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The syntheses, crystal structures, and physical properties of 
some recently discovered layered ternary and quaternary 
chalcogenides are reviewed. One component of these sys- 

tems is an alkali metal or thallium; another is a d-, f - ,  or p- 
block metal. 

Differences among metal oxide and metal chalcogenide 
structures (chalcogen = Q = S, Se, Te) are striking. These 
differences include polyhedra other than tetrahedra and oc- 
tahedra as building blocks in most chalcogenide structures; 
the absence of closest packing in many chalcogenide struc- 
tures; the occurrence of trigonal-prismatic coordination for 
the second- and third-row early transition metals; the pres- 
ence of Q-Q bonds, that is Qn2- species, n 2, in many 
chalcogenides; and finally the wide range of possible Q-Q 
bond lengths, especially for the tellurides. But perhaps the 
most striking feature of the metal chalcogenides is their 
tendency to crystallize in low-dimensional structures. The 
chalcogens are less electronegative than their group 16 con- 
gener, oxygen, and as such M-Q bonds are far less ionic 
than M-0  bonds (M = metal). In oxides, dominant O...O 
repulsions promote instabilities in one- and two-dimen- 
sional compounds. In chalcogenides, however, Q..*Q repul- 
sions are small and one- and two-dimensional structures are 
stabilized by Q...Q van der Waals attractions[']. Because of 

these differences, metal chalcogenides, in particular the tel- 
lurides, show a very rich structural chemistry that is funda- 
mentally different from that of the oxides. Low-dimensional 
materials are of more than structural interest. Novel chemi- 
cal or physical properties are most often found in materials 
with unusual  structure^[^^^]. This paradigm has spurred re- 
search in the area of metal chalcogenides. The low-dimen- 
sional, highly anisotropic nature of these materials may give 
rise to interesting physical properties, including supercon- 
ductivity and charge density wave formation. 

To keep this review concise, we restrict ourselves to two- 
dimensional or layered metal chalcogenides, mentioning 
one-dimensional materials only in passing. A layered (or 
laminar) structure, by strict definition, consists of neutral 
sandwiches stacked one upon the other with no chemical 
bonding between sandwiched4]. Adherence to this defi- 
nition would force us to replace the word "layer" by "slab" 
throughout this review. In the wake of recent activity in 
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solid-state chalcogenide chemistry, a more flexible defi- 
nition of a layered structure has evolved; there is a tacit 
understanding that a “layered structure” is one where intra- 
layer bonding is more significant than interlayer bonding. 
In many metal tellurides, as opposed to most metal sulfides 
and metal selenides, interlayer attractions are significant 
and are manifested by Te...Te distances that are signifi- 
cantly shorter than van der Waals  interaction^[^,^]. Never- 
theless, such compounds are termed layered. 

The binary chalcogenides of the early transition metals 
are predominantly layered compounds (even in the formal 
sense). By 1965, it was realized that these binary chalcogen- 
ides could be intercalated with a variety of species, includ- 
ing alkali metals17]. The alkali-metal cations residing in the 
van der Waals gaps in these materials further stabilize their 
two-dimensional arrangements. Thus, whereas most binary 
transition-metal oxides exhibit the three-dimensional rutile 
structure, two-dimensional Na,M02 phases isostructural 
with Na,MS2 intercalation compounds may be preparedr81. 
Again, to keep this review concise, materials synthesized by 
intercalation of existing layered chalcogenides will not be 
considered here. 

In this review we discuss some recently discovered layered 
ternary A,M,,Q, and quaternary A,M,,M;,Q, chalcogen- 
ides, where A is an alkali metal or TI, M is a d-, f-, or p- 
block metal, and Q is a chalcogen (S, Se, or Te). For a 
systematic presentation of some of the more classical lay- 
ered chalcogenides that contain an alkali metal, the reader 
is referred to a review by Bronger[’]. Although all of the 
materials to be discussed here are formed from ionic pack- 
ing, we elect to describe their structures in terms of coordi- 
nation polyhedra. This description facilitates comparison 
among different structures. It also emphasizes the import- 
ance of coordination preferences of specific metal cations 
and the role these have played in our design of target 
phases[l01. We illustrate this below. Also, the orbital energies 
of molecular polyhedra provide building blocks for the 
characterization of the electronic band and structures in ex- 
tended solids; such band structures are useful for the corre- 
lation of physical properties and crystal structure[” l21. 

The Reactive Flux 

Alkali-metal sulfide and polysulfide fluxes have been 
used for over 150 years to aid in crystal g r o ~ t h [ ’ ~ , ’ ~ ] .  The 
potential of these binary alkali-metal chalcogenides as 
starting materials, however, was first demonstrated in our 
laboratory in 1987 by the reaction of K2S with S and Ti at 
375 “C to yield the one-dimensional compound K4Ti3S14~1s1. 
As the flux components were incorporated into the reaction 
product, K2S/S was dubbed a “reactive flux”. We extended 
the reactive-flux technique to the synthesis of selenides[l6I 
and tellurides[’ ’1, the latter through the use of a low-melting 
CuTe,, reactive flux. Since the initial demonstration with 
K2S/S, a host of reactive binary low-melting alkali-metal 
polychalcogenide fluxes (Tablc 1) have been used intensively 
by us and by 0thers[’*-~~1 in the synthesis of ternary and 
quaternary chalcogenide phases. In fact, this technique has 

2 

been the subject of two extensive reviews by Kanatzi- 
dis[25,261. Traditional solid-state techniques require high 
temperatures to achieve fusion of particles. Low-melting re- 
active fluxes furnish a solvent that facilitates particle mixing 
and allows the investigation of systems at lower tempera- 
tures. Access to phases thermodynamically unstable at high 
temperatures is thus provided. Another important feature 
of these reactive-flux materials is that they provide a con- 
venient source of alkali metal. Alkali metals react with 
fused silica at high temperature, are dangerously moisture- 
sensitive, and, owing to their texture, are difficult to weigh 
out precisely. A reactive flux may be prepared as an easily 
handled powder by the reaction of alkali metal and chal- 
cogen in liquid ammonia. Analogous to an alkali-metal or 
alkaline-earth halide flux, the product crystals embedded in 
the solidified flux may be extracted by washing the flux 
away with water or other solvents. 

Table 1. AZQy Melting points (°C)[al 

Alkali Metal 
Na  K c s  

Formula Q 

S 978 
A2Q Se 876 

Te 953 

S 
Se 313 
Te - 

A2Q3 

258 
- 

S 
Se 
Te - 

A2Q5 

948 
800 
900 

252 
380 
429 

206 
195 
- 

- 

770 
820 

217 
338 
395 

212 
242 
235 

[a] Data are from 

Quaternary AlCdMlQ (M = Group IV Metal) Systems 
1:1:1:3 Phases 

The investigation of the A/Cu/M/Q (A = Na, K, Cs, T1; 
M = Ti, Zr; Q = S, Se, Te) system has uncovered a diverse 
group of structures with varying charge-transport proper- 
ties (Table 2). Several different two-dimensional structure 
types built from layers of edge-sharing Ti4+ or Zr4’ oc- 
tahedra (oct) and Cu+ tetrahedra (tet) have been disco- 
vered. The layers in these materials are separated by A t  
cations. It is the ordering of the polyhedra within the layers 
of these 1 : 1 : 1 : 3 phases that is remarkable. The slabs in Na- 
C U Z ~ S , [ ~ ~ ~ ,  KCuZrS3[28], KCuZrSe,[28], KCuZrTe3[281, and 
T l c ~ Z r T e ~ [ ~ ~ ]  comprise alternating Cu+ tetrahedra and 
Zr4+ octahedra in the fashion oct tet oct tet oct tet and are 
separated by AC cations coordinated to seven Q2- anions 
in a monocapped trigonal-prismatic arrangement (Figure 
1). Electrical conductivity is greatly influenced by the A+ 
cation and Q2- anion: KCuZrS, is an insulator, KCuZrSe? 
undergoes a metal-to-semiconductor transition at 50 K, 
KCuZrTe, is a metal, and TlCuZrTe3 is a semiconductor. 

The slabs in N a c ~ T i S ~ [ ~ ~ l ,  N~CUZ~S~- , [*~] ,  Na- 
c ~ Z r T e , [ ~ ~ ] ,  and T l c ~ T i T e ~ [ ~ ~ l  comprise alternating paivs of 
polyhedra (in the fashion oct oct tet tet oct oct) separated 
by eight-coordinate bicapped trigonal-prismatic A+ cations. 
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Table 2. Layercd Cu/group IV structures 

Compound Space Ordering of Conductivity Ref. 
group polyhedra 

KCuZrS? 
KCuZrSe., 

KCuZrTc, 
NaCuZrS3 
TlCuZrle, 

NaCuTiS? 
NaCuZrSe3 
NaCuZrTe3 
TlCuTiTe? 
Na2Cu,ZrS4 

[28 29 421 insuiator 
metd to semi- 
conductor at 50 K 

Cmrm ort te/ o( / tef o( t tcf metal 

semiconductor 
~ 7 1  

Pnmu OCt O i t  trt trt oc1 O<t 

P2,lm oct oct tet tet oct oct semiconductor [291 
CZlm oct tet tet oct iet tet ~1 

Figure 1 .  Unit cell of KCuZrSe, viewed along [IOO] 

The stacking of the layers in TlCuTiTe, is different from 
that in NaCuTiS3, NaCuZrSe3, and NaCuZrTe3 (Figure 2 ) .  
In the TI compound the layer repeat is three units; the layers 
stack in an ABCA BC sequence. In the Na compounds the 
layer repeat is two units; an ABABAB sequence is observed. 

Figure 2 L,ayer stacking in (a) TlCuTiTe? and (b) NaCuZrTe,. 
Whereas the layers In both materials fcature polyhedra alternating 
in a tet tet OCI ucz tet wt sequence, the layer stacking repeat is 

dii'ferent 
T1CuTiTe3 NaCuZrTq 

A 0 

C 
s - t c  r )  a 

B 

A 

C 

A 

* * * a  

B 

A 

a 

TiorZr Te L 

The transport properties of the Na compounds have not 
been measured; TlCuTiTe? is a semiconductor. 

2:2:1:4 Phases 

Na2Cu2ZrS4 contains 2[Cu,ZrSi-] layers formed from 
puirs of Cu" tetrahedra alternating with h g k  ZP' oc- 
tahedra (in the fashion orf tet tet oct tet tet) (Figure 3)13*]- 
This compound is clearly related to the 1 : 1 : 1 : 3 phases. The 
layers in Na2Cu2ZrS4 are separated by seven-coordinate 
monocapped trigonal-prismatic Na+ cations. Given that 
Ag' exhibits more coordination geometries that does Cut, 
we investigated the substitution of Ag' for Cu+. This re- 
sulted in the compound CszAg2ZrTe4["]. Its structure com- 
prises 2[Ag2ZrTei-] layers separated by Cs+ cations. 
Cs2Ag2ZrTe4 is neither isostructural with Na2Cu2ZrS4 nor 
is it related to the 1 : 1 : 1 :3 phases. The Cs+ coordination in 
Cs2Ag2ZrTe4 is square prismatic, differing from the trig- 
onal-prismatic coordination of the K, Na, and T1 eom- 
pounds. The $[Ag2ZrTei-] layers are composed of A 
[AgZrTea-] chains stitched together by Ag+ cations (Figure 
4). Both the Ag+ and Zr4+ cations exhibit tetrahedral coor- 
dination. This represents the first example of tetrahedral 
coordination of Zr by a chalcogen. It appears that only one 
oxide structure exhibits an analogous Zr coordination; iso- 
lated ZrOj tetrahedra are found in the structure of 

Figure 3.  Unit cell of NaZCu2ZrS4 viewed along [OlO] 

Figure 4. (a) Unit cell of Cs2Ag2ZrTe4 viewed along [loo]. (b) View 
of ;[Ag2ZrTei-] layer showing the tetrahedral coordination of' Ag' 

and Zr4' 
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Quaternary ACu,MQ, (M = Nb, Ta) Systems 

The series C U ~ N ~ S ~ ~ [ ~ ~ ] ,  K C U ~ N ~ S ~ ~ [ ’ ~ ] ,  KzCuNbSe4[3s], 
and K3NbSe4[”] nicely illustrates two features of import- 
ance in our research, the first being the effect on dimen- 
sionality of alkali-metal substitution[37]. Cu3NbSe4 has a 
three-dimensional structure comprising the edge- and cor- 
ner-sharing of CuSe4 and NbSe4 tetrahedra, KCu2NbSe4, 
which we describe below, has a two-dimensional structure. 
K2CuNbSe4 has a one-dimensional structure comprising 
infinite chains of edge-sharing, alternating CuSe4 and 
NbSe4 tetrahedra separated from one another by K+ ions, 
and K3NbSe4 comprises isolated [NbSe4I3- and K+ ions. 
We have illustrated previously[”] this trend of decrcasing 
dimensionality of a solid-state chalcogenide with increasing 
alkali-metal content. The second feature illustrated by this 
series of compounds is the coordination preferences of met- 
a l~[ ’~] .  Cu is usually in the + 1 state in chalcogenides; alkali 
metals are always in the f l  state. But Cuf strongly prefers 
to be four coordinate whereas alkali metals strongly favor 
six or higher coordination in chalcogenides. Thus we often 
attempt the substitution of alkali metal for Cu in solid-state 
syntheses, for such a substitution will lead to lower dimen- 
sionality and a different structure with concomitant differ- 
ent physical properties. 

KCuZNbQ, (Q = S, Se) contains k[CuzNbQ;] layers sep- 
arated by regular tricapped trigonal-prismatic K ’  cat- 
ion~[’~]  (Figure 5a). Both Cu+ and Nbs+ cations exhibit 
tetrahedral coordination. Edge- and corner-sharing of these 
tetrahedra results in undulating layers. KCuzNbQ4 crys- 
tallizes with a C-centered lattice; the layers are eclipsed. The 
structures of CsCu2MTe4 (M = Nb, Ta) (Figure 5b)I3*I 
demonstrate how substitutional effects influence crystal 
packing. In CsCu2MTe4, the tricapped trigonal-prismatic 
environments about the Cs+ cations are highly distorted, 
the layers are slipped, and the lattice-type is primitive. 
CsCu2NbTe4 has a conductivity less than 2.5 X lo-’ W’ 
cm-’ and CsCu2TaTe4 has a conductivity less than 2.2 X 
lop4 npl cmp’ at room temperature. 

Ternary AlMlQ (M = Group IV) Systems 

We have investigated several ternary alkali-metal/group- 
IV metal/chalcogen systems since the initial studies of 
K4Ti~Sl4[”I, Na2Ti2Se&l6I and K4M3Te17 (M = Zr, H9[171. 
Probing of the Cs/M/Te system has led us to the com- 
pounds Cs3Ti3Tel 1[39340], Cs4ZrlTel 6[41342] and 
C S ~ H ~ ~ T ~ ~ ~ [ ~ ” ] .  Again a change in composition is seen with 
change in group IV metal or A+ cation [compare 
Cs4Zr3TeI6 with K4M3Te17 (M = Zr, Hf)[’71]. The A[Ti3- 
Te::], 1[Zr3Tef6], and L[Zr,Tef;] anions are unequivocally 
one-dimensional whereas the description of the [HfsTe26]s- 
anion as two-dimensional rather than one-dimensional 
arises from the somewhat arbitray assignment of a bond 
to a Te...Te interaction of 3.25 A (Figure 6 ) .  Triangular 
face-sharing chains of bicapped trigonal-prismatic Hf cat- 
ions are woven together by Te anions to form $ffsTe:6] 
layers (Figure 7a). These layers are separated by 11- and 
12-coordinate Cs+ cations. 

Figure 5. (a) Unit cell of KCu2NbSe4 viewed along [loo]. (b) Unit 
ccll of CsCuzNbTc4 viewed along [OlO] 

Figure 6. Unit cell of C S ~ H ~ ~ T ~ ~ ~ ,  re-Te bopds are drawn Tor inte- 
ractions less than 3.3 A 

bL.-+ Cs 0 Hf Te 0 

One particular feature of the structure of the $[HfSTe:;] 
layer is worth noting. A chain-like structure is built of bi- 
capped trigonal-prismatic Hf centers that share triangular 
faces. The chains are linked by TeTe6 octahedra every fifth 
unit, with Te...Te interactions ranging from 2.935(9) to 
3.470(9) A, to form zigzag layers (Figure 7b). A similar oc- 
tahedral geometry about Te is seen in the helical chain 
structure of elemental Te, whcre each Te atom has two in- 
trachain neighbors at 2.834 A and four interchain neigh- 
bors at 3.491 Clearly these complex metal systems can 
stabilize unique coordination environments: unique struc- 
tures can translate into unique physical properties. The 
CsSHf5Tez6 structure contains a host of Te-Te interactions: 
15 less than 3 A, 8 between 3 and 3.3 A, and 7 between 3.3 
and 3.6 A. It is difficult to assign Te-Te bond orders to 
these Te...Te interactions that are intermediate to a Te-Te 
single bond distance and the van der Waals Te2-...Te2- dis- 
tance of about 4.2 A. A ramification of this is the difficulty 
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Figure 7. (a) View of 2,[Hf5Te&] layer. Te-Tc bonds are drawn for 
interactions less than 3.5 A to show octahedral geometry about 
bridging Te atom. (b) TeTeh octahedra share edges to form a back- 

bone onto which chains are anchored 

=L Hf Te 

of assigning oxidation states in metal tellurides such as 
CsSHfjTez6. In simple structures band structure calculations 
can provide insight as to whether intermediate interactions 
truly have bonding character15.‘]. The complexity of the pre- 
sent anions coupled with the presence of the heavy Cs+ 
cations restricts the value of such calculations. 

Uranium and Thorium Systems 

Where oxidation states could be ascertained in the above 
compounds Zr and Hf were in the 1.4 state. These ions 
with coordination number 8 have radii of about 0.83 A. In 
considering what other ions might have similar coordi- 
nation preferences but considerably different radii we were 
led to U4+ with a radius of 1.00 A and Th4+ with a radius 
of 1.06 A. Of course, other oxidation states of U and Th 
are potentially accessible. The large uranium atom can 
adopt many coordination environments, including UTe6 oc- 
tahedra in UTer4], regular and distorted Use8 quadratic 
antiprisms in ~ x - U S e ~ [ ~ ~ l ,  and UTe9 tricapped trigonal 
prisms in p-UTe31461. The binary telluride phases[46,471 are 
structurally interesting because they exhibit many inter- 
mediate Te-Te distances. Whereas there are many known 
ternary uranium sulfides and selenided4*], the chemistry of 
ternary uranium chalcogenides containing alkali metals or 
copper was essentially unexplored until recently. The only 
reported alkali-metal phases were KUS2[491 and KUS3[Sol. 
The only reported copper-containing ternary uranium chal- 
cogenide compounds, Cu2U6Q13[51.521 and Cu2U3Q7 (Q = 

S, Se)[531, have trigonal-planar Cu atoms and distorted UQs 
bicapped trigonal prisms. 

We have investigated a variety of CslUIQ systems and 
have synthesized and characterized CsUTe6, CsxHf5UTe30 5 ,  

CsTiUTe5, and CsCuUTe7[3y,42.541. The first two com- 
pounds have one-dimensional structures and will not be de- 
scribed here. 

CsTiUTe5 contains ?,[TiUTe;] layers separated by pen- 
tagonal-prismatic Csf cations (Figure 8)[541. The layers are 
constructed from edge-sharing UTe8 bicapped trigonal 

Figure 8. Unit cell of CsTiUTe, viewed along (a) [IOO], (b) [OlOJ 

4 4 
C C 

OCs O T i  O U  O T e  

(4 (b) 

prisms connecting chains of face-sharing TiTe6 octahedra. 
This is one of very few examples of face-sharing octahedra 
in tellurides. From magnetic susceptibility measurements 
the value ofperat 300 K is 2.23(1) pB, intermediate between 
that expected for U4+ and US+. Despite the presence of 
an infinite linear Te-Te chain within the layers [Te-Te = 

3.065(1) A]. the material is a semiconductor. 
C S C U U T ~ ~ ~ ~ ~ ] ,  KCuUSe3[”1, and C S C U C ~ S ~ [ ~ ~ ]  are iso- 

structural with KCuZrQ3 and show that in the absence of 
a transition metal the lanthanides and actinides can have 
the relatively low coordination number of six. 

The number of known uranium chalcogenide compounds 
greatly exceeds the number of known thorium chalcogen- 
ides. As there appeared to be no known chemistry of ter- 
nary thorium chalcogenides containing alkali metals we 
have extended the above studies of uranium systems to tho- 
rium. Often, analogous structures occur in compounds of 
uranium and thorium[56 ’71. It is far more interesting, how- 
ever, when the composition or structure or both change in 
going from uranium to thorium. This occurs in our exten- 
sion to thorium where we have synthesized and charac- 
terized the new isostructural compounds KTh2Te6[5X1 and 
C S T ~ ~ T ~ ~ [ ~ ’ ]  (compare CsUTe6). 

The structures of KTh2Te6 and CsTh2Te6 feature double 
layers of ThTex bicapped trigonal prisms separated by A+ 
cations that are coordinated by eight Te anions in a rec- 
tangular parallelepiped (Figure 9a). The smallest rectangu- 
lar face of each trigonal prism is constructtd from two Te2 
pairs with Te-Te separations of 3.055(4) A. The distante 
between Te2 pairs of adjacent trigonal prisms is 3.085(4) A. 
Thus infinite one-dimensional Te-Te chains are present in 
the layers. The electrical conductivity of CsTh2Te6 is less 
than lo-’ fi-’ cm-’ at room temperature. 

Quaternary AnnlMlQ (Ln = Rare Earth) Systems 

The known AILnlMlQ structures were summarized re- 
cently[601. Most are not layered structures. However, there 
are $[LnGeQ,] layers in KLnGeQ4 (Ln = La, Nd, Gd, Y; 
M = Si, Ge; Q = S, Se) that comprise MQ4 and LnQ, 
monocapped trigoiial prisms (Figure The LnQ7 
monocapped trigonal prisms share two of the three edges 
of their rectangular faces to form chains along the [OIO] 
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Figure 9. Comparison of crystal structures of (a) CsTh,Te(, and (b) 
CsCuCe,Sb. CuT sites in (b) are 112 occupied 

Figure 11. Views along [IOO] of the structures of (a) KGaSnS4, (b) 
KlnGeS4, and (c) KGaGeS4 

Figure 10. Unit cell of KLaGeS4 viewed along [Ol O] 

P- 

a d  

K @  L a .  G e e  S O  

direction; the third edge is shared with an MQ4 tetra- 
hedron. In turn, each MQ4 tetrahedron shares its two re- 
maining vertices with two trigonal prisms in an adjacent 
chain. Additionally, the chains are cross-linked by the Q2-- 
anions capping the rectangular face of each prism. All of 
the capping Q’ anions point in the same direction along 
[OlO]. Thus, the structure is noncentrosymmetric. The mag- 
netic moments, 3.6(1) pB for KNdGeS4 and 7.8(1) p~ for 
KGdGeS4, are consistent with those expected for Nd’+ and 
Gd3+, respectively. 

Several quaternary AICulCelQ compounds are known. 
is isostructural with Na2Cu2ZrS4 (Figure 3). 

The structures of C S C L I C ~ ~ S ~ [ ~ ’ ~ ,  KCuCc,Se6[55], and 
KCuCe2S6[62] are very closely related to those of KTh2Te6 
and CsTh2Teh (Figure 9b). One can arrive at the former 
structures from the latter ones by filling in 112 of the intra- 
layer tetrahedral vacancies with Cut cations. Whereas the 
ATh2TeA structures contain infinite Te-Te chains, the only 
Q-Q bonding within the layers of the related copper-con- 
taining compounds is in the form of isolated Q-Q pairs. 

MICROREVIEW M. A Pell, J. A. lbers 
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This is most likely a manifestation of the Cu+ catioiis pry- 
ing apart the adjacent trigonal prisms. Evidence for the 
existence of KCuTh2Te6 and CsCuTh2Te6 as well as ATh& 
and ATh2Se6 would be welcome. The absence or presence of 
infinite Q-Q bonding in these hypothetical phases would 
further elucidate this system. 

Ternary and Quaternary AlMlQ Systems (M = Main 
Group Metal) 

The layers in KlnGeS4, KGaSnS4, and KGaGeS4 com- 
prise substitutionally disordered main-group metal atoms 

Figure 12. (a) Unit cell of CsGaTez viewed along [f10]. (b) View 
along [OOl] showing interconnection of Ga4Te,, adamantane-type 

units in the $[GaTeJ layer 
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with tetrahedral coordination["1. Although these com- 
pounds have different structures, they are closely related 
(Figure 11). The z[MM'Q;] layers comprise chains of cor- 
ner-sharing tetrahedra linked together by pairs of edge- 
sharing tetrahedra. The diversity of these materials is testa- 
ment to the variety of structures that can be constructed 
not only from simple tetrahedral building blocks but also 
from similar assemblies of tetrahedral units. The coordi- 
nation numbers of the K+ cations are 8 for KGaCeS, and 
8 and 9 for KlnCeS, and KGaSnS,. Similar layers to those 
in the triclinic KGaSnS4 structure have been observed in 
the orthorhombic TlInSiS, structure["1. KInGeS4, 
KGaSnS4, and KGaGeS, have conductivities less than lop5 

The structure of c~GaTe : [~~]  contains a net of ada- 
mantane-type Ga4Telo units, each of which bridges four ad- 
ditional units through corner-sharing of tetrahedra (Figure 
12). The Cs+ cations residing between the layers exhibit bi- 
capped trigonal-prismatic coordination. Many closely re- 
lated compounds have been previously reported, including 
the T1GaSe,[66], KGaS2[67], NaAISe2[681, and KInS2[6911. 
Compounds with isolated M4Qi< adamantane-type units 
are also kii0wn[~~-~~1]. 

This brief review demonstrates the rich chemistry of lay- 
ered ternary and quaternary metal chalcogenides as well as 
the utility of the reactive-flux method for the preparation 
of such compounds. These systems clearly exhibit a strong 
dependence of composition on structure and physical 
properties, a daunting prospect in that a great deal of ex- 
ploratory synthesis remains to be done before general 
trends in structure and physical properties may be dis- 
cerned. Yet, the versatility of these systems is also encourag- 
ing; once structure-property relationships are better under- 
stood and the ability to tailor crystal structures is improved, 
the fabrication of practical advanced materials may be pos- 
sible. 
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