeso |VQ 39, 40
RbDy2CUSG4 KGd,CuS, AanMng, Rb,Gd4sCusSq V. 30
RbEr,CusSs Rbsm2A93395 ALN;MQ4, Rb,GdsCusSe 1V.K 33
RbGd,CuSe, KGd,CuS, AanMng, Rb,Gd4sCusSe IV.F 30
RbNdzCUSA KGdzCUS4 AanMng, szGd4CU4Sg IV.F 30
RbeT'IzAQsSEs RbSmgAgg,Ses AanMQA, Rb,GdsCusSe 1IV.K 33
RbSmZCuS4 KGdzCUS4 AanMng, szGd4CU4Sg IV.F 30
RbSmZCuSe4 KGdzCUS4 ALn2M3Q5, szGd4CU4Sg IV.F 30

SmCuS,. YCuS, was prepared from a mixture of Y,
Cu, and S at 1173 K. LnCuSTe (Ln = La, Sm) was
formed from the reaction of Ln, Cu, S, and Te at 1123
K in a KI flux.

2. Structures

The structures of LaCusS; (Figure 1), YCuS; (Figure
2), LaCuSTe, and SmCuSTe (Figure 3) are similar.
Each may be thought of as consisting of CuS, or

®la eCu oS

Figure 1. LaCus; structure type. Unless otherwise noted,
in this and succeeding figures large black spheres represent
Ln, intermediate-size black spheres represent M, and small
black spheres represent Q atoms. The unit cell is outlined
here and in most succeeding figures.

N A

o | e e
N EL j | 7

Figure 2. YCuS; structure.

CuSTe layers stacked perpendicular to the a axis and
separated by Ln atoms. The coordination environ-
ment of the Ln atoms varies and is octahedral
(YCuS,), monocapped trigonal prismatic (LaCuS, and
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Figure 3. SmCuSTe structure. The small open spheres
represent Te atoms.

SmCuSTe), or bicapped trigonal prismatic (LaCuSTe).
The compound SmCuS; is isostructural with LaCusS,.

3. Physical Properties?!

Electrical resistivity, thermopower, and magnetic
susceptibility measurements were made for LNnCusS;
(Ln = La, Nd, Sm, Gd, Dy, Ho, Yb, Lu, Y). These
compounds are p-type semiconductors with wide
band gaps; they exhibit no long-range magnetic order.

4. Theoretical Considerations?°

Band structure calculations for LnCuSTe (Ln = La,
Sm) indicate that these compounds should be semi-
conductors with smaller band gaps than that in
LaCUSQ.

B. LnAgQ; Phases

These compounds include LnAgS, (Ln = Sm, Gd—
YD, Y),?? LnAgSe; (all Ln except Pm and Eu),?*~?” and
LnAgTe, (Ln = Gd, Dy—Er, Y).?8

1. Syntheses

ErAgSe, was prepared by the reaction of Er, Ag,
and Se at 1473 K. Microcrystalline powders of
LnAgS; (Ln = Gd, Ho, Yb) were prepared from the
combination of the elements at 1100 K or from a
mixture of Ln,S3; and Ag at 1100 K under H,S gas.
Single crystals of LnAgS; (Ln = Gd, Ho, Yb) were
obtained with the use of [NH,],[PbCls] as a chemical
transport agent in the temperature gradient 1100—
1300 K. The remaining sulfides and selenides were
prepared by heating mixtures of Ln,Qz; and Ag.Q at
temperatures greater than 873 K, whereas the tel-
lurides were obtained from the reactions of the
elements at 1373 K.

2. Structures

Only ErAgSe;?® and LnAgS; (Ln = Gd, Ho, Yb)%
have been studied by single-crystal X-ray diffraction
methods.

ErAgSe; is a layered structure (Figure 4). The Er
atom has octahedral coordination, and the Ag atom
has tetrahedral coordination. The AgSe, tetrahedra
form open chains along the c axis and create channels
in which the Ag cations may move. These chains of

Mitchell and Ibers

Figure 4. View of the structure of ErAgSe; along the c
axis.

AgSe, tetrahedra connect with the ErSeg octahedra
to form layers that stack along the a axis.

The structure of the LnAgS; (Ln = Gd, Ho) com-
pounds was solved from a limited data set. The three-
dimensional structure is a superstructure of the LnS
(NacCl) type with one-half of the Ln cations replaced
with Ag. The Ag atom is in a severely distorted
octahedral environment with two short, three inter-
mediate, and one long Ag—S bond. The Ln atom is
octahedrally coordinated.

YbAgQS; adopts the NaCl structure type with Ag
and Yb randomly distributed over the cation sites.
The cations are octahedrally coordinated.

3. Physical Properties

a. Electrical Conductivity.?s ErAgSe; is an ionic
conductor (o298 = 6.5 x 107* and og73 = 1.5 x 107!
ohm~= cm™2).

b. Magnetic Properties.?” GdAgS, is paramag-
netic over the temperature range 4.2—300 K. The g
value derived from the magnetic data corresponds to
Gd”l.

4. Related Compounds?’

From unit cell parameters obtained from single
crystals, the structure of ErAgS, appears to be
related to that of the LnAgS,; (Ln = Gd, Ho) com-
pounds.

C. EUCUo,esTezzg

1. Synthesis

This material was synthesized at 1123 K from a
reactive flux of Rb,Te/Te containing Cu and Eu.

2. Structure

EuCugesTe, exhibits a layered structure that is
closely related to that of KEuCu,Te, (Figure 5). If the
occupancy of the Cu site in KEuCu;Tey is reduced to
two-thirds and if K is replaced with Eu, then the
EuCugesTe, structure is obtained.

D. LnCuyTe,%03
1. Syntheses

LaCug2sTe,%° was prepared from the elements in
the presence of I, at 1275 K. LaCug4oTez, NdCug 37-
Tes, SmCugasTe,, GdCU().ggTeZ, and DyCU0_32T6231
were prepared from the elements at 1073 K with the
use of the corresponding LnCl; as flux.
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E ¢ ;\\AB\ ® Cu

Figure 5. KEuCu,Te, structure. Unless otherwise noted,
in this and succeeding figures the unfilled spheres repre-
sent the A atoms.

4
I

i S/A W SN
a2l

’(/‘/"r \' ',;‘

Figure 6. LnCu,Te; structure, as typified by the structure
of LaCug.40Te2.

2. Structure

In this structure (Figure 6) the Ln atoms are eight
coordinate in a bicapped trigonal-prismatic arrange-
ment and the Cu atoms are tetrahedrally coordi-
nated. These polyhedra share edges to create pen-
tagonal tunnels along the c axis. The Cu atoms
partially occupy sites within the tunnels to form
zigzag chains parallel to the ¢ axis. An important
feature of this structure type is the infinite linear
Te—Te chain running parallel to ¢, with Te—Te
distances decreasing from 3.1558(5) A in LaCug.o-
Te, to 3.0273(3) A in DyCug;Tes.

3. Physical Properties3!

a. Magnetic Properties. GdCugssTe; is paramag-
netic above 7 K; the uer value derived from the
magnetic data corresponds to Gd''.

b. Transport Properties. Conductivity measure-
ments indicate that these compounds semiconduct in
the c direction.

Thermopower data exhibit p-type behavior for all
materials. NdCugs7Tez, SmCugzsTez, and GdCugas-
Te, show similar behavior as the temperature de-
creases from 300 K where the values are on the order
of 200—400 uV/K. The magnitude of the thermopower
increases as the temperature decreases, which is
characteristic of a semiconductor material. However,
the thermopower data for the three compounds
exhibit very high peaks of approximately 900 xV/K
in the vicinity of 150 K, followed by a rapid decrease
at lower temperatures. Although this behavior is

Chemical Reviews, 2002, Vol. 102, No. 6 1935
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Figure 7. LnggCu,S; structure, as represented by that
of GdeCU2S,. In the structure Ln atoms occupy two-thirds
of the octahedral sites; these are shown fully occupied here.

more typical of metallic materials, this magnitude of
the thermopower is usually associated with semicon-
ductor behavior. LaCugp4oTe, shows considerably
lower thermopower values, with a linear decrease
with temperature.

4. Theoretical Considerationss3!

Extended Huckel calculations on LaCuyTe; (X = Y3,
5, 1) provide some insight into these physical
properties.

5. Related Compounds

The compounds LnCugsTe, (Ln = La—Nd, Sm)3233
and LnCugsTe;7s (La = La, Nd)®? have been pre-
pared, and their unit cells have been determined from
powder diffraction data.

E. LngesCu,S» (Ln = Gd,34 Er35)

1. Syntheses

GdossCU,S; was prepared from a mixture of Cu,S,
Gd, and S at 1073—1173 K with I, as a transport
agent. ErgesCu,S; was synthesized from Cu,S and
Er,S; at 1473 K under a flow of H,S.

2. Structure

These compounds exhibit an uncharacterized su-
perstructure. The average substructure (Figure 7),
obtained from limited data sets, is of the anti-La,O;
structure type. This three-dimensional structure
consists of hexagonal closest packing of S atoms with
the Ln atoms occupying two-thirds of the octahedral
sites and the Cu atoms occupying the tetrahedral
sites. The octahedral vacancies exhibit intralayer
order and interlayer short-range order.

F. DygFeTe,

1. Synthesis

This compound and the related LngMTe, com-
pounds were synthesized from the stoichiometric
reactions of Ln, LnTe,, and M at 1373 K.

2. Structure

The structure (Figure 8), which is of the ZrgsCoAl,
or ZrgFeSn, type,®” contains two independent Dy
atoms. It is constructed from face-shared trigonal
prisms of Dyl (inner) atoms centered by Fe atoms
with each rectangular face of the prism capped by a
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Figure 8. Structure of DygFeTe, viewed down the c axis.
The Dy—Te bonds have been removed for clarity.

Figure 9. Structure of YsFe,Te,.

Dy2 (outer) atom. This arrangement yields tricapped
trigonal prisms of Dy atoms that are centered by Fe
atoms. The prisms are interconnected through shared
basal Dyl faces along the ¢ axis to form infinite
chains. The tricapped trigonal prisms are intercon-
nected along the a and b axes by means of Dyl1—Dy?2
interchain bonds to form the overall three-dimen-
sional structure. The Te atoms reside in the channels
between the prisms.

3. Theoretical Considerations

Extended Huckel band calculations provide some
insight into the nature of the structure; these calcu-
lations imply metallic character for the compound.

4. Related Compounds?3®

On the basis of powder X-ray data the compounds
DysMTe, (M = Co, Ni) and DysMTe; (Ln = La, Y)
are isostructural with DygsFeTe,.

G. Y5F€2T€238

1. Synthesis

This compound and YsM,Te, (M = Co, Ni) were
synthesized by the reactions of Y,Tes, Y, and M at
1323 K.

2. Structure

The structure of YsFe,Te, is composed of infinite
heterometallic layers that run parallel to the b axis
(Figure 9). The Y atoms form body-centered cubes
and puckered six-membered rings that sandwich two
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Figure 10. Structure of Er;Ni,Te,. All Er—Te bonds have
been removed.

types of Fe atoms. The Fe atoms are coordinated in
a trigonal-prismatic arrangement to six Y atoms.
These trigonal prisms share rectangular faces to form
zigzag chains of Fe atoms. The intermetallic layers
are separated by Te atoms.

3. Related Compounds

YsM,Te, (M = Co, Ni)® are isostructural with M
= Fe, on the basis of X-ray powder data.

H. EﬁNigTngg
1. Synthesis

The compound was synthesized by the reaction of
Er, ErsNi, and NiTe, at 1373 K.

2. Structure

This structure (Figure 10) is similar to that of Dye-
FeTe, (Figure 8). The basic structural motif of Er;-
Ni,Te; is the Ni-centered tricapped trigonal prism of
Er atoms. The structures are also similar in that the
prisms share their triangular bases to form infinite
chains that propagate along the b axis. These infinite
chains are condensed to form corrugated layers with
the capping Er atom of one prism being an inner Er
atom on an adjacent prism. Finally, vertex-sharing
between layers results in the overall three-dimen-
sional structure.

3. Magnetic Properties

Er;Ni,Te, is paramagnetic, but it exhibits an
ordering transition at 16.5 K that is ascribed to an
indirect exchange interaction among Er moments. It
is the first metal-rich rare-earth chalcogenide for
which a magnetic transition has been observed.

4. Theoretical Considerations

Results from extended Hiuckel calculations are
consistent with metallic behavior.
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Figure 11. Structure of CeCrSes.

|. LnMSe; Phases
1. Syntheses

Some of these compounds were synthesized from
mixtures of Ln,Se; and M,Se; at 1273 K. The other
materials were formed from the reactions of the
constituent elements at 1073 or 1273 K.

2. Structures

Many of these compounds belong to the [NH,4]-
[CdCIs] structure type,*° a class of ABX3; compounds
that are primarily differentiated by the coordination
number of the large A cation. This coordination
number may vary from three to nine. These com-
pounds include LnCrSes (Ln = La—Nd),** LnCrSe;
(Ln = Th, Dy),** and EuZrSes.*®* However, only
CeCrSes* and EuZrSe; were studied by single-crystal
diffraction methods.

The three-dimensional structure of CeCrSe; (Fig-
ure 11) comprises CrSes octahedra and CeSeg tri-
capped trigonal prisms. The CrSegs octahedra share
edges to form a continuous double chain along the ¢
axis. These double chains are linked together by the
CeSeg prisms.

The structure of EuZrSe; differs only slightly from
that of CeCrSes. It contains EuSeg bicapped trigonal
prisms.

3. Physical Properties

a. Magnetic Properties.*** The magnetic prop-
erties of these compounds are relatively complicated.
Each LnCrSe; (Ln = La—Nd) compound exhibits an
antiferromagnetic transition between 160 K (LaCrSe3)
and 190 K (NdCrSez). However, above the Néel
temperature there are some ferromagnetic interchain
interactions, whereas at low temperatures there may
be some weak ferromagnetic interactions resulting
from the canting of spins. The complex magnetic
behavior is ascribed to the Cr''' cations, and it is
assumed that there are no interactions between these
cations and the Ln'" cations.

b. Other Properties. The densities, electrical
conductivities, thermopowers, and microhardness of
the compounds LnCrSes; (Ln = Th, Dy)*? have been
determined on polycrystalline samples and pressed
pellets. These compounds are p-type semiconductors.
Additionally, resistivity measurements on single
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Figure 12. Structure of Eu,CusSs.

crystals of the LnCrSe; (Ln = La—Pr) compounds*®
indicate semiconducting behavior.

J. EU2CU5346

1. Synthesis

The material was prepared from a stoichiometric
mixture of EuS and Cu,S under a flow of H,S at 973—
1073 K.

2. Structure

Eu exists in the +11 and +111 oxidation states in
this compound. The structure (Figure 12) consists of
Eu''Ss octahedra, Eu''S; monocapped trigonal prisms,
and CuS, tetrahedra. The tetrahedra form chains
parallel to the ¢ axis. These chains participate in
vertex-sharing with the EuSe octahedra to form
2[EuCuSs2] layers that stack perpendicular to the
b axis. The 2[EuCuSz2"] layers are separated by a
layer of EuSy trigonal prisms.

3. Related Structures

B-BaLaCuSes*” and BaLaCuTes*® are of this struc-
ture type, with La'" in place of Eu"", Ba" in place of
Eu'", and Se or Te in place of S.

K. Ln,MQ, Phases

The Ln,MQ, phases are the most extensively
characterized rare-earth transition-metal chalco-
genides. These compounds adopt several different
three-dimensional structure types, including the
cubic spinel and olivine structures. Here, selected
compounds have been chosen to represent these
structure types.

1. Er2CdS449

Although Er,CdS, is chosen to represent the cubic
spinel phases, there have been several other single-
crystal diffraction studies completed on this interest-
ing family of compounds. These studies include
Ln,CdS, (Ln = Tm, Yb,° Y51), LnyFeS, (Ln = Yb,
Lu),%2% and Ln,CdSe4 (Ln = Ho, Tm).5

a. Synthesis. Er,CdS, was obtained from the
reaction of CdS and Er,S; at 1273 K with KBr as flux.

b. Structure. This compound adopts the cubic
spinel structure (Figure 13). It consists of cubic
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Figure 13. Cubic spinel structure, as represented by that
of Er,CdS,.

Figure 14. Olivine structure type, as represented by that
of TmyZnS,.

closest-packing of S atoms with Ln atoms in the
octahedral interstices and M atoms in the tetrahedral
ones.

c. Magnetic Properties. Magnetic susceptibility
measurements indicate that the following compounds
are paramagnetic: Ln,MnQ4 (Ln = Yb, Lu; Q = S,
Se),%5758 Yh,(MNnMg)S4,%° Yh,FeS,,%67%8 and Ho,-
CdSe,.59 However, deviations from Curie—Weiss be-
havior were observed at low temperatures for Tm,-
CdSe,.5! These are ascribed to crystal-field effects on
the Ln ions. The compounds Er,CdQ, (Q = S, Se)®°
and Lu,FeS,%8 undergo ferromagnetic and antiferro-
magnetic transitions, respectively.

d. Other Properties. The melting points, micro-
hardness, densities, and optical properties of the Ln,-
CdS,; (Ln = Dy—Lu)%% semiconductors have been
measured. Thermopower measurements on Ln,CdS,
(Ln = Er, Yb)® show that electrons are the predomi-
nant carriers in these materials. Also, melting points,
microhardness, and densities were obtained for Ln,-
CdSe, (Ln = Dy, Ho).%*

2. Tm22n8465

a. Synthesis. The material was prepared from a
mixture of ZnS and Tm,S; at 1120 K with KBr as
flux.

b. Structure. Tm,ZnS, (Figure 14) adopts the
olivine structure type.®® It consists of hexagonal
closest packing of S atoms with Tm atoms in the
octahedral interstices and Zn atoms in the tetrahe-
dral ones.

Mitchell and Ibers

Figure 15. Structure of Er,CrS, viewed along the c axis.

c. Related Compounds. Ln;ZnS, (Ln = Er, Yb,
Lu)®” appear to be isostructural with Tm,ZnS,, based
upon powder diffraction results.

d. Optical Properties. The Lny,ZnS, (Ln = Dy,
Ho, Tm, Lu, Y)%% compounds are semiconductors
with wide band gaps.

3. El'zMnS469

a. Synthesis. The synthesis of Er,MnS,; was not
reported.

b. Structure. This structure type is also frequently
referred to as the Y,MnS,-type structure. Unfortu-
nately, the atomic coordinates are unavailable, so we
paraphrase the description of the structure.®® The cell
is orthorhombic and the metal atoms adopt two
different coordination environments. One kind of Er
atom is seven coordinate (7-octahedron); the second
is octahedral and disordered with the Mn atom. The
structure of this compound is supposedly similar to
that of Er,CrS, (Figure 15).

c. Related Compounds. X-ray powder diffraction
results indicate that the compounds Ln,MnS, (Ln =
Th—Tm, Y),”° LnyFeS,; (Ln = Ho—Tm),’® and Th,-
(MnMg)S,"* belong to this structural family.

d. Magnetic Properties.”? Magnetic susceptibility
measurements were performed on polycrystalline
samples of Er,MnS, and Y,MnS, down to 4.2 K. The
compounds are paramagnetic and obey the Curie—
Weiss law. There are no magnetic interactions be-
tween the Mn and Er cations in Er,MnS,, but there
are strong short-range antiferromagnetic interactions
among the Mn cations in Yo,MnS,.

4, Er,CrS,"

a. Synthesis. Er,CrS, was prepared from the
reaction of Cr,S; and Er,S; at 2123 K.

b. Structure. In the structure of Er,CrS, (Figure
15) there are ErSg octahedra and ErS; monocapped
trigonal prisms. The Cr atoms occupy severely dis-
torted octahedral sites with two long Cr—S interac-
tions, thereby making them only four coordinate. This
distortion, which results from the Jahn—Teller effect,
prevents Er and Cr from disordering. In this struc-
ture the ErS; polyhedra form chains along the c axis.
These chains share corners with chains of alternating
ErSg octahedra and CrS, tetrahedra to form the
overall three-dimensional structure.
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Figure 16. Subcell of the LnggCr,S, structure, as repre-
sented by SmggCr.S,s. In the structure Ln atoms occupy
two-thirds of the prismatic sites; these are shown fully
occupied here.
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c. Related Compounds.” From X-ray powder
studies the Ln,CrS, (Ln = Ho—Yb, Y) compounds
appear to possess this structure.

L. LnggsCr,Ss (Ln = Sm,75 Gd76)

1. Syntheses

SMo.esCr2S4 and Gdo gsCroS4 were prepared by the
reaction of LNnCrO3; and Cr,03 at 1573 K under H,S
gas flow.

2. Structure

The compounds adopt three-dimensional structures
that are very similar (Figure 16). Both SmggCr,S,
and GdoesCr,S, exhibit a supercell and subcell for
which the structures were solved. These compounds
consist of staggered double chains of CrSg octahedra
that share edges along the a axis. Ln-centered
bicapped trigonal prisms connect these double chains
of octahedra.

3. Related Compounds’”

The unit cell parameters of LNCr;Sg (Ln = Gd, Dy,
Ho, Er, Y), determined from powder diffraction data,
are similar to those of the supercell of the LNngeCr2Ss
compounds.

4. Magnetic Properties’®

Magnetic measurements performed on single crys-
tals of GdoesCr.Ss indicate that the material is
paramagnetic over the temperature range 2—300 K.

M. Y,HfSs’8 "

1. Synthesis

The compound was prepared at 1373 K from the
reaction of Y, Hf, and S in the presence of I,.

2. Structure

The structure of Y,HfSs (Figure 17) is of the U3Ses
structure type® with the Y and Hf atoms substituting
for U atoms in an ordered fashion. The Y atoms are
coordinated to eight S atoms in a bicapped trigonal-
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Figure 17. Structure of Y,HfSs.

prismatic arrangement. Eight-fold coordination of Y
by S is rare; coordination numbers this high are
usually found for the light rare-earth elements. The
Hf atoms bond to seven S atoms in a monocapped
trigonal-prismatic arrangement. These HfS; prisms
participate in edge-sharing to form infinite chains
parallel to the b axis. The chains form layers that
stack perpendicular to the a axis and are separated
by layers of YSg polyhedra.

3. Related Compounds™

The compounds Ln,ZrSs (Ln = La, Sm, Gd, Ho, Er,
Y), LnoHfSs (Ln = La, Ce, Sm, Gd, Ho, Er, Y), Ln,-
ZrSes (Ln = La, Sm, Gd, Tb), and Ln;HfSes (Ln =
La, Ce) have been synthesized in an analogous
manner and their lattice constants determined from
powder diffraction data.

4. Physical Properties’™

La,ZrSs and Ce,;HfSs are high-resistivity semicon-
ductors, whereas Sm;HfSs shows lower resistivity,
which is ascribed to the presence of an electronically
active dopant, probably Sm''.

N. LasFe,Ss Phases

1. Syntheses

LaFe,Ss8981 was prepared from the reaction of
La,S; and FeS at 1223 K. The related compounds La,-
Fe187Ss8! and LasFe; 765582 were also synthesized at
1223 K from mixtures of La,S; and FeggsS or Fegg3S,
respectively.

2. Structures

The three-dimensional structure of LaxFe,Ss (Fig-
ure 18) consists of two distinct La and Fe environ-
ments: a LaS; monocapped trigonal prism, a LaSs
bicapped trigonal prism, an FeS, tetrahedron, and
an FeSg octahedron. The Fe polyhedra share common
edges. This edge-sharing produces chains, parallel to
the a axis, formed by alternating Fe polyhedra. Four
chains traverse each cell and are connected by the
La-centered polyhedra.

The structures of LazFe; s;Ss and LayFe; 76Ss are
derived from LayFe,Ss. In both compounds vacancies
are introduced on the Fe sites. These vacancies cause
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Figure 18. Structure of LayFe,Ss viewed down the a axis.

the Fe-centered chains to become staggered and the
four-coordinate Fe centers to become five-coordinate.

3. Magnetic Properties

LayFe,Ss was originally reported to be an antifer-
romagnet with a Néel temperature of 11 K and a pes
value that corresponded to Fe''.83 However, neutron
powder diffraction studies indicate an antiferromag-
netic transition at 88 K.8*% The reason for this
discrepancy is unknown. The neutron diffraction
measurements also revealed superexchange interac-
tions between Fe cations located in the chains.

4. Related Compounds

Neutron powder diffraction studies of La,MnZnSs®
and La,MnFeSs®” indicate that these compounds are
isostructural with LayFe;Ss.

0. LnsCrSeg (Ln = Gd, %8 Sm,% Th)
1. Syntheses

These materials may be prepared from the sto-
ichiometric reactions of the elements in a KBr flux
at 1123 K.8 Gd;CrSes may also be obtained from the
thermal decomposition of GdCrSe; at 1073 K.88

2. Structure

The LnsCrSes materials crystallize (Figure 19) in
the U3ScSe®° structure type. The structure consists
of LnSe; octahedra (7-octahedron), LnSeg bicapped
trigonal prisms, and CrSes octahedra. The Ln-
centered polyhedra share edges and vertices in the
a direction to form a triple layer. In the b direction
the Ln triple layers are separated by a single layer
of CrSes octahedra. The layers are connected by edge-
sharing and corner-sharing of CrSes octahedra and
Ln-centered polyhedra.

Mitchell and Ibers

Figure 19. Us;ScSe structure type adopted by the Ln;CrSeg
compounds.

Figure 20. View of the structure of HosFeS; along the b
axis. The cation sites represented by the intermediate-size
spheres are statistically occupied by Ho and Fe in a 3:1
ratio.

3. Physical Properties

a. Magnetic Properties.?? Sm;CrSes and Ths-
CrSes are paramagnetic down to 5 K. GdsCrSeg
exhibits an antiferromagnetic transition at 10 K.
Since Sm3CrSes and Th3CrSeg do not order magneti-
cally, the antiferromagnetic transition of GdsCrSeg
probably involves the Gd"' centers.

b. Properties of Related Materials.®* The unit
cells, melting points, densities, and microhardness
of the compounds Ln3zCrSg (Ln = all Ln except Pm
and Eu) have been determined on polycrystalline
samples. From the unit cells it is likely that these
sulfides also crystallize in the U3ScSe structure type

P. LnsFeS; (Ln = Ho,*? Y*%) and Er,sMng4S;%

1. Syntheses

The LnsFeS; compounds were obtained by reacting
Fe and Ln,S;z at 1373 K under H,S gas. ErysMng4S7
crystals were prepared by reacting MnS and Er,S;
at 1273 K with I, as a transport agent.

2. Structure

The structure of LnsFeS; (Figure 20) and Erge-
Mno4S7 is of the YsS; structure type.®® There are
three different cation sites. The first is a seven-
coordinate monocapped trigonal-prismatic site oc-
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cupied exclusively by Ln"' atoms. The other two are
octahedral sites that are statistically occupied by Ln'"
and M"'in a 3:1 ratio for LnsFeS; or in a 4:1 ratio for
Ers6Mng4S7. The LnQ7 prisms and disordered Ln/M-
centered octahedra form individual layers along the
a axis. These layers stack perpendicular to the c axis
in the order octahedra—octahedra—prisms—octa-
hedra—prisms.

3. Physical Properties

a. Magnetic Properties.®® Y,FeS; is paramag-
netic over the temperature range of 77—673 K, with
a uerr value that corresponds to Fe''.

b. Properties of Related Materials. The mag-
netic properties of Er,FeS;,% Lny,MnS; (Ln = Er, Y),%
and Dy;MSe; (M = Cr—Fe)%® were measured. The
compounds are paramagnetic with u. values that
correspond to Ln'"" and M.

Thermopower measurements on Dy;MS; (M = Cr—
Fe)% indicate that these compounds are p-type
semiconductors.

Q. La4NiS797
1. Synthesis

The material was synthesized from a mixture of
La,S; and NiS at 1273—1323 K.

2. Structure

This layered compound exhibits an uncharacterized
superstructure. However, the subcell is related to
that of K;NiF,.%® The La atoms are either seven- or
eight-coordinate, whereas the Ni atoms are six- or
seven-coordinate (but with two to three long bonds).
Both Ni positions are partially occupied as are two
of the four S positions.

3. Related Compounds®’

Unit cell parameters of LnsNiS7 (Ln = Ce, Pr, Nd)
and La,CoS; suggest that these materials have the
same subcell as LasNiS;.

R. GdgCU2T6799
1. Synthesis
Gd, Cu, and Te were reacted at 1123 K in a Kl flux.

2. Structure

The structure of Gds;Cu,Te; (Figure 21) is con-
structed from CuTe, tetrahedra, isolated undistorted
linear chains of Te atoms, and GdTeg bicapped
trigonal prisms. The CuTe, tetrahedra form chains
by sharing vertices in the c direction with a chain of
Te atoms, thus forming the central backbone. These
chains of tetrahedra also share vertices in the a
direction to form two-dimensional 2[Cu,Tes] layers.
The GdTeg bicapped trigonal prisms separate the
2[Cu,Tes] layers and isolated Te chains from each
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Figure 22. Structure of EugsoNbsSeg. The Eu sites, which
are 59% occupied in the structure, are shown fully occupied.

other. As is typical for complex polytellurides,00.101
oxidation states could not be assigned.

S. EU0_59Nb5868102
1. Synthesis

The synthesis involved the reaction of the elements
at 1275 K.

2. Structure

This three-dimensional structure (Figure 22) com-
prises two independent Eu atoms, five independent
Nb atoms, and eight independent Se atoms. Each of
the Eu sites is approximately 59% occupied. The
structure is built from several different metal-
centered coordination polyhedra: NbSes octahedra
(two sites), NbSeg trigonal prisms (three sites), and
EuSeg cubes. The NbSeg trigonal prisms participate
in edge-sharing along the a axis to form infinite
NbSe,-type chains. Pairs of NbSes octahedra connect
the chains by sharing faces with the NbSeg trigonal
prisms. Octahedral coordination for Nb is rare, and
this coordination geometry produces close Nb—Nb
interactions of 2.95(1) A. Finally, chains of Eu atoms
fill the resulting channels by occupying the distorted
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Figure 23. Structure of YbgFe,Si;. The cation sites
represented by the intermediate-size spheres are statisti-
cally occupied by Yb and Fe in a 3:2 ratio.

cubic sites along the b axis. Eu in a cubic environ-
ment is a rarity.

3. Electrical Conductivity

The material exhibits excellent metallic conductiv-
ity along the b axis with 029s = 3.5 10* and 01, = 1.4
10% ohm~=1 cm™1.

T. EI’eCI’zS1llO3 and Yb5F92811104

1. Syntheses

EresCr,S11 was prepared by the reaction of Er,S;3
and Cr;S; at 1723 K in an atmosphere of H,S. Ybe-
Fe,S;; was prepared from the reaction of FeS and
Yb,S; at 1423 K in a current of H,S.

2. Structure

EreCr,S11 was assigned to space group Bb2;m, an
alternative setting of Cmc2,, but was described as
having a “pseudo mirror.” If the mirror is real, then
the space group is Cmcm, the group used to describe
YbeFe,S::. We take this mirror as being real and
these compounds as being isostructural. In this
layered structure (Figure 23) there are two indepen-
dent Ln sites and three independent “M” sites. The
Ln sites have a monocapped trigonal-prismatic en-
vironment, whereas the “M” sites are octahedral and
each consists of a statistical disorder of 60% Yb"' and
40% Fe'". The structure comprises rows of LnS;
prisms linked together by the octahedra.

3. Magnetic Properties of ErgCr,S;1 and Related
Compounds?%

The compounds LngCr,S;; (Lh = Gd, Th, Er, Ho)
are paramagnetic in the temperature range 80—300
K. It is not known if the Ln = Gd, Th, Ho compounds
have the same structure as ErgCr;,S;;.

U. EU2R85811106

1. Synthesis

The compound was synthesized by the reaction of
Eu,0O3; with Re in a stream of H,S at 1523 K.

2. Structure

The structure (Figure 24) contains [ResSsg] clusters
in which Reg octahedra are inscribed in cubes of us-S
atoms. It also contains pairs of Eu atoms (Eu---Eu =
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Figure 24. Eu,ResS;; structure. The Eu—S bonds have
been removed for clarity.

3.841(1) A) in double trigonal prisms that share a
triangular face. These polyhedra are linked through
S atoms to form the three-dimensional structure.

3. Magnetic Properties

The compound is paramagnetic but exhibits an
antiferromagnetic transition at 5 K that is ascribed
to coupling between the Eu pairs (J(Eu"'—EuU") =
—0.36 cm™1).

V. La15,9Cr5_4837_1°7 and La3,7_55M1_156 (M = Mﬂ,
Fe)108,109

1. Syntheses

La;s9Crs4S3, was prepared from the reaction of
La,Ss, Cr, and S at 1323 K with LaCl; as a flux.
Las266M1.1Sg was obtained from the thermal decom-
position of La;MS, at 1373 K under a current of H,S.

2. Structures

The structures of these materials are complicated.
LaisoCrs4S32 contains [Cr,S¢'?] face-shared biocta-
hedra that reside on the 3-fold axis of the cell. These
bioctahedra are linked alternately by two different
MeS13 edge-bridged octahedral cluster units (O and
0O'). The O clusters are composed entirely of eight-
coordinate La atoms with a partially occupied S atom
residing in the middle of the cluster. The O’ clusters
have both La and Cr disordered on the M sites,
making the coordination environment of the cations
difficult to ascertain. There is also a partially oc-
cupied S atom residing in the middle of the O’ cluster.
These three subunits form chains along the c¢ axis.
These chains are connected to neighboring chains by
a seven-coordinate La atom.

The structure of Laz26sM1.1S is similar to that of
Lass9Crs4Ss2, although the partially occupied S atom
at the center of the O' cluster in Lajs9Crs4Ss; is
replaced with three partially occupied M atoms (M
= Mn, Fe). Also, the O' cluster in LazM11S6 iS
composed entirely of La atoms.
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3. Magnetic Properties

The magnetic susceptibility of La;s9Crs4Ss,, mea-
sured from 5 to 350 K, supports an all Cr'"' com-
pound. The compound does not exhibit long-range
magnetic interactions, but there is a significant
antiferromagnetic coupling between cluster groups.

IV. Quaternary Compounds

The utility of the reactive-flux technique'* in the
synthesis of new quaternary alkali-metal rare-earth
d-element chalcogenides (A/Ln/M/Q) has clearly been
demonstrated over the past decade. The low melting
points of the A;Qy fluxes (433—723 K) and their
ability to act as both reagent and reaction medium
allows for the isolation of species that cannot be
obtained by the use of traditional high-temperature
solid-state experimental methods. It is likely that in
most instances these latter methods yield thermo-
dynamic products whereas the reactive fluxes afford
kinetic products.

The dimensional reduction engendered by the
addition of an alkali-metal cation to a binary to form
a ternary or to a ternary to form a quaternary was
documented almost a decade ago.''® The use of
reactive alkali-metal fluxes enables such additions
and has generated a host of low-dimensional materi-
als displaying a variety of one-dimensional, layered,
and tunnel structures in addition to interesting
physical properties. Although the d-element in these
systems predominantly has been Cu or Ag, several
recent discoveries'! show that this method can be
extended to other transition metals. Reviews are
available on the reactive-flux technique!'?'3 and on
dimensional reduction.'*

A. LaPbCuSst1

1. Synthesis

LaPbCuS; was synthesized from a mixture of
La,Ss, Pb, Cu, and S at 1273 K.

2. Structure

LaPbCuS; (Figure 25) is a three-dimensional struc-
ture that is closely related to that of a-La,S3.1*® The
Cu atoms insert into one of the two unoccupied
tetrahedral sites of the a-La,S; structure. These CuS,
tetrahedra form chains parallel to the b axis by

Figure 25. LaPbCusS; structure. The cation sites repre-
sented by the large spheres are statistically occupied by
La and Pb.
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Figure 26. KZrCuS; structure type, as represented by
that of BaErCuSa.

corner-sharing. Pb" disorders with La'"' over two
crystallographic sites. The La and Pb cations are in
a monocapped trigonal-prismatic environment.

B. CsCeCuSs!” and CsGdZnSe;ttt

1. Syntheses

CsCeCuS; was prepared from Ce and Cu with a
Cs,S/S reactive flux at 673 K. CsGdZnSe; was
prepared from the reaction of Gd and Zn with a Cs,-
Ses/Se reactive flux with the addition of Csl as an
additional flux at 1273 K.

2. Structures

These compounds possess the KZrCuS;!8 structure
type (Figure 26).

3. Physical Properties

CdGdznSe;!'* is paramagnetic in the range 5—300
K. From a diffuse reflectance spectrum, optical band
gaps of 1.88 and 2.92 eV were deduced. The spectrum
is indicative of a complex electronic structure involv-
ing indirect transitions.

CsCeCuS3” has been described as possessing
“valence fluctuations.” The magnetic response is said
to support a Cs(Cu')(Ce'")(S")x(S™) formalism. The
conductivity behavior on a pressed polycrystalline
pellet is that of a semiconductor. Thermopower
measurements indicate holes as the primary charge
carriers. Overall, the physical properties of this
material are not well understood.

C. BaLnMQ3; Phases

1. Syntheses

Some of the compounds in this large family were
synthesized by the reactions of the constituent binary
chalcogenides and elements at 1273 K. Others were
prepared at 1123 K by the reaction of Ln, M, Q, and
BaQ with various fluxes, including BaBr,/KBr and
BaClz.

2. Structures

a. Compounds with the KZrCuS; Structure
Type!''® (Figure 26). These compounds include
BaErCusS;,'*° BaYAgSes,'® BaGdAuSe;,*® BaYCuTes,*®
BaYAgTes,*® BaDyCuTes,'?® and BaGdCuSes.*'t

This structure comprises 2[LnMQ3s2] layers con-
structed from MQ, tetrahedra and LnQg octahedra.
The octahedra share edges in the a direction and
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Fi_gure 27. Structure of BaLaCuS; viewed along the b
axis.

vertices in the c direction to form a two-dimensional
2[LnQz3"] layer. M atoms insert into the vacant
tetrahedral sites of the 2[LnQs%"] layers to form
2[LnMQ32] layers. The coordination of the Ba at-
oms is either monocapped or bicapped trigonal pris-
matic, depending on the compound. The Ba atoms
reside between the layers.

Powder diffraction patterns indicate that BalLn-
CuS; (Ln = Gd, Y),*® BaLnCuSe; (Ln = Er, Y),!1°
BaNdAgS;,'° and BaLnAgSes (Ln = La, Er)'° are
isostructural with KZrCusSs.

b. Compounds with the Eu,CuS; Structure
Type?*® (Figure 12). These include S-BaLaCuSez*’
and BaLaCuTe3,*® with La'"" in place of Eu'", Ba'' in
place of Eu'!, and Se or Te in place of S.

c. Compounds with the BaLaCuS; Structure
Type (Figure 27). These include BalLaCuS; and
o-BalLaCuSe;.#” BaLaCuS; has a three-dimensional
anionic framework constructed of LaS; monocapped
trigonal prisms and CuS, tetrahedra. The structure
has channels that accommodate the Ba atoms.

d. BaErAgS;'?t (Figure 28). This is a three-
dimensional tunnel structure that is related to that
of BaLaCuS;. The anionic portion of the structure
consists of ErSg octahedra and AgSs units. These
AgSs polyhedra share corners to form Ag,Ss tricapped
trigonal bipyramids. The ErSg octahedra share edges
to form double chains that connect to form the three-
dimensional structure through the Ag,Se units.

From powder diffraction data BaLnAgS; (Ln = Gd,
Y)'2t appears to have this structure.

3. Physical Properties

a. Magnetic Properties. Magnetic susceptibilities
of a number of these compounds have been measured.
All compounds are paramagnetic with effective mo-
ments corresponding to Ln''.

b. Optical Properties. Band gaps have been
determined from diffuse reflective spectra for BaY-
CuS3,'1® BaNdCuS;3,° BaGdCuS;,° BaNdAgSs,1°-
and BaGdCuSes.'** These compounds are semicon-
ductors.

c. Other Properties. 5-BaLaCuSe; converts to
o-BaLaCuSe; upon grinding. The reverse-phase tran-
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Figure 28. BaErAgSs; structure.

sition occurs when oa-BalLaCuSe; is annealed at
elevated temperatures.*

D. K0,5Bao,5DyCu1,5Te312°

1. Synthesis

Ba, Dy, Cu, and Te were reacted at 1123 K in a
LiCI/KCI flux.

2. Structure

The structure of KysBagsDyCu,sTe; is a filled
variant of that of the KZrCuS; structure type (Figure
26).118 In KosBagsDyCu, sTes there is a second Cu site
that is partially occupied, ensuring charge balance
as Ba is substituted for K. These new Cu atoms also
form one-dimensional vertex-sharing chains of tet-
rahedra that interconnect with adjacent chains to
form the three-dimensional structure. Both the Dy
and the disordered K/Ba atoms reside in the tunnels
formed by this three-dimensional array of CuTe,
tetrahedra. The A, Dy, and Cu atoms are seven-, Six-,
and four-coordinate, respectively.

E. KCeCuTe,!?

1. Synthesis

The material was synthesized at 973 K from a
reactive K,Te/Te flux containing Cu and Ce.

2. Structure

The structure (Figure 29) is described as being built
from two distinct layers, 2[CuTe ] and 2[CeTes],
leading to an intergrowth compound with the more
descriptive formula KT[CuTe ][CeTes]. The Cu atoms
are tetrahedrally coordinated and participate in edge-
sharing along the a and b axes to form 2[CuTe"]
layers. The Ce atoms are coordinated in tricapped
trigonal prisms, and the layers formed from these
polyhedra are analogous to the Nd-centered layers
of NdTes.12® The 2[CeTes] layer contains a square Te
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Figure 29. KCeCuTe, structure.

Figure 30. Tunnel structure of the ALn,CuQ, phases, as
represented by that of KGd,CusS,.

net with a Te—Te distance of 3.1417(6) A. The

2[CuTe] and 2[CeTes] layers are separated by K
atoms and stack alternately along the c axis.

3. Physical Properties

The material shows paramagnetic behavior from
5 to 300 K with ues corresponding to Ce'"'. A pellet of
KCeCuTe, shows metallic behavior, and thermopow-
er data suggest that the carriers are holes.

F. ALn,CuQ4 Phases

These compounds include KGd,CuS4,™* RbNd,-
CUS4,125 RbSmZCuS4,125 RbSmZCuSe4,126 RbGdzCU-
Sey,1%6 RbDy,CuSes,'?% CsLa,CuSe,,'?® and CsSms,-
CuSe,.1%°

1. Syntheses

These compounds were synthesized by the reactive-
flux method. Details include KGd,CuS,**—Gd, Cu,
K,Ss/S flux, 723 K; RbLn,CuS,, Ln = Nd, Sm*?5—Ln,
Cu, Rb,S3/S flux, 973 K; RbLn,CuSe,, Ln = Sm, Gd,
Dy*?6—Ln, Cu, Rb,Ses/Se flux, 1073 K; CsLn,CuSey,
Ln = La, Sm'?»®—Ln, Cu, Cs,Ses/Se flux, 973 K.

2. Structure

These compounds are isostructural, crystallizing in
the KGd,CuS, structure type (Figure 30). This is a
three-dimensional tunnel framework. The tunnels
are 10-membered pentagonal rings that are large
enough in cross section to accommodate a single
eight-coordinate A atom. These AQsg polyhedra share
triangular faces along the a axis. Moreover, the
tunnels consist of two Cu—Q bonds and eight Ln—Q
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bonds. The three-dimensional anionic framework is
built from LnQg octahedra and CuQ, tetrahedra. The
Ln/Q fragments in these compounds consist of dis-
torted 2[Ln,Qs*"] layers that are built from the
LnQs octahedra sharing edges parallel to the a axis
to form chains. The chains are connected through
vertex-sharing of Q atoms to form layers. The
2[Ln,Qs*"] layers are connected by the octahedra in
one layer sharing edges with octahedra in adjacent
layers to form the three-dimensional framework.

G. KzCGCUzS4127

1. Synthesis

K>CeCu,S; is formed from the reaction of Cu and
Ce in a K5S/S flux at 533 K.

2. Structure

Unfortunately, the atomic coordinates are not
available in the original paper or in the deposited
material, so we are unable to authenticate the
authors’ description of the structure, which we para-
phrase here. The anionic framework of this layered
compound comprises CeSg octahedra and CuS, tet-
rahedral. The CeSg octahedra share edges along the
b axis to form chains. The Cu-centered tetrahedra
share two edges with octahedra in one chain and a
vertex with an octahedron in a neighboring chain to
form layers. The K atoms reside in the interlayer
gallery.

3. Physical Properties

As for CsCeCuS;,tt" K,CeCu,S, is a p-type semi-
conductor that has been described as possessing
“valence fluctuations”. The magnetic response is said
to support a Ky(Cu'),(Ce'")(S")3(S™) formalism. Over-
all, the physical properties of this material are not
well understood.

H. KEuCu,Te,

1. Synthesis

A reactive K;Te/Te flux containing Cu and Eu was
used to synthesize the compound at 1123 K.

2. Structure

The structure of KEuCu,Te, (Figure 5) is of the
CaMnBi, type'?® and comprises square antiprismatic
Eu atoms sandwiched between an anti-PbO-type
layer of [CuTe™] and a flat square net of Te atoms.
The Cu atoms are tetrahedrally coordinated.

3. Physical Properties

a. Magnetic Properties. KEuCu;Te, is paramag-
netic over the temperature range 5—300 K; the
derived value of ue is consistent with Eu'l. Attempts
to assign formal charges seem strained. It is usually
very difficult to assign formal charges in complex
tellurides.1®

b. Transport Properties. Electrical conductivity
and thermopower data on a pressed pellet suggest
p-type metallic or semimetallic behavior.

4. Related Compound

Nao 2Ag2sEUTe,? is isostructural with KEuCu,Te,.
The compound, prepared at 1123 K from a reactive
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Figure 31. K,;CeAgsTe, structure.

Na,Te/Te flux containing Ag and Eu, is a p-type
semiconductor with a band gap of 0.24 eV.

l. K2CeAg3Te4129

1. Synthesis

This material was synthesized by the reactive-flux
technique at 1123 K utilizing a K;Te/Te flux with
added Ag and Ce.

2. Structure

This is a three-dimensional tunnel structure (Fig-
ure 31). The tunnels are 16-membered rings that are
large enough in cross section to accommodate four K
atoms. The anionic framework of K,CeAgs;Te, consists
of CeTeg octahedra and AgTe, tetrahedra. Corrugated
fo[CeAngef*] layers are formed from double rows of
edge-sharing AgTe, tetrahedra that connect with
chains of edge-sharing CeTeg octahedra. These layers
are linked by a third Ag atom to form the three-
dimensional structure.

3. Physical Properties

The material is paramagnetic in the range 5—300
K, with ue consistent with Ce'"'. K,CeAgsTe, is a
p-type semiconductor (band gap = 0.36 eV).

J. RbgCeCugTe513°

1. Synthesis

This material was synthesized from the reaction
of Cu and Ce in a Rb,Te/Te reactive flux at 1123 K.

2. Structure

This compound has a layered structure (Figure 32).
The Ce atom is coordinated in a distorted pentagonal
bipyramid in which one #?-Te,?~ unit and three Te?~
anions comprise the pentagon and the two Te? units
are in the axial positions. These bipyramids share
Te?™ units to form chains along the b axis. Cu atoms
occupy the tetrahedral positions within these chains.
Each CuTe, tetrahedron is coordinated at two ver-
tices to the axial positions on two neighboring
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Figure 32. Structure of Rb,CeCusTes viewed down the b
axis.

pentagonal bipyramids and at the remaining vertices
to the closest edge between these axial positions. The
1[CeCu,Tes®"] chains connect by means of a second
type of distorted CuTe, tetrahedron to form
![CeCusTes?] layers along the a axis. As is typical
for these compounds, the Rb atoms reside between
the anionic layers.

3. Physical Properties

The compound is paramagnetic in the range 5—300
K with a ues consistent with Ce'"'. From electrical
conductivity and thermopower measurements the
material is a p-type semiconductor with a narrow
band gap.

K. ALn;M3Qs Phases

These compounds include RbEr,CuzSs,*?5 CsGd,-
AgsSes,’?> CsThoAgsSes,'?> and RbSm,AgsSes. 26

1. Syntheses

These compounds were synthesized by the reactive-
flux method at 973 or 1073 K. Ln and M were added
to a reactive flux of A,Q3/Q.

2. Structure

These isostructural compounds crystallize in the
RbSm,Ags;Ses structure type, a three-dimensional
tunnel structure (Figure 33). The tunnels are 10-
membered pentagonal rings consisting of six Cu—Q
bonds and four Ln—Q bonds that are large enough
in cross section to accommodate a single eight-
coordinate A atom. These AQg polyhedra share
triangular faces along the a axis. The three-dimen-
sional anionic framework is built from LnQg octahe-
dra and CuQ, tetrahedra. The Ln/Q fragments in
these compounds consist of distorted 2[Ln,Qs*]
layers that are built from the LnQg octahedra sharing
edges parallel to the a axis to form chains. The chains
connect through vertex-sharing of Q atoms to form
layers. In contrast, the MQ, tetrahedra share vertices
and edges to form two-dimensional layers that con-
nect to form the tunnel structure. The tunnels in this
structure are very similar to those in ALNn,CuQ,
(Figure 30).
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Figure 33. Structure of RbSm,Ags;Ses, which is adopted
by the ALn,M;3Qs phases.

3. Physical Properties

RbEr,CusSs is paramagnetic between 5 and 300 K;
the derived value of ues is consistent with Er'"'. The
compound exhibits a typical Er'"' absorption spec-
trum, with 4f—4f transitions at about 1.6, 1.9, and
25 eV.

L. ALn,CuQs Phases

This family includes KCe,CuSg,'?” KCe,CuSeg, 17131
KEUu,CuSs,'%? and CsCe,CuSe.1t’

1. Syntheses

All four compounds were synthesized by the reac-
tive-flux method. KCe,CuSs!?” was synthesized by the
reaction of K,S, Cu, Ce, and S at 543 K. KCe,CuSes**!
was synthesized by the reaction of K,Se, Cu, Ce, and
Se at 723 K. KEU,CuSs!*? was synthesized at 653 K
by reacting K,S3; with Cu, EuS, and S. CsCe,CuSg!!’
was synthesized from Cs,S, Cu, Ce, and S at 673 K.

2. Structures

Phases with this stoichiometry were originally
reported to crystallize in several different space
groups—KCe,CuSg*?’ in C2/c, CsCe,CuSs and KCe,-

Qo
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CuSes'” in Immm, and KEu,CuS¢'®? in Fddd. It was
later shown that the earlier work was incorrect and
that KCe,CuSes'3! actually crystallizes in Fddd. That
work also indicated a possible orthorhombic cell for
KCe,CuSs. In any event, the structures of these four
compounds are essentially the same (Figure 34),
possibly differing in the ordering of the Cu sites. The
structure consists of anionic layers formed from LnQsg
and CuQ, polyhedra with A atoms residing between
the layers. In these compounds the Ln atoms are
coordinated to two Q»2~ units and four Q% anions to
form a bicapped trigonal prism. The Q,?>~ units form
the short side of the prism, whereas the Q2™ anions
occupy the apex and capping positions. These prisms
share triangular faces in the a direction to form
chains. Layers are then formed when neighboring
chains share Q2 units, such that the capping unit
of one prism is the third Q atom of the triangular
face of a neighboring LnQg polyhedron. The Ln/Q
portion of this structure is analogous to several
known phases, including ZrSes® and CsTh,Tes.13*
The Ln-centered prismatic chains possess tetrahedral
sites that accommodate the Cu™ ions. The CuQ,
tetrahedra are coordinated to the ends of two sepa-
rate Q. units and to Q%> units at the remaining
sites. The A atoms are eight coordinate and connect
the anionic layers together parallel to the c axis.

3. Physical Properties

a. Optical Properties. From diffuse reflectance
measurements the band gaps of KCe,CuS¢'?” and
CsCe,CuSg!t are 1.8 and 2.0 eV, respectively. A band
gap of 0.55 eV is estimated for KCe,CuSeg.'’

b. Magnetic Properties. CsCe,CuS¢*’ is para-
magnetic between 2 and 300 K and shows some local
antiferromagnetic ordering at low temperatures.
KCe,CuSe'?” is paramagnetic above 160 K. These
magnetic data are consistent with Ce'"'.

4. Related Compounds

From X-ray powder data KLa,CuSg''” appears to
be related structurally to this family of compounds.

M. Ba;LnAgsSs (Ln = La, Y)'®

1. Syntheses

These compounds were prepared by the reaction
of BaS, La,S; or Y,S3, Ag, and S at 1273 K.

Figure 34. Structure of KEu,CuSe viewed along the a axis.
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Figure 35. Ba,L.nAgsSe structure, as typified by that of
BazLaAg5SG.

2. Structure

The three-dimensional tunnel framework of Ba,-
LnAgsSs (Figure 35) is built from LnSg octahedra,
AgS, tetrahedra (two unique crystallographic sites),
and linear AgS; units (one crystallographic site). The
AgS; unit can also be thought of as a highly com-
pressed octahedron, consisting of the two bonded S
atoms and the four next-nearest S neighbors. How-
ever, these next-nearest neighbors are at a Ag---S
distance of 3.841(3) A, much too long to be bonding.
Ba atoms are accommodated in the tunnels.

3. Related Compound

From X-ray film photography, Ba,YAgsSs appears
to be isostructural with Ba,LaAgsSs.

N. La3CuSi87136

LasCuSiS7 is a member of a very large family of
compounds crystallizing in the hexagonal system, the
first to be studied by single-crystal diffraction meth-
ods being CesAl333S14.23” Since this material crystal-
lizes in a polar space group, it should exhibit piezo-
electric and second-order nonlinear optical behavior.
For this reason many new phases have been synthe-
sized. This family now consists of over 250 com-
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pounds.'3¢ Although the majority of this work was
completed prior to 1970, there have been several
recent additions.'38-140 For the sake of brevity, only
the structure LazCuSiS;*3 will be discussed here. A
more detailed description of these materials is avail-
able.136

1. Synthesis

LazCuSiS; was obtained from a mixture of La,S;3
and Cu,S at 1473 K under an atmosphere of H,S
charged with SiS; vapor.

2. Structure

This three-dimensional compound (Figure 36) crys-
tallizes in the space group P6;. The La atoms are
eight-coordinate in a bicapped trigonal-prismatic
environment. The Cu atoms sit on the hexagonal axis
in a severely distorted octahedral environment with
three short Cu—S bonds and three long Cu—S inter-
actions. This bonding environment may more ac-
curately be described as CuS; triangles. The Si atom
is on the 3-fold axis and is tetrahedrally coordinated.
In this structure the LaSg prisms share corners along
the c axis to form chains. The isolated CuS; triangles
and SiS, tetrahedra pack parallel to the ¢ axis in
vacancies created by the La-centered chains.

3. Physical Properties'®

A strong piezoelectric effect is observed for Las-
CusSiSs.

4. Physical Properties of Related Compounds

Magnetic measurements on LazsMAIS; (M = Mn—
Co)#! show that these materials are antiferromag-
netic with Néel temperatures between 110 and 130
K. However, a neutron diffraction study on Las-
MnAIS;**? indicated that there is no long-range
magnetic order down to 1.2 K. The reason for this
discrepancy is unknown.

The LagMFeS; (M = Fe—Ni, Zn)**! materials are
all p-type semiconductors, with the exception of the
Ni compound which is metallic. Among these materi-

Figure 36. Structure of LazCuSiS;.
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Fi_gure 37. Structure of Rb,Gd,Cu,S, viewed along the b
axis.

als only LasFe,S; orders magnetically; it shows an
antiferromagnetic transition at 155 K.1*2 Both the Fe-
centered octahedra and tetrahedra participate in the
magnetic ordering.

0. szGd4CU4Sgl25
1. Synthesis

The compound was synthesized at 973 K by the
addition of Gd and Cu to a reactive Rb,S3/S flux.

2. Structure

This compound possesses a three-dimensional tun-
nel framework structure (Figure 37). Each tunnel
consisting of four Cu—S bonds and six Gd—S bonds
is a 10-membered pentagonal ring that is large
enough in cross section to accommodate a single
eight-coordinate Rb atom. These RbSg polyhedra
share triangular faces along the a axis. The three-
dimensional anionic framework in this structure is
built from GdSs octahedra and CuS, tetrahedra. The
Gd/S fragments consist of distorted 2[Gd,Ss*"] lay-
ers that are built from the GdSg octahedra sharing
edges parallel to the a axis to form chains. The chains
connect through vertex-sharing of S atoms to form
layers. The 2[Gd,Ss*"] layers connect by an octahe-
dron in one layer sharing edges with octahedra in
adjacent layers to form the three-dimensional frame-
work. The tunnels in this structure have shapes
similar to those in ALn,M3Qs (Figure 33) and ALn,-
CuQq (Figure 30).

3. Physical Properties

The material is paramagnetic in the temperature
range 5—300 K; the derived value of u.s IS consistent
with Gd"". A band gap of 1.94 eV has been deduced
from a diffuse reflectance spectrum.

P. Ba4Ln2Cd3Q10

This family includes BasLn,CdsS:o (Lh = Sm, Gd,
Th)!*® and BasNd,Cd;Se;o.242

1. Syntheses

The materials were prepared by the reaction of
stoichiometric amounts Ln, Cd, Q, and BaQ in a
BaBr,/KBr eutectic flux at 1173 K.
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Figure 38. Structure of the Ba;Ln,Cd3;Q;0 compounds, as
represented by that of Ba;Nd,Cds;Seso.

2. Structure

The structure of these compounds (Figure 38) is
composed of two-dimensional 2[Ln,CdsQ108] layers
that stack perpendicular to the c¢ axis. The
2[LN,CdsQ1c87] layers consist of chains of edge-
sharing LnQg octahedra and vertex-sharing CdQ,
tetrahedra that share vertices with each other along
the b axis. Additionally, there are branching planes
of CdQ4—LnQs—CdQ, units that stick out of the main
plane. The Ba atoms, which reside between the
layers, adopt two coordination environments, a mono-
capped and a bicapped trigonal prism.

3. Physical Properties

Ba,Th,CdsS;o is paramagnetic over the tempera-
ture range 2—300 K; the derived value of ues is
consistent with Tb"'. A band gap of 3.0 eV was
deduced for this compound from a diffuse reflectance
spectrum.

Q. AsLn4sCusQqo Phases

Compounds in this series include K3Dy,CusTe;o,*%°
RbgLn4CU5selo (Ln = Gd, Dy),l26 KsLnsCusTeqg (Ln
= Sm, Gd, Er),l““ Rb3Ln4Cu5Te10 (Ln = Nd, Gd),l44
and Cs3Gd,CusTeq.14

1. Syntheses

The selenides were synthesized by the reactive-flux
method at 1073 K from Rb,Ses/Se with added Ln and
Cu. The tellurides were synthesized at 1123 from Ln,
Cu, and Te in a LiClI/ACI flux.

2. Structures

These three-dimensional tunnel structures are
illustrated in Figure 39 for RbsDy,CusSe;o. All nine
compounds crystallize in the same space group and
have very similar structures built from LnTes octa-
hedra and CuTe, tetrahedra. These structures differ
mainly in the location of the Cu3 atom. The four Cu
sites in these compounds are illustrated in Figure 40.
Atoms Cul and Cu2 are always in Sites | and II,
respectively. The Cu3 atom in Kz;LnsCusTeyo (LN =
Sm, Gd, Er) is located in Site Ill, and the Cu3 and
Cu4 atoms in K3Dy,CusTeo are disordered over Sites
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Figure 39. Structure of the A3Ln,CusQ;o phases, as
represented by that of Rb3Dy,CusSes,.

Figure 40. Common fragment of the AzL.n,CusQ;o Struc-
ture viewed down the c¢ axis. The four Cu sites (I, I, 111,
1V) are shown, but the Cu—Q and A—Q bonds are not.

Il and IV. The Cu3 atom in RbzLn;CusSe;o (Ln =
Gd, Dy), RbsLnsCusTeqg (Ln = Nd, Gd), and Cs;Gdy-
CusTeyg is located in Site IV, but in RbsLn,CusSe;o
both the Cu2 and Cu3 sites are partially occupied.
The tunnel in KsLnysCusTep (Ln = Sm, Gd, Er)
contains three K* cations in a 16-membered ring
comprising eight Cu—Te bonds and eight Ln-Te
bonds. The tunnel (Figure 39) in RbzLn,CusTe;o (LN
= Nd, Gd), Cs3Gd,CusTeqo, RbsLnsCusSeqq (Ln = Gd,
Dy), and K3Dy,CusTe;o contains three A* cations in
a 20-membered ring comprising four Cu—Q bonds
and 16 Ln—Q bonds.

3. Magnetic Properties!?
RbsDy,CusSeg is paramagnetic in the range 5—300
K with a uess corresponding to Dy'".

R. LngCrTeysCl (Ln = Sm, Gd, Tb)*®

1. Syntheses

These compounds were synthesized by the reaction
of Ln, Cr, Te, and CrCl; at 1123 K.
2. Structure

The structure (Figure 41) has been described as a
pseudo-misfit-layer structure. It consists of alternat-
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Figure 41. LngCrTe 3Cl structure type as typified by that
of SmgCrTe; 3Cl. Here the unfilled spheres represent ClI
atoms.
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Figure 42. Structure of EugCus;Fe;3S;7. The intermediate-
size spheres represent both the Cu and the Fe atoms.

ing rock-salt and Cdl,-type layers with the composi-
tions [LngTesCI] and [Ln,CrTeg], respectively. The
structure differs from that of typical misfits because
the Ln—Te bonds connect the layers and because in
the Cdl,-type layer the hexagonal closest-packed
sheets are distorted.

The coordination of the eight independent Ln
atoms comprise three 7-octahedra and five bicapped
trigonal prisms. The Cr atom is in a slightly distorted
octahedron of Te atoms.

S. EUGCU12F813827146
1. Synthesis

The compound was prepared from EuS and FeCusS;
at 1173 K under CS,/Ar.

2. Structure

EusCuisFe1sS,7 (Figure 42) is isostructural with
BasCuisFe13S,7.247 The structure consists of Fe- and
Cu-centered tetrahedra that share edges and corners
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to form a three-dimensional cubic framework. The
tetrahedra form large interconnecting tunnels and
octahedral cages. Within each unit cell a FeSg and
an EugS octahedron occupy these tunnels and cages,
respectively. Alternatively, the Eu cations may be
thought of as being coordinated to nine S atoms in a
tricapped trigonal-prismatic arrangement. In this
material Fe is present in both the +Il1 and +IlI
oxidation states, and the formula of this compound
may be written as Eu''sCu'jsFe!'gFe!"!,S!" 57,

V. Conclusions

Although many compounds have been mentioned
in this review of rare-earth transition-metal chalco-
genides, numerous additional compounds remain to
be discovered and studied. It is obvious that with
current synthetic techniques, such as the use of
reactive fluxes, new phases can be isolated. The rich
structural chemistry of this still developing field is
dominated by 3d/4f sulfides. Information on possible
selenide and telluride analogues of these compounds
is largely lacking. Experience suggests that these
selenides and especially tellurides will not be “ana-
logues” but will have different structure types and
different physical properties. Information on 4d/4f
and 5d/4f chalcogenides is sorely lacking. Consistent
studies across both the Ln and M series for a given
structure type are practically nonexistent at present
but are essential if correlations between structure
and physical properties are to be drawn. Additional
optical, transport, and magnetic measurements, com-
bined with improved theoretical calculations, are
needed for most of the compounds discussed in this
review. Additionally, more sophisticated magnetic
measurements and neutron diffraction studies are
essential if we are to catalog and understand the
highly sought-after d/f magnetic interactions.

VI. Abbreviations

Ln rare-earth metal or Y

Q S, Se, or Te

M transition metal, excluding Sc
T main-group element

A alkali or alkaline-earth metal
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