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ABSTRACT: The sulfide-tellurides Ba3Cu;;_.(S,Te);; and Ba3Cuy;_.(S,Te); s were
synthesized from the elements in stoichiometric ratios heated to 1073 K, followed by slow
cooling to 873 K over 100 h. BazCuy;_,(S,Te),; is isostructural to BayCuy;_,(Se,Te);;
when [S] > [Te], space group R3m, with lattice dimensions of a = 12.009(1) A, ¢ =27.764(2)
A,V =3467.6(5) A% for Ba;Cuys, 7(4)S7.051(s) T€3.949 (Z = 6). The structure is composed of
Cu atoms forming palred hexagonal antiprisms, capped on the two outer hexagonal faces,
where each Cu atom is tetrahedrally coordinated by four Q (= S, Te) atoms. The new variant
is formed when [Te] > [S]; then Ba3Cu17 «(S,Te)1,.5 adopts space group Fm3m with a =
17.2095(8) A, V = 5096.9(4) A°, for BazCuys6(2)Ss.33(4)Tes.17 (Z = 8). This structure
consists of eight Te-centered Cu,6 1cos10ctahedra per cell interconnected by cubic Cug units
centered by Q atoms. Electronic structure calculations and property measurements illustrate
that these compounds behave as extrinsic p-type semiconductors—toward metallic behavior
for the latter compound. With standard oxidation states Ba>*, Cu*, and Q*7, the electron

precise formulas are Ba;Cu;4Q;; and Ba3Cu;7Q 5.

B INTRODUCTION

The special bonding in polychalcogemdes as in HfTes" and the
phase-change material Ange4Br3 led us to investigate the
systems Ba—Cu/Ag-Q with Q = S Se, Te, foHowmg reports
concerning thermoelectric propertles S of BaCu,Te,’ and A,Ba-
CugTeyo (A = K, Rb, Cs).” Investigation into this family of
compounds led to the discovery of several new ternary and
quaternary compounds 1n this group, the first of which has the
formula Ba;Cuy4_,Te;,.* On further pursuit of this system, we
uncovered higher chalcogemdes such as Ba,Cus_,STe; and
BaZCué e, Tes ° BaCug_,S;_ yTes,, and BaCus_,Se;_,Tes
+y, 9 and Ba,Cu,_,Se Tes_y,11 in part with polychalcogenide
groups. All of these structures only form when using two different
chalcogen atoms (the ternary telluride Ba,Cu, ,Tes adopts a
structure type different to Ba,Cuy_,Se Tes_y) t

By again follow1n§ the concept of differential fractional site
occupancy (DFSO)"™"® with respect to the anionic compo-
nents'¥">—the same approach that also led to the dlscovery
of Nb1.72Ta3.2ssz; NbgosTay, 05S Nby.0:Ta6,0554, ¥ and
Nbg 74Tas 2654 with fractional occupancies of the cations
—we were able to discover another unique structure type in
the plentiful Ba—Cu-Q system: Ba3Cu17,xQ_1120 with 1 <x <
2.7, Q = Se, Te. While replacing selenium by sulfur, we now
revealed the existence of a new structure type, BazCu;;_,-
Q11.5, not found in the selenide-telluride system that occurs
when [S] < [Te] and a structure analogous to Ba;Cu;;_,Q;;
when [Te] < [S]. These two different sulfide-tellurides are
introduced with this article.
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B EXPERIMENTAL SECTION

Synthesis. All reactions commenced from the elements (Ba: 99%,
pieces, Aldrich; Cu: 99.5%, powder —150 mesh; Alfa Aesar; S: 99.98%,
powder, Aldrich; Te: 99.999%, ingot, Aldrich), with sample masses of
approximately 600 mg. The elements were stored and handled in a
glovebox filled with argon. Inside that box, the elements were placed into
silica tubes, which were subsequently sealed under vacuum (10> mbar).
The tubes were then heated in a resistance furnace at 1073 K for 6 h.
Thereafter, the furnace was slowly cooled down to 873 K and left for a
period of 100 h to allow for homogenization. Lastly, the furnace was
switched off, prompting fast cooling.

The rhombohedral variant was first encountered in a similar reaction
with the Ba/Cu/S/Te ratio of 1:4:2:1, and identified as BazCuys1(1)-
S792(2)Tes30s via the single crystal structure determination described
below. The cubic variant was discovered in a reaction with the Ba/Cu/S/
Te ratio of 1:4:1:2, and subsequently identified as BazCuy,0(1)S4.45(4)-
Te, s Since its formula contained Cu deficient sites and mixed S:Te
occupancies, several reactions were carried out to analyze the phase
range of BazCu;;_,S;;_,Te,. This formula results hypothetically with
x = 0, when all filled Wyckoff sites are fully occupied. Variations of S:Te
were studied with x = 0 or 1.0, while varying y between 2 and 9. Holding a
constant y = 4 allowed for an additional study where x =0, 0.5, 1.0, 1.5, 2.
All samples were analyzed by means of X-ray powder diffraction, utilizing
the INEL diffractometer with Cu—Ka,; radiation. Samples were found
pure-phase for x = 0.5, 1, or 1.5 with 2 < y < 5, producing the
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Table 1. Crystallographic Data for BazCu,,_,(S,Te);; and BazCu;;_,(S,Te); s

refined formula Ba;3Cuys.1(1)S7.92(2)Te3.08

B33CH15.7(4)S7.051(5>T33.949

B33cu15.6(2)55.33(4)Te6.17 Basculé.o( 1)54.45(4)Te7.05

formula weight [g/mol] 2018.13 2139.96 2362.97 2473.81

T of measurement [K] 298(2) 298(2) 296(2) 293(2)

A [A] 0.71073 0.71073 0.71073 0.71073
space group R3m R3m Fm3m Fm3m

a [A] 11.9371(3) 12.009(1) 17.2095(8) 17.2364(4)
¢ [A] 27.522(2) 27.764(2)

V[A%] 3396.3(2) 3467.6(5) 5096.9(4) 5120.8(2)
z 6 6 8 8

w [mm™"] 23.601 24.628 24.625 25.763
Pealed [g/cm’] 5.927 6.149 6.159 6.417
R(F,)," Ry(F,*)" 0.0579, 0.104S 0.0199, 0.0283 0.0277, 0.0737 0.0287, 0.0544

“R(F,) = X||Fy| — IF||/2IF,|. " Ru(ES?) = [Tw(F,> — E2)*/sw(E,2)*]2

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters of Ba;Cuys 7(4)S7.051(s)T€3.940, and Occupancy
Factors of Ba;Cuys.7(4)S7.051(s)Te3.040 and Ba;Cuys.1(1)S7.92(2)Tes.08

atom site x y Ueq/A2 occ.” occt
Ba 18h 0.47016(1) 0.52984(1) 0.086879(9) 0.01327(7) 1 1
Cul 36i 0.22846(5) 0.01116(4) 0.13437(2) 0.0246(2) 0.987(2) 0.915(7)
Cu2 18h 0.4274(6) 0.5726(6) 0.3480(3) 0.027(3) 0.49(6) 0.94(1)
Cu2B* 36i 0.446(2) 0.610(2) 0.3507(3) 0.026(1) 0.24(3)
Cu3 18 h 0.52308(3) 0.47692(3) 0.28218(2) 0.0221(2) 0.987(3) 1
Cu4 18h 0.54696(3) 0.45304(3) 0.37877(2) 0.0233(2) 0.979(3) 0.96(1)
Cus 6¢ 0 0 0.16634(4) 0.0217(4) 0.954(5) 0.78(2)
Cu6 6¢ /s */s 0.399(3) 0.02(3) 0.013(4) 0.10(2)
QI (S, Te) 18h 0.77510(1) 0.22490(1) 0.110205(9) 0.01059(9) 0.017(2), 0.983 0.305(7), 0.695
Te2 6¢ 0 0 0.07441 (2) 0.0122(1) 1 1
S3 18f 0.31968(9) 0 0 0.0116(2) 1 1
S4 6¢c 0 0 0.36128(6) 0.0115(3) 1 1
Ss 18h 0.47630(5) 0.52370(5) 0.20644(3) 0.0112(2) 1 1

* Occupancies of BazCuys 7(4)S7.051(s) T€3.949- b Occupancies of Ba3Cuys 1(1)S7.92(2)Te3.0s- “ Only present in BazCuys7(4)S7.051(5)T€3.940-

rhombohedral variant. For y = 6 and 7, respectively, the cubic variant was
the primary phase with purity >95%, while larger values of y produced
mixtures of both rhombohedral and cubic structures. Having x < 0.5,
especially with large values of y, additionally produced the binary Cu,Te,
which was also noticed as a side product in the reaction withx = 1and y =
2. During this study, the Ba;Cu;7_,S;15—,Te, phase was treated as
Ba;Cuy;_,Sy1,Te,, as the slightly different Ba/Q ratio (3:11.5=0.26vs
3:11 = 0.27) was not a determining factor. Cu deficiencies are very
common among Cu chalcogenides, likely because of the tendency to
mixed valent Cu, so that x has to be >0 is not surprising.

A differential scanning calorimetry, DSC, measurement (using a
NETZSCH STA 409PC Luxx”"**) performed under argon flow, revealed
Ba;Cuy65S,Te; to be stable until approximately 900 K (Supporting
Information).

Analysis. To prove the absence of heteroelements such as silicon
stemming from the reaction container, two samples of nominal composi-
tion Ba;Cu;,SgTe; (rhombohedral variant) and Ba3Cu;,SsTes (cubic
variant) were analyzed via energy dispersive analysis of X-rays using an
electron microscope (LEO 1530) with an additional EDX device (EDAX
Pegasus 1200). The scans were performed with an acceleration voltage of
25 kV under high dynamic vacuum. No heteroelements were detected
during the examination. The obtained Ba/Cu/S/Te ratios were reason-
able with respect to the accuracy of the technique, yielding 9:57:29:6
atomic-%, as averaged over six crystals, compared to the nominal

9.7:54.8:25.8:9.7 in case of BazCu;;SgTes, and 10:54:18:18 averaged
over four crystals, compared to the nominal 9.7:54.8:16.1:19.4 in case
of BazCu,,SsTeg.

Structure Determination. X-ray single crystal structure studies
were performed on black block-like single crystals. A Bruker Smart APEX
CCD diffractometer with graphite-monochromatized Mo—Ka radiation
was used for the data collections, performed by scans of 0.3° in w in two
groups of 600 frames (each with an exposure time of 60 s) at ¢ = 0° and
90°. The data were corrected for Lorentz and polarization effects.
Absorption corrections were based on fitting a function to the empirical
transmission surface as sampled by multiple equivalent measurements
using SADABS incorporated into the APEX II package.”®

The structure solution and refinements were carried out with the
SHELXTL program package.”* The lattice parameters indicated either
rhombohedral or cubic symmetry, depending on the S/Te ratio. Using a
higher S than Te amount yields rhombohedral symmetry, to which no
additional systematic absences were identified, leaving R3m as the space
group of highest symmetry, as in BazCuy;_,(Se,Te);;.”° Thus, that
model was used as a starting point for the refinements. As in case of the
selenide-telluride before, the occupancies of all Cu sites were refined,
yielding occupancies between 0.10(2) and 0.96(1). Similarly, all chalco-
gen sites (Q) were refined as being mixed albeit fully occupied by S and
Te, allowing the S/Te ratio to vary freely. Of the five Q sites, one was
occupied solely by Te (i.e., within its standard deviation of 2%), denoted
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Te2, three by S (S3, S4, and SS), and one (Q1) was clearly mixed
occupied (30.5(7)% S, 69.5% Te). In the final refinement, Te2 was fixed
as a Te site and S3, S4, and SS as S sites. This refinement yielded the
formula of Ba3Cuys.1(1)S7.92(2)Te3.0s-

When choosing a higher Te than S content, face-centered cubic
symmetry was observed, without any (additional) systematic absences.
Thus, the space group of highest symmetry is Fm3m. The direct methods
were used, which yielded eight atomic positions, to which one Ba, three

Figure 1. Unit cell of BazCu,;_,(S,Te);;s. The icosioctahedra are
emphasized.

Cu, one S, two mixed (S:Te) Q sites, and one Te sites were assigned
based on interatomic distances and relative heights. On the basis of their
displacement parameters, the Cu sites were treated as deficient, which
gave refined occupancies between 50.0(8)% and 98.5(6)%. Refining the
occupancies of Te2 and S3 did not show any significant deviations from full
occupancy, and the presence of Te on the QI site may not be significant
either. The formula was refined to be Ba3Cuy6,0(1)S4.45(4)T€7.0s. Standardi-
zation of the atomic positions was carried out with the TIDY program
included in the PLATON package.”

To prove the existence of a phase range and investigate its impact on
the Q site occupancies, an additional crystal from each of the two
structure types was analyzed. Their nominal compositions were Bas.
Cu,6S¢Tes (rhombohedral) and Ba;Cu,,SsTeg (cubic). In the first case,
the formula was refined to Ba;Cuys7(4)S7.051(s)T€3.949, with the second
case refined to BazCuys 6(2)Ss 33(4) T€6.17, now with a significant amount
0f 14.2(5)% S on Q1. No evidence for ordering was found in either case.
The crystallographic data are summarized in Table 1, and the atomic
parameters including the occupancy factors in Table 2 (thombohedral)
and 3 (cubic).

Calculation of the Electronic Structure. We utilized the
LMTO (linear muffin tin orbitals) method with the atomic spheres
approximation, ASA, for the electronic structure calculations.”**” There-
in, density functional theory is applied with the local density approxima-
tion, LDA, to treat correlation effects.”® The following wave functions
were used: for Ba 6s, 6p (downfolded™), 5d and 4f; for Cu 4s, 4p,and 34,
for S 3s, 3p, and 3d (downfolded) and for Te Ss, Sp, and Sd and 4f (the
latter two downfolded). The eigenvalue problems were solved on the
basis of 512 and 1000 irreproducible k points spread evenly in all

Figure 2. Cu,g icosioctahedron with four interconnecting Cu2—Cu3 bonds (left) and its extension with surrounding Q atoms (right).

Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Parameters of Ba;Cuy¢.0(1)S4.45(4)T€7.0s, and Occupancy
Factors of BazgCuy6.0(1)S4.45(4)T€7.0s and BazCuys 6(2)Ss.33(4) Te6.17

atom site X y z Ueq/ A® oce.” occ?
Ba 24e 0.29213(5) 0 0 0.0134(2) 1 1
Cul 96k 0.19950(4) 0.19950(4) 0.41664(8) 0.0327(4) 0.985(6) 0.923(7)
Cu2 32f 0.0745(1) 0.0745(1) 0.0745(1) 0.026(1) 0.500(8) 0.58(1)
Cu3 32f 0.1630(1) 0.1630(1) 0.1630(1) 0.026(1) 0.556(9) 0.55(1)
Ql (S, Te) 48h 0 0.16969(3) 0.16969(3) 0.0140(2) 0.007(5), 0.993 0.142(5), 0.858
Te2 8¢ 1/4 1/4 1/4 0.0268(5) 1 1
S3 32f 0.3906(1) 0.3906(1) 0.3906(1) 0.0115(5) 1 1
Q4 (S, Te) 4a 0 0 0 0.038(3) 0.80(1), 0.20 0.95(2), 0.05

* Occupancies of Ba3Cuyg.(1)S4.45(4)Te7.05- b Occupancies of Ba3Cuys6(2)Ss33(4)T€6.17-
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Figure 3. Three-dimensional network of Cu atoms with central Te2
atoms centering the icosioctahedra.

directions for cubic and rhombohedral structures, respectively, chosen
with an improved tetrahedron method.>

The structural parameters were taken from the refinements on
Ba3Cu;s1S79:Tes 08 and BayCuys0S4.45Te7 o5, respectively. These two
structures were selected because the rhombohedral one had no split sites
and the QI site of the cubic one was almost exclusively occupied by Te
atoms; thus modeling Q1 as Te was most realistic. The sulfur-rich model
was calculated with full Cu sites except for the removal of one of each
Cu2 and Cu4 positions, while the 2/3 of Q1 sites were treated as Te and
1/3 as S, in accord with the experimental S occupancy of 0.31. As a result,
this model has the formula Ba3Cu;sSsTe; in space group Cm. The
second, originally cubic, model was calculated in I4mm by removing half
of the eight Cu2 and half of eight Cu3 positions, where Q1 was treated as
Te and Q4 as S, to yield BazCu;4S.4sTe;.

Physical Property Measurements. Cold-pressed bars of the
dimensions 6 X 1 X 1 mm of selected samples from rhombohedral and
cubic settings were used for Seebeck coefficient (S) and electrical
conductivity (0) measurements. S and 0 were simultaneously measured
on a commercial ULVAC-RIKO ZEM-3 instrument from room tem-
perature up to 750 K. The specific electrical conductivity (o) is
determined via the four-point-method, and the Seebeck coefficient via
S = AV/AT; thermocouple probe separation was approximately 3 mm
for these studies. The achieved density was around 85% of the
theoretical maximum determined via the single crystal structure study.
The resistances (R) were calculated from the voltage drops using Ohm’s
law, that is, R = AV/I, with I = current. 0(T) was calculated after
measuring the lengths between the contacts, L, according to o= L/(AR),
with the area A = 1 mm X1 mm.

B RESULTS AND DISCUSSION

Crystal Structure. The rhombohedral selenide-telluride was
described in 2009.%° Like the selenide-telluride, the rhombohe-
dral sulfide-telluride features interconnected Cu,g clusters, which
are composed of two stacked hexagonal antiprisms capped on
both terminal hexagonal faces. The unit cell is composed of a
series of corner-, edge-, and face-sharing CuQy tetrahedra. Four
of the six Cu sites are essentially fully occupied, with occupancies
between 92% and 98%, while the occupancies of Cu$ and
Cu6 can range anywhere between 50% and 80% or 10% and
60%, respectively. In the case of tellurium-richer Ba;Cuys 7(4)-
S7.0s1(s)T€3.949, however, Cu2 had to be refined as a split site,
while the Cus6 site was virtually unoccupied (refined to be 1.3%),
in contrast to 10% in case of Ba;Cus1(1)S7.92(2) Te3.0s. This can
be rationalized as Cu atoms being forced into different sites to

Table 4. Selected Interatomic Distances [A] of Ba;Cuy,_ (S,
Te),; (top) and BasCuy; (8, Te)y; 5 (bottom)

distance range distance range

Ba3Cuyy—.(S,Te) 1,

Ba QI 2X3.5662(8)—3.6047(4)Cul Cul 3x 2.458(3)—2.894(4)
S3  2x3.268(2)—3.3004(7) Cu3 1x 2.811(2)—2.8171(7)

S4  1x3.2829(9)—3.298(3) Cu4 1x 2.746(3)—2.7645(7)

S5 3x3.1169(7)—3.322(1) Cus 1x 2.8224(6)—2.830(3)

Ql 2x  2.666(2)—2.7605(5)

Cu2 Cu2B3x‘0.40(2), 3.06(3) Te2 1x  3.126(2)—3.154(2)
Cu3 1x2.70(1)—2.800(4) S5 1x  2213(3)—2.2365(9)
Cu4 1x2.63(1)—2.663(4)
Cu6 1x2.42(4)—2.90(4)

Q1 1x2.585(3)—2.669(8)

Cu3Cul 2x 2.811(2)—2.8171(7)
Cu2B2x  2.92(2)

S3  2x2.565(8)—2.613(2) Cu4 3x  2.712(3)—2.7764(5)

S4  1x2.228(4)—2.29(1) Te2 1x 3.039(2)—3.0556(7)

S3  2x  2.395(2)—2.4116(7)

Cu2BCu2 1x 3.06(2) S5 1x 2.306(4)—2.317(1)

Cu2B2x ‘0.68(4)’, 2.71(4)

Cu6 1x2.24(5) Cu4Cul 2x 2.746(3)—2.7645(7)

Ql  1x2.645(8) Cu2 1x 2.63(1)—2.663(4)
S3  1x248(2) Cu2B2x 2.81(2)
S4  1x2.19(1) Cu3 3xx2.712(3)—2.7764(5)

Ql 1x 2.812(3)—2.8323(7)
Cu5 Cul 6x2.8224(6)—2.830(3) Te2 1x 2.615(2)—2.6167(7)
Cu6 1x 1.84(5)—2.81(7) S3  2x  2.429(3)—2.4439(8)
Ql  3x2.701(3)—2.7520(7)
Te2 1x2.523(6)—2.552(1) Cu6Cu2 3x 2.42(4)—2.90(4)
Cu2BSx  2.24(S)
Cus 1x 1.84(5)—2.81(7)
Ql 3x 2268(7)—2.57(4)
S4  1x  3.43(5)—2.60(8)

Ba3Cu,7,x(S,Te)“.5

Ba QI 4x3.5932(6)—3.6067(5)CulCul 4x 2.461(2)—2.874(3)
S3 4x3.161(1)—3.167(1) Cu3 2x 2.810(1)—2.819(2)
Ql 2x  2.714(1)—2.7224(9)
Cu2 Cu2 3x2.543(5)—2.567(4) S3 1x  2233(2)—2.242(2)
Cu3 1x2.640(6)—2.642(5) Te2 1x 3.125(1)—3.134(2)

Ql  3x2.652(2)—2.653(2)
Q4 1x2202(4)—2223(4) Cu3Cul 6x 2.810(2)—2.819(2)
Ql 3x 2.801(2)—2.814(2)
Te2 1x 2.598(3)—2.610(4)

compensate for the nearly Te-exclusive Q1 site (Table 2),
typically between 46% and 74% Te with the selenides, as Cu6
is surrounded by three Q1 atoms. Besides Q1, all other Q sites
(2 through 5) were found to be exclusively occupied by either S
or Te atoms.

The crystal structure of the cubic variant, realized in Ba;-
Cui6.01)Ss.4s)Te7.0s and Ba3Cuys.6(2)Ss.33(4)Te6.17, 18 also
composed of a three-dimensional network of corner-, edge-, and
face-sharing CuQ, tetrahedra. For example, the Cu2Q4 and
Cu3Qy tetrahedra share a common face formed by three Tel
atoms. The Ba cations are centered in square antiprisms com-
posed of two Ql, faces, and the square antiprisms are inter-
connected via common edges.
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Figure 4. Density of states of Ba;Cu;SgTe; in Cm (left) and of BazCu;S,sTe in I4mm (right).

Since no short Q—Q contacts occur in this structure, the
oxidation states are therefore assigned to Ba>*, Cu*, and Qz_.
Thus, the chalcogenides with x = 0, that is, Ba;Cu;-(S,Te);; s, are
electron precise. The Cu,¢ clusters are regular icosioctahedra
(emphasized in Figure 1), as sometimes found in intermetallics
such as Na;sCd,,Gass®' and Mg35Cuz4Ga53.32 To our knowl-
edge, this is the first time that such an icosioctahedron is centered
by a chalcogen atom.

The Cu,¢ icosioctahedron is centered by a Te2 atom, and
its 28 triangular faces are formed by 12 Cul atoms and 4
Cu3 atoms, subsequently of point symmetry T (left part of
Figure 2). While Cul is almost fully occupied (refined values
were 92%—99%), Cu3 is roughly half occupied, so that the
averaged coordination number of Te2 is about 12 X 1 + 4 X
2 = 14. Each Cu3 atom is bonded to one Cu2 atom, which in
turn forms Cu2g cubes located between the icosioctahedra.
S3 atoms are bonded to three Cul atoms on each of the four
triangular icosioctahedron faces that are not coordinated
to Cu3 (right part of Figure 2). The intracluster distances of
2.46 A—2.81 A (Table 4) are typical Cu—Cu bonds, as found
in several other Cu-chalcogenides,* including BasCuys_ Te,®
and Ba3Cu;,_,(Se,Te);;,” noting that these formally closed-
shell (d'°—d"°) interactions occur regularly in Cu chalcogen-
ides, and their bonding character arises from mixing of the
filled d states with the nominally empty, energetically higher
lying s and p orbitals.** 3¢

As can be observed in Figure 3, the Cu atom network is three-
dimensional, with the icosioctahedra being connected to 6 other
icosioctahedra via 12 intercluster Cul —Cul contacts of around
2.87 A, of which Figure 3 shows only those connected in one unit
cell; each icosioctahedron joins others in three neighboring unit
cells along [100], [010], and [001]. Additionally, each icosiocta-
hedron is bonded to four Cu2 atoms from each of the polyhe-
dron’s Cu3 sites. The Cu2 atoms form cubes centered by Q4
atoms with Cu2—Q4 bonds of 2.20 A—2.22 A, with Cu2—Cu2

distances along the edges of approximately 2.55 A. With the
occupancy of Cu2 between 50% and 58%, the averaged coordi-
nation number of Q4, dominated by S atoms, is about 8/2 = 4.
Similarly, the Cu cubes of BaCusoSTes were centered by S
atoms, with Cu—S bonds of 2.33 A and a Cu occupancy of 74%,
resulting in an average coordination number of 8 X 3/4 = 6 for
this S atom.'® Because of the three-dimensional extension of the
Cu—Cu contacts in combination with the Cu deficiencies of Cu2
and Cu3 (each on the order of 50%), Cuion conductivity appears
to be likely in Ba;Cu,;_.(Se,Te),s, as previously shown for
Ba;Cu;;_.(Se,Te),y, though the anisotropic displacement param-
eters are not as large and distinctly anisotropic as found in the
best Cu ion conductors including Rb4Cu1617C11337’38 and
CugPSsCL*?

While no mixed S:Te occupancies were identified in the
sulfide-tellurides BaZCuG,xSTe410 and ZrgSTe,,* each of the
four crystals investigated here has at least one mixed S:Te site,
with ratios of up to 30:70 and 80:20, respectively. Other
examples for mixed S:Te occupancies, while rare, do exist,
including TagS1sxTes ' (with up to 4% S on Te sites and
7% Te on S sites) and Ta;5Si,S, Te;o_. (with one pure S site
and four mixed S:Te sites, albeit with very high standard
deviations). It is most probable that, because of the large
difference in atom sizes, the S and Te atoms do not occupy the
same absolute position. This seems to be not resolvable from the
X-ray data, but it is reflected in large displacement parameters of
the sites involved, for example, Q4 and its neighboring Cu2 in
case of BazCu;; (S, Te);,s. In this case, Te on Q4 is very
likely to be surrounded by more deficient Cu2 cubes and to be
placed off-center because of the short averaged Cu2—Q4 dis-
tance of 2.2 A.

Electronic Structure. The density of states, DOS, of the
electron precise model BazCu;sSgTe; reveal a small band gap
of the order of 0.12 eV at the Fermi level (left part of Figure 4).
The area below the Fermi level, Ep, is predominated by Cu 3d
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Figure 5. Seebeck coefficient (left) and electrical conductivity (right) of Ba;Cu;_,S 11-yTe, (diamonds) and BazCu,;_ Si1s—yTey (triangles/circles).

states with contributions from the S 3p and Te Sp states, and the
conduction band consists of Ba s, Cu s, and Cu p states. The
Ba3Cu;S,.5Te; model (right part of Figure 4) possesses no band
gap at the Fermi level, but has a very few states immediately
above the Fermi level with some minima at approximately 0.5
and 0.8 eV; this metal-like DOS would suggest a small Seebeck
coefficient, which can be verified in the following section. The
energy levels below the Fermi level are again predominantly Cu
3d states and chalcogen p states.

Physical Properties. The rhombohedral sulfide-tellurides
showed physical properties that were comparable to that of the
previously studied selenide material published in 2009.*° Mea-
surements were performed on rhombohedral Ba3Cu;sSsTes,
Ba3Cu;SgTe; and Ba;Cu;SoTe, (Figure S). Seebeck coeffi-
cient values were mostly between S = +150 uV K" and +250 'V
K" for the full range of the measurement. Electrical conductivity
values were all below 0 =20 Q' cm ™' at room temperature and
gently increased with the temperature, as is expected of a slightly
doped semiconductor, reaching a maximum of 163 Q' cm ™ at
700 K for Ba3Cu;S9Te,. The resulting highest power factor
PF. = §°0 at room temperature was 0.45 W cm ' K> for
Ba;Cu;6SoTe,, which reached 2.38 yW cm ' K % at 700 K.

For the cubic materials of nominal composition “Baj
Cuy45S4Te;” (measured directly after cold-pressing as well as
after cold-pressing and sintering at 825 K) and “Ba;Cu,6¢S4Te;”,
S, being almost unaffected by the annealing process, rose
gradually from about +40 4V K" to +100 4V K~ ". The electrical
conductivity behaved like a metal or degenerate semiconductor,
showing a gradually decreasing slope as temperature rises. The
annealed sample exhibited, not surprisingly, the highest value at
room temperature, namely 412 Q™' cm™ ', while the cold-
pressed samples showed comparable conductivity curves begin-
ning around 465 K. The 0 of the three cubic samples decreased to
about 200 Q' ecm ™' at 750 K. The highest power factor at room
temperature was 0.63 uW cm ' K 2 for cubic, annealed
“Ba3Cu,66S4Te,”, which reached 2.12 yuW cm ™' K at 750 K.

For comparison, the S values at room temperature of
other barium copper chalcogenides were +35 uV K for
Ba;Cuysg5Tep,” +100 4V K ' for BaCus-SeqsTess, ° and
+120 4V K" for K,BaCugTe;,” with 6(300 K) of these three
materials being 190 Q 'em ,40Q 'em Land70Q Y em
respectively. Thus, the last three materials exhibited comparable
power factors, ranging from P.F. = 02 4W cm™ ' K * to 1.0 uW
cm ' K at 300 K.

Bl CONCLUSIONS

Two structure types were discovered for the Ba—Cu-(S,Te)
system, which are dependent not only on the crucial mixing of
both S and Te atoms but on the S/Te ratio as well. The
rhombohedral variant is found when [S] > [Te] and shows
mixing on the Q1 site, with the CuS and Cu6 atoms dis-
playing large deficiencies. The Cu cages are based on Cuyg
clusters, topologically equivalent to the previously published
Ba;Cu,-_,(Se,Te),;. Upon introducing [Te] > [S], a new, cubic
structure type is found: BazCuy,_,(S,Te), s, also with mixed S:
Te occupancies. Two of three Cu sites have between 50% and
58% occupancies and form regular Cu,4 icosioctahedra of point
symmetry T, eight of which are found in one unit cell, all
interconnected via additional Cug cubes to an infinite Cu atom
network. Phase width studies indicate that both structures
require a Cu-deficiency, a common observation in many Cu
chalcogenides, and like in case of the previously reported
rhombohedral selenide-telluride, at least a ~1:4 mixture of the
two different chalcogen atoms is required for the formation of
these structures. The cubic structure will form as soon as the Te
content is higher than the S content, as became evident when
comparing the structures of nominal compositions BazCu;sSsTes
and Ba;Cu,S¢Tes.

The electronic structure calculations suggest that Ba;Cu;;_ -
(S,Te);, would be an intrinsic p-type semiconductor when x = 1,
which is in agreement with the measurement of three stoichio-
metric variations thereof. The highest power factor was found to
be 2.38 #W cm ' K2 at 700 K, but like in case of its Se-
counterpart, high Cu ion mobility makes this material a poor
choice for thermoelectric materials. The calculations for
Ba3Cuy; (S, Te); s revealed a significant albeit small number
of states around the Fermi level, which concurs well with its
smaller Seebeck coeflicient and larger electrical conductivity. The
highest power factor of this series, 2.12 W cm 'K %at 750K, is
very comparable to the maximum measured for Ba;Cu;; (S,
Te),;. Here as well, the structure refinements suggest the
possibility of a high Cu mobility that makes it unappealing from
a thermoelectric perspective.

B ASSOCIATED CONTENT

© Ssupporting Information.  Four crystallographic informa-
tion files (CIFs), and one DSC/TG curve for BayCu;45S,Te-.
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