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Two mixed-chalcogen compounds LaCuSTe and SmCuSTe have been synthesized by the reactions of the elements
at 1123 K. LaCuSTe crystallizes in a cell of dimensiens 6.4955(8) A,b = 7.7692(9) A,c = 7.4665(9) A,

andp = 95.045(2) (T = 153 K) with four formula units in space grou@,>-P2;/c of the monoclinic system. Its
structure is closely related to that of LaGuSmCuSTe crystallizes as a new structure type in a cell of dimensions
a=7.5195(8) Ajb=12.6370(14) A, and = 7.5287(8) A T = 153 K) with eight formula units in space group
D2ay*-Pbcaof the orthorhombic system. In LaCuSTe, the La atom is coordinated by a bicapped trigonal prism of
four S atoms and four Te atoms; in SmCuSTe, the Sm atom is coordinated by a monocapped trigonal prism of
four S atoms and three Te atoms. In both structures, the Cu atom is coordinated by a tetrahedron of one S atom
and three Te atoms, These structures are built from (CuShekets that are separated by the rare-earth-metal
atoms. In LaCuSTe, a sheet comprises edge-sharing dimers of gte®Bdedra (Ci5,Tey) that share each of

their Te atoms with four neighboring dimers to form a mixed octagonal/quadrilateral net. In SmCuSTe, a sheet
comprises a single tetrahedral CugTeit that shares each of its Te atoms with three neighboring tetrahedra to
form a hexagonal net. The band structures of these two compounds indicate that they should be semiconductors.
The calculations also show that the substitution of Te atoms for S atoms lowers the energy gap compared with

those of unsubstituted systems.

Introduction

Ternary sulfides of the general formula MCu8/here M is
a trivalent metal such as Sc, Cr, or a rare-earth metal (Ln),
exhibit interesting structures and a variety of optical, magnetic,
electrical, and thermoelectric propertied® ScCuSs and CrCug

possess hexagonal and rhombohedral structures, reSpeCtivelyRa&Ta

in each, the trivalent metal atom is octahedrally coordinéafed.
Most LnCuS compounds crystallize in one of three structure
types: monoclinic LaCusS(Ln = La to Th)257.911.120rtho-
rhombic ErCu$ (Ln = Y, Dy to Lu),>"12 and trigonal
ScCu$.%12In each structure, the Ln atom has trigonal prismatic
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coordination and the Cu atom has tetrahedral coordination. Some
attempts have been made to modify the physical properties of
these compounds®912put not by partial substitution of the
chalcogen.

A few ordered mixed-metal chalcogenides are known. These
include USSé4 USTel4 USeTel* Ho,S,Tey 5,15 Dy,S,Tey 4,16
17 Bi,Te;S 18 and GaS;Tel® The parent compounds
B-US,2°0 and 8-USe?! contain two crystallographically inde-
pendent chalcogen atoms from which USSe, USTe, and USeTe
are derived conceptually by the substitution of only one such
chalcogen by a heavier one. The mixed chalcogenides and their
parents belong to the orthorhombic Pp&tucture typé2 These
mixed compounds show ferromagnetic and pseudo-semimetallic
behavior, whereag-US, and UTe are paramagnefi¢ and
semiconducting®2!

The LaCu$ structure type also has two crystallographically
distinct S position$.If one of these could be substituted by Te,
which is heavier and less electronegative than S, then the
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Table 1. Crystal Data and Structure Refinement for LaCuSTe and  Table 2. Atomic Coordinates and Equivalent Isotropic

SmCuSTe Displacement Parameters for LaCuSTe
LaCuSTe SmCuSTe atom X y z U (A?)
fw 362.11 747.10 La  0.35383(4) 0.03108(3)  0.22166(3)  0.00766(15)
space group Con>-P24/c (No. 14) Don'>-Pbca(No. 61) Cu 0.06688(10) 0.66396(8) 0.04289(8) 0.01180(19)
a(A) 6.4955(8) 7.5195(8) S 0.59187(17) 0.27128(14) 0.00154(14) 0.0052(2)
b (A) 7.7692(9) 12.6370(14) Te  0.12498(5) 0.39784(4)  0.27801(4)  0.00764(15)
g(é\ég) 7;51?06455(?2)) 753287(8) aUqq is defined as one-third of the trace of the orthogonalizgd
V (A3 375.34(8) 715.41(13) tensor.
'ZI'(K) fSS @ ?53 @) Table 3. Atomic Coordinates and Equivalent Isotropic
A(Mo Ka) (A) 0.710 73 0.71073 Displacement Parameters for SmCuSTe
Geatca (9/cP) 6.408 6.936 atom X y z Uq(A?
ﬁ;ygf)g'g%?fs((cm‘)) 229953 0127 0.140 gé)é((f( 0.134x 0215 Sm  024131(3) 0.43130(2) 0.02448(4)  0.00773(15)
transm factors 0.1080.570 0.032-0.298 Cu  0.07143(9)  0.21024(5) 0.17008(8)  0.01092(19)
R(F)? (Fe2 > 20(F2) 0.025 0023 S 0.00131(12) 0.03815(9) 0.24116(11) 0.0051(3)
Ru(F)" (all data)  0.069 0.068 Te  0.27797(5)  0.30785(2) 0.39212(5)  0.00737(15)
aR(F) = Y||Fol — |Fll/S|Fol. ® Ry(Fod) = [SW(F2 — FAYSWFHA Y2 Table 4. Selected Bond Lengths (A) for LaCuSTe
W_:l = (72(':02) + (0.04:02)2 fOr F02 = 0, \N—l = UZ(FOZ) for FDZ < 0. La—S 28882(11) LaTe 35527(6)
La—S 2.9195(11) CuS 2.3250(13)
resultant material might show physical properties different from La-S 2.9236(11) CuTe 2.6337(7)
those of the parent. We have investigated the La/Cu/S/Te and La—S 3.0035(11) CuTe 2.6456(7)
Sm/Cu/S/Te systems and report here the syntheses, structures, -3 T€ 3.2582(3) CuTe 2.7170(7)
La—Te 3.2781(5) CuCu 2.7491(12)
and band structures of the ordered compounds LaCuSTe and _
SmrCuST La—Te 3.5399(6)
mCuSTe.

Table 5. Selected Bond Lengths (A) for SmCuSTe

Experimental Details

sm-S 2.8206(9) SmTe 3.4468(6)
Synthesis.The compounds LaCuSTe and SmCuSTe were prepared Sm—S 2.8233(9) CuS 2.3008(13)
by the reactions of La (Reacton, 99.9%) or Sm (Alfa, 99.9%) with Cu ~ Sm—S 2.8688(10) CuTe 2.5709(8)
(Alfa, 99.999%), S (Alfa, 99.8%), and Te (Aldrich, 99.8%) in a flux Sm-S 2.8748(10) CuTe 2.5938(7)
of KI (Aldrich, 99%). Mixtures of Ln, Cu, S, Te, and Kl in the molar 2K$Z giggigg CuTe 2.6161(7)

ratio 1:1:1:1:5 were loaded into fused-silica tubes under an argon
atmosphere in a glovebox. These tubes were sealed undef ad® )
atmosphere and then placed in a computer-controlled furnace. ThelaCu$, LaCuSTe, ScCuSand SmCuSTe were performed with the
samples were heated to 1123 K at 1 K/min, kept at 1123 K for 3 days, Use of the tight-binding (TB) linear muffin-tin orbital (LMTO) method
cooled at 0.05 K/min to 573 K, and then cooled to room temperature. in the atomic sphere approximation (ASA), including the combining
The products were washed free of iodide salts with water and then correctioni®2% This method splits the crystal space into overlapping
dried with acetone. The major products were black plates of the mixed atomic spheres (WigneiSeitz spheres) whose radii are chosen to fill
chalcogenides. Analysis of these plates with an EDX-equipped Hitachi completely the crystal volume. In the present calculations, space-filling
S-4500 SEM showed only the presence of Ln, Cu, S, and Te is achieved without overlapping atomic spheres with one another by
approximately in the ratio 1:1:1:1. These compounds are modestly stablemore than 15%, without overlapping atomic spheres with interstitial
in air. (or empty) spheres (ES) by more than 20%, and without overlapping
Structure Determinations. Single-crystal X-ray diffraction data interstitial spheres with one another by more than 25%.kAdpace
were obtained with the use of graphite-monochromatized tok integrations were performed with the tetrahedron met388Within
radiation ¢ = 0.710 73 A) at 153 K on a Bruker Smart-1000 CCD the irreducible Brillouin zone, calculations for the isostructural LaCuS
diffractometer® Intensity data were collected with the program and LaCuSTe compounds both used 170 irreducible k-points and those
SMART 2 Cell refinement and data reduction were carried out with for ScCu$ and SmCuSTe used 248 and 75 k-points, respectively. The
the use of the program SAINZF,and face-indexed absorption correc-  Dasis sets consisted of 6s, 5d, and 4f for La; 4s, 4p, and 3d for Cu; 3s
tions were carried out numerically with the program XPREP. and 3p for S; 5s and 5p for Te; and 1s for ES. The 6p orbitals for La,
The structures were solved with the direct-methods program the 3d orbitals for S, the 5d orbitals for Te, and ESdpstates were
SHELXS and refined with the full-matrix least-squares program downfolded by means of edin’s techniqué®=" In the calculations
SHELXL of the SHELXTL-PC suite of progranié. Each final on SmCuSTe, _the Sm atoms were replaced by La atoms because of
refinement included anisotropic displacement parameters and a secondProgram limitations.
ary extinction correction. Additional experimental details are shown . .
in Table 1. Tables 2 and 3 give positional parameters and equivalent R€sults and Discussion

isotropic displacement parameters, and Tables 4 and 5 present selected ;
bond distances for LaCuSTe and SmCuSTe, respectively.. Thzh;tstter:jztt%i'g rtarg;STl;teelfhﬂﬂserllg/ g?lztsei;%;?:gnof Iaaf%JUSS
TB-LMTO Calculations. First-principles self-consistent local den- | db y | 9 8 h 9
sity approximation (LDAJ® calculations of electronic structures for layers S_eparate y La atoms a ong IS Each La atom
is coordinated by a monocapped trigonal prism of seven S atoms
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Figure 1. Unit cell of LaCuSTe viewed down (&) and (b)a*. The a

90% displacement ellipsoids are displayed here. For the sake of clarity, c @ O ©
no La—S or La—Te interactions are shown. Here the S and Te positions b Sm Cu S Te
are replaced by the S1 and S2 atoms to obtain the closely related £ aCuS

structure. Figure 3. Unit cell of SmCuSTe viewed down (@)and (b)b, where
there are two sheets in the unit cell related by ay2Znmetry operation.

The 90% displacement ellipsoids are displayed here. For the sake of
clarity, no Sm-Te interactions are shown.

channels. Each octagonal channel is filled with a pair of La
atoms 3.9875(6) A away from each other. One CuSTe sheet
viewed down the axis is displayed in Figure 1b. The sheet is
composed of equal numbers of octagons and quadrilaterals.
Figure 2. Coordination of La in LaCuSTe. In LaCuSTe, the bond distances (Table 4) are reasonable:
the La—S distances range from 2.8882(11) to 3.0035(11) A
(4 S1 and 3 S2), and each Cu atom is coordinated by acompared with 2.891(4)3.081(4) A in LaCug?® the La-Te
tetrahedron of four S atoms (1 S1 and 3 S2). The LaCuSTe distances range from 3.2582(5) to 3.5527(6) A compared with
structure is formed conceptually by the substitution of the S2 3.3157(6)-3.3585(5) A in LaCy.4Te,;% the Cu-Te distances
atom by a Te atom, but the resultant structure differs from that range from 2.6337(7) to 2.7170(7) A compared with
of LaCuS. Figure 1 displays the structure of LaCuSTe; for 2.611(3)-2.781(4) A in LaCy.Tey; the Cu-S distance of
clarity, the La-S and La-Te bonds are not shown. The La 2.3250(13) A is comparable to those of 2.33%83)537(5) A
atoms in this structure are coordinated by four S and four Te in LaCu$. The Cu-Cu distance of 2.7491(12) A in LaCuSTe
atoms at the vertices of a bicapped trigonal prism with two of is longer than those of 2.644(6) A in LaCugnd 2.557(1) A
the four Te atoms as caps (Figure 2). The Cu atoms arein metallic Cu33In LaCu$S and LaCuSTe, the formal oxidation
coordinated by a tetrahedron of one S atom and three Te atomsstates of La, Cu, S, and Te at€3, +1, —2, and—2 so that the
as shown in Figure 1. As may be seen in Figure 1a, there is aprobable Ce-Cu interaction comprisesddCu* species. This
single CuSTe sheet in the unit cell. This sheet comprises edge-nteraction has been discussed elsewR&r€.
sharing dimers of CuSgdetrahedra (Ci5,Tes). Each dimer

shares each of its Te atoms with four neighboring dimers to (32) ggf’}%;ﬁ; Brazis, P.; Kannewurf, C. R.; Ibers, JJAam. Chem.

form a mixed octagonal/quadrilateral net (Figures 1b ar_‘d _3_), (33) Straumanis, M. E.; Yu, L. S\cta Crystallogr., Sect. A: Cryst. Phys.,
and these nets are stacked parallel to one another to form infinite Diffr., Theor. Gen. Crystallogr1969 25, 676—682.
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Figure 6. The hexagonal net in the structure of SceuS

Figure 5. The CuSTe sheet of SmCuSTe.

The structure of SmCuSTe is displayed in Figure 4, and bond O y=0 .
distances are given in Table 5. These distances are reasonabléigure 7. Unit cell of ABC of the CuSb type. These atoms are at A
SmCuSTe consists of CuSTe sheets, separated by Sm atomd0. "2, 1), B (0, 2, z), and C (0, 0, 0).

Figure 3a and Figure 1a show very similar patterns. However,
SmCuSTe and LaCuSTe are not isostructural as is clear bya given CyTes hexagon (Figure 5). The disposition of S atoms
Comparing Figures 4b and Figure 1b and from the fact that in LaCuSTe is different from either of these arrangements.
SmCuSTe has eight formula units in an orthorhombic unit cell  In going from LaCu$to LaCuSTe, why does Te substitute
whereas LaCuSTe has four formula units in a monoclinic unit only for the S2 atom in the ring and not for the S1 atom out of
cell. In SmCuSTe, the Sm atom is coordinated by a monocappedthe ring? To answer this question, let us first discuss the ABC
trigonal prism (4 S and 3 Te atoms) (Figure 4) whereas, in ternary compounds of the @8b structure typé These
LaCuSTe, the La atom is coordinated by a bicapped trigonal structures can be considered to be layered compounds with
prism (Figure 2). In both coordination polyhedra, the trigonal distorted rocksalt AB slabs separated by layers of four-
prism consists of four S atoms and two Te atoms. In each coordinated C atoms, as shown in Figure 7. Examples are
structure, the Cu atoms are coordinated tetrahedrally by one SKAgSe* and UAsSK? In these structures, K or U occupies
and three Te atoms. The single CuSTe sheet in SmCuSTethe A site, Se or As occupies the B site, and Ag or Sb occupies
(Figure 5) is built from these tetrahedral CugTaits. The Te the C site. In each instance the A atom, the metal, is the most
atoms at the vertices are shared with three neighboring units toelectropositive one; it loses electrons most easily and becomes
form a distorted hexagonal net, as shown in Figures 3b and 6.the electron donor in the structure. In each instance, the B atom,
The unit cell contains two sheets related by theds alongp, the non-metal, is the most electronegative one; it most readily
as shown in Figure 3b. A similar hexagonal net is found in the gains electrons from the A atom and becomes the electron
structure of hexagonal ScCu@igure 6)¢ where the Sc atoms  acceptor. The C atom may be a metal or a non-metal. Stronger
are at the centers of hexagonal channels. As in LaCth&re ionic bonds may be formed between A and B atoms than
are two crystallographically distinct S atoms (S1 and S2) in between A and C atoms. So, if the electronegativities of A, B,
ScCu$S. Each S1 atom makes only one bond to a Cu atom, and and C decrease in that order, the A atom will always be as close
the Cu-S1 bonds extend out of the same side of the sheet. In as possible to the B atom, and the C atoms in the sheet may
contrast, in SmCuSTe along the S atoms successively are make some covalent bonds with four neighboring C atoms. In
above and below the sheet, and they alternate up and down irthis way, the total energy is minimized. Almost all ABC
compounds follow this rule, including those in different
(34) Dung, N.-H.; Pardo, M.-P.; Boy, Rcta Crystallogr., Sect. C: Cryst.  structural families such as Th§Si, and CeNiSi.?? Let us now
Struct. Commun1983 39, 668-670. apply this rule to LaCug Here La, the most electropositive

(35) ?3112%”_91'3':2'6(?'; Choe, W.; Lee, S.; Chu, JChem. Mater1998 10, atom, is coordinated by a bicapped trigonal prism of four S1

(36) Yvon, K.; Paoli, A.; Flikiger, R.; Chevrel, RActa Crystallogr., Sect. and three S2 atoms (Figure 2). The S1 atoms occupy four
B: Struct. Crystallogr. Cryst. Chen1977, 33, 3066-3072. vertices of the trigonal prism. Two of the three S2 atoms are

(37) Li, H.; Mackay, R.; Hwu, S.-J.; Kuo, Y.-K.; Skove, M. J.; Yokota,
Y.; Ohtani, T.Chem. Mater1998 10, 3172-3183.

(38) Hwu, S.-J.; Li, H.; Mackay, R.; Kuo, Y.-K.; Skove, M. J.; Mahapatro, (39) Savelsberg, G.; Scte, H. J. Less-Common Mef981 80, P59
M.; Bucher, C. K.; Halladay, J. P.; Hayes, M. \Whem. Mater1998 P69.
10, 6-9. (40) Trojko, R.; Despotovic, ZJ. Nucl. Mater.1977, 67, 105-108.
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Figure 9. Total DOS of (a) ScCusSand (b) SmCuSTe.
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more negative charg®.Thus the less electronegative Te atom
is able to replace the more loosely bound S2 atom and not the
S1 atom in LaCug In the resultant LaCuSTe and SmCuSTe

...... DOS of S compounds, the S atom, being the most electronegative, forms
E, more and stronger bonds with the most electropositive Ln atom
— DOS of Te rather than with the Cu atom. In both structures, each Cu atom

forms one bond with an S atom and three bonds with Te atoms.

LaCu$S and LaCuSTe, which have similar crystal structures,
have similar band structures. The band dispersion is larger in
the (101) plane (the layer plane) than in the direction oftithe
axis. Both compounds are predicted to be semiconductors. The
» energy levels of the HOMOs (Fermi energy levels) a2161

£y and —1.367 eV, the energy levels of the LUMOs at®.619

BV and—0.750 eV, and the band gaps are 1.542 and 0.616 eV for

Figure 8. Density of states (DOS): (a) total, S1, and S2 of LaGuS  LaCuS and LaCuSTe, respectively. The energy difference
(b) total, S, anq Te of LaCuSTe. The scale of the total DOS is half (0.794 eV) between the HOMOs is large compared with the
that of the partial DOS. difference (0.131 eV) between the LUMOSs, so the smaller band
. . . ap in LaCuSTe is mainly the result of the higher energy level
at the o_ther two vertices of the prism, and the other is at the gf ?he HOMO. To clarify )f/urther the effect ofg'][he subst?tﬁtion
cap position. Each S1 atom bonds to four La atoms and one CuOf a Te atom for the S2 atom in LaCu® form LaCuSTe, the
atom whereas each S2 atom bonds to three La atoms and three '
Cu atoms. The four LasS1 bond distances are 2.891(4), (41) Extended Hckel results for LaCuSshow that the S1 atom carries
2.902(4), 2.937(4), and 2.946(4) A. The three-1S2 bond —0.28 net charge and the S2 atea.16 charge, where the atomic
distances are 2.915(4, 2.926(4), and 3.081(4) A. It is clear that parameters of La, Cu, and S are from the YAeHMO packagée

calculations for the two-dimensional [C)$ layer show that the S1
the S1 atom forms more and generally stronger bonds to the atom carries-1.5 charge and the S2 atorl charge.

most electropositive atom, La. Extendeddel calculations  (42) Landrum, GYet Another Extended kel Molecular Orbital Package
show that the S1 atom is more ionic than the S2 atom, carrying (YAeHMOP) Version 2.0; 1997.
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density of states (DOS) of S1 and S2 of LaGa®d of S and Facilities supported by the National Science Foundation at the
Te of LaCuSTe were calculated and are displayed in Figure 8. Materials Research Center of Northwestern University under
In LaCu$, both S1 and S2 contribute to the DOS near the Fermi Grant DMR96-32472. We thank Dr. O. K. Anderson and Dr.
level whereas in LaCuSTe the Te atom but not the S atom Q. Jepson for providing their program (TB-LMTO) and for their
contributes. Obviously, the valence orbitals of the Te atom pg|p.

elevate the Fermi level and narrow the band gap. Figure 9

displays the total DOS of ScCu&nd SmCuSTe, respectively.

In SmCuSTe, the Te atoms play the same role. These calcula-  sypporting Information Available: Crystallographic files, in CIF
tions predict that both ScCySand SmCuSTe should be  format, for LaCuSTe and SmCuSTe. This material is available free of
semiconductors. charge via the Internet at http://pubs.acs.org.
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