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ABSTRACT: Standard solid-state methods produced black crystals of the
compounds BaCug,;;)Te, and BaAg,;;)Te, at 1173 K; the crystal
structures of each were established using single-crystal X-ray diffraction
data. Both crystal structures are modulated. The compound BaCuyg4;(3)Te,
crystallizes in the monoclinic superspace group P2(af1/2)0, having cell
dimensions of a = 4.6406(5) A, b = 4.6596(5) A, ¢ = 10.362(1) A, § =
90.000(9)°, and Z = 2 and an incommensurate vector of q = 0.3499(6)b* +
0.5c*. The compound BaAg,;)Te, crystallizes in the orthorhombic
P2,2,2(a00)000 superspace group with cell dimensions of a = 4.6734(1)
A, b = 4.6468(1) A, ¢ = 11.1376(3) A, and Z = 2 and an incommensurate
vector of q = 0.364(2)a*. The asymmetric unit of the BaCug 43(3) Te, structure
comprises eight crystallographically independent sites; that for BaAgy,7(;)Te,
comprises four. In these two structures, each of the M (M = Cu, Ag) atoms is
connected to four Te atoms to make two-dimensional layers of [M,Te,/,]"" that are separated by layers of Ba atoms and square nets
of Te. A Raman spectroscopic study at 298(2) K on a pelletized polycrystalline sample of BaAg, s Te, shows the presence of Ag—Te
(83, 116, and 139 cm™") and Ba—Te vibrations (667 and 732 cm™'). A UV—vis—NIR spectroscopic study on a powdered sample of
BaAg,¢Te, shows the semiconducting nature of the compound with a direct band gap of 1.0(2) eV, consistent with its black color.
DEFT calculations give a pseudo bandgap with a weak value of the DOS at the Fermi level.

B INTRODUCTION theoretically, these chains and nets are not stable and should
be distorted. Hence, the crystal structures of many of these
compounds (e.g., LnTe; and LnZTeS)W_21 upon reinvesti-
gation displayed weak superstructure reflections, indicating
that the Te chains and nets are in fact distorted. These
structural distortions are believed to be responsible for their
intriguing physical properties such as charge density waves
(CDW) in the AMLnTe, (A = K, Na; M = Cu, Ag; Ln = La,
Ce) structures.””** The average charges on these Te nets also
The chalcogens can form various species starting from a vary depending on the structure type. For instance, the average

simple Q,%~ unit [e.g,, Ba,Ag,Se,(Se,),” ZrTe,,* and Rb,Te,’] flbarge on lthte Tte atom; El Tt‘he Te nets &n guamo tsw?-
to complex nonlinear Q,*~ units [e.g.,, Te;5>” unit in Cs,Te,; ] umensional-structures - ob LN Le; compounds 1s €3
8

. - . 19
and hypervalent (Q,)"" motifs (m, n > 2, Se;* in Ba,Ag,Ses, Yrv}ﬁerea; it hde‘crelases to . —lef hln the LnTe, lft;ucturelil.
Se54_ in NbZSeg,g and Te54_ in NaTelO)' Among the us, the physical properties of these square-net chalcogenides

. . show a strong correlation with the charge on their Te atoms
chalcogens, Te shows the most varied catenations. Te can . . . .
f P . 11 12 and the nature of the interactions between neighboring Te
orm infinite chains (Ba;ScTes,, Gd;Cu,Te, ~ and La- A These different f Q-Q interacti cabili
CugueTe, ), square nets (EuCuy 4 Te,* Nay, Agz,gEuTe‘pH atoms. These different types o interactions can stabilize

KCu,EuTe,,"* and K0‘33Ba0,67AgTe215), and neutral Teg rings
(e.g, Cs;Teys).” In most of these structures, the charge balance Received:  May 7, 2020

of the compounds can be achieved by the Zintl-Klemm Published: August 26, 2020

16 . .

concept. ~ However, charge-balancing in structures with

infinite chalcogen chains and square nets is extremely difficult.

Many of the initial reports of these structures showed

equidistant Te atoms in these chains and square nets;

The structural chemistry of multinary metal chalcogenides
[chalcogens (Q =S, Se, and Te)] is richer and more complex
than those of the metal oxides because the chalcogens have
lower electronegativity than oxygen. This leads to a less ionic
character of metal—chalcogen bonds, increased covalent
character, and less repulsion between the anions. The
combination of these factors results in the formation of a

variety of Q—Q bonding in the metal chalcogenides.l_3
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Table 1. Crystal Data and Structure Refinement Details for BaCuy 43(3)Te, and BaAg, ,;;)Te,”

empirical formula
formula weight
temperature (K)
wavelength
crystal system
space group

unit cell dimensions

g-vector

volume

Zz

density (calculated)
absorption coefficient
F(000)

crystal size

6 range for data collection
index ranges

reflections collected

BaCug433)Te,

420.1

293(2)

0.71073 A

monoclinic

P2(af1/2)0

a = 4.6406(5) A

b = 4.6596(5) A, B = 90.000(9)°
¢ =10.3620(15) A
0.3499(6)b* + 0.5c*
224.06(5) A

2

6.23 g/cm3

234 mm™!

345

0.372 X 0.301 X 0.014 mm?®
4.75°-38.15°

-8<h<8 -8<k<8-18<1<18-1<m<1

23635 (7798 main +15837 satellites)

independent reflections
99% (0 = 25.24°)

full-matrix least-squares on F*
data/constrains/restraints/parameters 2446/5/0/87

goodness-of-fit on F* 2.21

final R indices [I > 20(I)] Rgps = 0.0679, wR, = 0.1091
R indices [all data] R, = 0.1166, wR,; = 0.1187
final R main indices [I > 26(I)] Rgps = 0.0323, wR,, = 0.0636
R main indices (all data) R,y = 0.0423, wR,; = 0.0652
final R 1st order satellites [I > 26(I)] Ry = 0.1788, wR,,, = 0.2845
R 1st order satellites (all data) R, = 0.2936, wR,; = 0.3158
extinction coefficient 12(15)

twin law [=1 0 0 0=1 0 0 0—1] 0.0(4)

Toin and T, coefficients 0.3778 and 0.6923

5.63 and —4.94 e” A}

completeness

refinement method

largest diff. peak and hole

2446 (828 main +1618 satellites) [R;, = 0.1052]

BaAgy77(1)Te,

476

100(2)

0.71073 A

orthorhombic
P2,2,2(00)000

a = 4.67340(10) A

b = 4.64680(10) A

¢ =11.1376(3) A

0.364(2)a*

241.868(10) A’

2

6.54 g/cm3

22.9 mm™

392

0.09 X 0.07 X 0.04 mm®
1.59°-38.11°

—8<h<8 -8<k<7-18<1<18-1<m<1
22714 (7558 main +15156 satellites)
2098 (708 main +1390 satellites) [R;, = 0.1411]
98% (0 = 29.83°)

full-matrix least-squares on P
2098/0/0/60

1.09

Ryps = 0.0445, wR,,, = 0.0718
Ry = 0.1266, wRy = 0.0852
Ry, = 0.0308, wRy, = 0.0615
Ry = 0.0442, wRy = 0.0637
Ry, = 0.1391, wR,, = 0.2447
Ry = 0.4066, wRy = 0.3525
60(20)

0.5

0.2015 and 0.442

5.82 and —6.88 e~ A3

R = 3IIF,| — IEN/ZIF,, wR = {E[w(E,2 — F2)*)/S[w(E,*)]}2 and w = 1/(cX(I) + 0.00041)

new unprecedented and unexpected structures that we seek to
discover by exploratory syntheses.

In the last few decades, we have focused on the exploratory
syntheses of ternary and quaternary new transition-metal/
actinide chalcogenides and have reported several compounds
that show a variety of new structure types with various
chalcogen—chalcogen interactions. The flexibility of chalc-
ogens to adopt various polyanionic units could not have been
predicted but discovered depended on exploratory syntheses.

The chemistries of the actinides (An = Th, U, Np) are
relatively unexplored. Consequently, actinide metal chalcoge-
nides present an exciting area for exploratory chemistry.
Generally, such efforts fail; a few yield new compounds and
surprising structures. Others yield new compounds that can
only be prepared with the assistance of the actinides. Such is
the case here where we present the syntheses, modulated
crystal structures, Raman spectroscopy, optical properties, and
electronic properties of two new compounds BaCu,Te, and
BaAg,Te,, which were discovered serendipitously while
exploring the Ba—Th—Cu/Ag—Te systems. BaCu,Te, could
only be prepared with the assistance of Th.***7>¢

B EXPERIMENTAL METHODS

Syntheses and Analyses. Caution! **Th is an a-emitting
radioisotope and as such is considered to be a health risk. Experiments

using radioisotopes require appropriate infrastructure and personnel
trained in the handling of radioactive materials.

The following starting materials were used as supplied: Ba rod (Alfa
Aesar, 99+%), Ag flakes (Sigma-Aldrich, 99.9%), Cu powder (Sigma-
Aldrich, 99.9%), Th powder (MP Biomedicals, 99.1%), and Te ingot
(Sigma-Aldrich, 99.999%). These chemicals were handled inside an
Ar-filled glovebox.

Synthesis of Single Crystals of BaCu,Te,. Black plate-shaped
crystals of BaCu,Te, were synthesized by standard solid-state
methods. BaCu,Te, crystals were first obtained serendipitously during
an attempt to synthesize a new quaternary phase in the Ba—Th—Cu—
Te system. First, Ba (35.5 mg, 0.259 mmol), Th (15 mg, 0.065
mmol), Cu (8.2 mg, 0.129 mmol), and Te (107.2 mg, 0.84 mmol)
were loaded into a carbon-coated fused-silica tube (OD 6 mm) inside
an Ar-filled glovebox. The tube was then evacuated to ca. 10~* Torr
before being sealed. The tube was placed inside a programmable
muffle furnace and heated to 1073 K in 36 h where it was kept for 15
h. The temperature of the furnace was then raised to 1173 K. The
tube was kept for 198 h at 1173 K. Then, it was cooled to 973 K in 96
h and then to 573 K in 100 h, and then, the furnace was turned off.
The silica ampule was opened under ambient conditions, and a black
lump was found. The lump was gently broken into small pieces before
being examined under a microscope. The product contained black
plate-shaped crystals. The energy-dispersive X-ray (EDS) spectrosco-
py analysis of these crystals was carried out with the help of a Hitachi
S3400 scanning electron microscope. Semiquantitative EDS analysis
of the crystals showed the presence of Ba, Cu, and Te and no trace of
Th. The compositions of these crystals were close to BaCu,,Te,(Ba/

https://dx.doi.org/10.1021/acs.inorgchem.0c01319
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Cu/Te = 1:0.70:2). Other phases found were black plates of
ThOTe,*’ yellow BaTe,*® and residual Te.

Synthesis of Single Crystals BaAg,Te,. Black plate-shaped
crystals of a new ternary compound BaAg,Te, were obtained during
the exploration of Ba—Th—Ag—Te quaternary system in a reaction of
Ba (23.67 mg, 0.172 mmol), Th (10 mg, 0.043 mmol), Ag (9.30 mg,
0.086 mmol), and Te (76.99 mg, 0.603 mmol). These reactants were
first loaded into a carbon-coated fused-silica tube inside an Ar-filled
glovebox. The tube was flame-sealed under a vacuum (ca. 10~* Torr)
and then placed inside a computer-controlled muffle furnace. The
heating profile of this reaction was the same as discussed above for the
synthesis of BaCu,Te, crystals. The reaction product of this reaction
revealed the presence of black plates along with yellowish BaTe and
unreacted Te. The EDS analysis of the plate-shaped crystals showed
the presence of BaAg,Te, (Ba/Ag/Te =~ 1:0.8:2) along with
ThOTe,”” BaTe,*® and Te crystals.

Syntheses of Polycrystalline BaCu,Te, (x = 0.85, 0.70, 0.55,
and 0.43) and BaAg,Te, (x = 1.0, 0.9, and 0.8). Attempts to
synthesize polycrystalline samples of nominal compositions of
BaCu,Te, (x = 0.85, 0.70, 0.55, and 0.43) and BaAg,Te, (x = 1.0,
0.9, and 0.8) were carried out by the reactions of elemental Ba, Cu or
Ag, and Te using the sealed tube solid-state synthesis method, as
described earlier. These reactions were loaded with a total mass of
0.5—0.6 g. The sealed silica tubes were first heated to 823 K in 20 h
from 298 K. After 24 h at 823 K, the temperature was ramped up to
973 K with a heating rate of 20 K/h. After 48 h, the furnace was
switched off and the reactions were cooled to 298 K. The products
were opened under ambient conditions. All these reactions produced
homogeneous black lumps or ingots. The lumps were then
homogenized into fine powders inside an Ar-filled glovebox. The
powders of the loaded reactions were then individually compressed
into 4 mm radius circular pellets by using 15 MPa pressure. Each of
these pellets was again sealed inside a carbon-coated fused-silica tube.
Each tube was heated to 773 at 50 K/h. The temperature was kept
constant at 773 K for 48 h. Finally, the furnace was switched off. The
resulting pellets were ground into homogeneous powders inside an
Ar-filled glovebox for further characterization. Powder X-ray
diffraction (PXRD) patterns of these products were used to assess
their phase purity.

Crystal Structure Determinations. Single-crystal X-ray diffrac-
tion data for BaCu,Te, were collected at 293(2) K on a STOE IPDS
II diffractometer equipped with graphite monochromatized Mo Ka
radiation (4 = 0.71073 A) and an Image Plate (IP) detector. The data
were collected with an @-scan technique from 0°—180° at an arbitrary
@-angle. Data reduction was performed with the X-AREA package.”
An analytical absorption correction was performed (X-SHAPE2
within X-AREA).*

Single-crystal X-ray diffraction data from a BaAg,Te, single crystal
were collected at 100(2) K with the use of a Bruker APEX2 KAPPA
diffractometer equipped with graphite-monochromatized MoKa
radiation (4 = 0.71073 A). The data collection strategy was optimized
with the use of the algorithm COSMO in the APEX2 package as a
series of @ and ¢ scans.’® Scans of 0.5° at 60 s/frame were used. The
detector-to-crystal distance was 60 mm. The collection of intensity
data as well as cell refinement and data reduction were carried out
with the use of the program APEX3.*° An analytical absorption
correction was performed using JANA2006 software.”' >

Both structures are modulated. Atomic coordinates of the atoms in
the subcells and initial values of their modulation functions were
determined by the charge-flipping method.>>** The incommensurate
superstructures were refined with JANA2006 software.”' ™

The subcell of the BaCug,;(3)Te, compound was indexed with a
monoclinic cell a = 4.6406(5) A, b = 4.6596(5) A, ¢ = 10.362(1) A,
and f = 90.000(9)°, and the satellite reflections (supercell) were
located at a diagonal incommensurate vector of q = 0.3499(6)b* +
0.5c*. None of the acceptable orthorhombic space groups gave a
satisfactory refinement, and the structure was refined in the
monoclinic superspace group P2(af1/2)0 (Table 1) with two Ba
sites, two Cu sites, and four Te sites. Vacancies on the sites of Cu
atoms were freely refined to the final stoichiometry BaCug ;3 Te,.

Satellite reflections of one order were observed for BaCuy ;3 Te,.
Modulation waves of one order for positional and thermal
displacement parameters were used for all Ba and Te atoms. There
was no significant positional ordering of the Cu atoms; therefore, only
the modulation terms of the occupancy parameters were refined. An
inversion twin law [—=1 0 0 0—1 0 0 0—1] had a refined value of
0.0(4)% and was applied.

The subcell of the BaAg,771yTe, compound was indexed with an
orthogonal cell a = 4.6734(1) A, b = 4.6468(1) A, and ¢ = 11.1376(3)
A, and the satellite reflections (supercell) were located at an
incommensurate vector of q = 0.364(2)a*. The only orthorhombic
space group that gave good agreement indices for both the subcell and
satellite reflections was P2,2,2(a00)000 (Table 1). There are a total
of four independent crystallographic sites, one Ba site, one Ag site,
and two Te sites in the asymmetric unit. Vacancies on the sites of Ag
were freely refined to the final stoichiometry BaAg;;(;yTe,. Satellite
reflections of one order were observed for BaAgy ;;(yTe,. Modulation
waves of one order for positional and thermal displacement
parameters were used for all atoms. Only the symmetry allowed
Fourier terms were refined. A twin law for racemic mixtures was used
in the refinement. The electron density maps around the Cu2 atom of
BaCug 43(3)Te, structure are shown in the Supporting Information.
The CRYSTALMAKER program>* was used to make all the drawings.
Further details about the crystal structures are given in Table 1.

Powder X-ray Diffraction (PXRD) Study. The phase purities of
the polycrystalline samples of BaCu,Te, and BaAg,Te, were analyzed
by PXRD studies at 298(2) K using an X'Pert Pro-PAN analytical
diffractometer. A Cu Ka source of radiation (1 = 1.5406 A) and an
Xcelerator detector were used during the data collection. The
operating current and voltage were 30 mA, and 40 kV, respectively.
The reflection data were collected over a 26 region of 10°~70° using
a step size and scan time of 0.01° and SO min, respectively. The
simulated PXRD patterns were obtained from the single-crystal data
of BaM,Te, using the deposited data and the Mercury program.*®

Solid-State Ultraviolet (UV)-Visible (vis) Near-Infrared
(NIR) Spectroscopy. Optical absorption studies on powdered
samples of BaAg,sTe, were carried at 298(2) K using a JASCO V-
770 UV/vis/NIR spectrophotometer in diffuse reflectance mode.
Dried BaSO, powder was used as a standard reference. The
reflectance data as a function of wavelength were recorded over a
wavelength range from 2000 (0.62 eV) to 200 nm (6.2 eV). The
reflectance data were converted to absorption data by using the
Kubelka—Munk equation:*

a/S = (1—-R)*/2R (1)

here @, R, and S are the absorption coefficient, the reflectance, and the
scattering coefficient, respectively. The bandgap was estimated by
using the Tauc plot:>’

(ahv)" = A(hv - E,) 2)

here a, h, and v are absorption coeflicient, Planck’s constant, and
frequency of light, respectively. E, is the bandgap and A is a
proportionality constant. The value of constant n determines the
nature of bandgap. n = 2 and n = 1/2 values signify direct and indirect
band gap, respectively.

Raman Spectroscopy. The Raman spectra of pelletized
polycrystalline BaAg,sTe, were collected at 298(2) K using a Bruker
SENTERRA II dispersive micro Raman spectrometer equipped with a
confocal microscope. The spectra were recorded over a region of 50—
3500 cm™ with a resolution of 3.5 cm™. An excitation wavelength of
532 nm was used during the data collection. Raman spectra of
individual pellets taken at different positions on the pellets showed no
noticeable changes.

Electronic Structure Calculations. Because we cannot treat
partial occupancies, we have considered the formulas BaCuTe, and
BaAgTe, to obtain a qualitative understanding of the electronic
structure of the compounds studied experimentally. The first-
principles calculations were carried out with the Vienna Ab Initio
Simulation Package (VASP)*® code using the projector augmented

https://dx.doi.org/10.1021/acs.inorgchem.0c01319
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Figure 1. Powder X-ray diffraction patterns of (a) BaCuy4;Te, composition along with the simulated PXRD patterns of BaCug4;(3)Te, and
Bag ,cCu, 4, Te,,* structures and (b) BaAg,Te, (x = 0, 0.9, and 0.8). The unindexed reflections for PXRD patterns of BaAgTe, and BaAg,,Te,
phases are shown by * and # symbols, respectively. The PXRD pattern of loaded composition BaCug4;Te, completely matches with the known
phase Bag-4Cu, 4, Te, (BaCugs,Te, ), as computed with the use of by program Mercury 4.0.%

Table 2. Average Interatomic Distances (in A) in the Superstructure of BaM,Te, (M = Cu, Ag)“

M = Cu, x = 0.43(3) M = Ag, x = 0.77(1)
average minimum maximum average minimum maximum
Mi1-Tel 2.865(6) X 2 2.86(1) x 2 2.87(1) x 2
2.879(9) X 2 2.88(1) x 2 2.88(1) x 2
M1-Te3 2.73(2) X 2 2.71(2) X 2 2.75(2) X 2
M1-Te4 2.72(2)x 2 2.70(2) X 2 2.74(2) X 2
M2—Te3 2.74(2) X 2 2.72(2) X 2 2.75(2) X 2
M2-Te4 2.72(2) X 2 2.70(2) X 2 2.74(2) X 2
Tel--Te2 3.293(5) x 1 3.002(7) X 2 3.604(7) X 2
3.294(5) x 1 2.996(7) x 2 3.608(7) X 2
3.298(5) x 1
3.297(5) x 1
Te2--Te2 3.300(5) x 1 3.034(7) X 4 3.580(7) x 3
3.302(5) x 1 3.579(7) x 1
3.298(5) x 1
3.304(5) x 1
Bal—Tel 3.58(2) X 1 346(2) x 2 3.72(2) x 2 3.502(5) x 2 3.464(6) X 2 3.539(5) x 2
3.59(2) x 1 3.501(2) x 2 3.469(6) X 2 3.535(6) x 2
Bal—Te2 3.61(2) x 2 3.58(2) x 2 3.64(2) x 2 3.587(8) x 2 3.579(9) x 2 3.600(9) X 2
3.561(6) x 2 345(1) x 2 3.68(1) x 2
Bal—Te3 3.44(1) X 4 341(1) x 2 346(1) x 2
3.38(1) x 2 3.49(1) x 2
Ba2—Tel 3.64(2) x 2 3.60(2) x 2 3.67(2) x 2
Ba2—Te2 3.62(2) x 2 3.50(2) x 2 3.74(2) x 2
Ba2—Te4 3.43(1) X 4 3.37(1) x 2 349(1) x 2
341(1) x 2 3.46(1) x 2

“See the Supporting Information for more details.
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LY Lo 8Y . L R N 7 2
FEL S és‘u P, 5886 ot 0 NN S sy

Figure 2. Average subcell structures of unit cells of (a) BaCug3(;)Te, and (b) BaAg;,(;)Te,, and views of the unit cells of (c) ThCr,Si,, (d)
BaAgSe,, and (e) CaMnBi, structures.
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wave method.>”*® For the exchange-correlation functional, we
adopted the generalized gradient approximation with the Perdew,
Burke, and Ernzerhof parametrization®'™* to relax the crystal
structure and then the Heyd, Scuseria, and Ernzerhof functional to
compute the density of states (DOS).*"* The integration over the
Brillouin zone was sampled by 6 X 6 X 2 k-points for the two
compounds. The kinetic energy cutoff for the expansion of the wave
functions was set to the default value for both compounds.

B RESULTS AND DISCUSSION

Syntheses. While exploring the B.—Th—M—Te (M = Cu/
Ag) system, we discovered black plate-shaped single crystals of

Figure 3. Coordination environment of Ba atom in the BaM,Te, (M
= Cu and Ag) substructures.

Table 3. Intermediate Te**Te Interactions in Some Related
Layered Structures

compound Te--Te distance (A) reference
BaCug 303 Te, 3.293(5) — 3.298(5) this work
BaAgy 71y Te, 3.298(5) — 3.304(5) this work
EuCuygTe, 3.168(1) 14
KCu,EuTe, 3.1371(4) 14
Ko 3:Bag e Te, 3.269(2) 15
LaTe, 3.187(2) 19
Nay,Ag, sEuTe, 3.1497(3) 14
>
=
3
N’
E, (direct) = 1.0(2) eV

1 2 3 4
Energy (eV)

Figure 4. Tauc plot of solid-state UV—vis—NIR spectrum of
powdered polycrystalline BaAg,sTe,.

BaCu,Te, and BaAg,Te, in the reactions of the elements at
1173 K. The yields of these two phases were around 30% on
the basis of M. The Th-free reaction for the BaAg,Te, phase
using the same reaction conditions did produce the desired
BaAg, Te, phase, but the quality of the crystals was poor. In
contrast, the BaCu,Te, crystals could not be reproduced using
the Th-free reaction of Ba, Cu, and Te.”**™%® The crystals of
BaM, Te, were stable in air for at least 1 week. To study the

pubs.acs.org/IC
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Figure S. Raman spectrum of a powdered polycrystalline BaAg,sTe,
sample.

stability of these phases, the syntheses of polycrystalline
samples of BaCu,Te, (x = 0.85, 0.70, 0.55, and 0.43) and
BaAg,Te, (x = 1.0, 0.9, and 0.8) were attempted by reactions
of the elements using a two-step sealed tube method. The
PXRD patterns of the final products of the BaCu,Te, (x =
0.43) and BaAg,Te, (x = 1.0, 0.9, and 0.8) reactions are shown
in Figure 1. The PXRD patterns of BaCu,Te, (x = 0.85, 0.70,
and 0.55) are shown in the Supporting Information.

The PXRD pattern of the loaded composition BaCuy4;Te,
shows the formation of the Bag;sCu,4,Te,** compound
instead of the target BaCu,Te, compound. The products of the
BaCu,Te, (x = 0.85, 0.70, and 0.55) reactions also show the
presence of the known ternary phase, Bag,sCu,,4,Te )y
(BaCuy3,Te,(,),” as a major product along with small
amounts of BaTe (see the Supporting Information). No
further attempts were made to synthesize the BaCug,;(;)Te,
compound by modifying the elemental ratios or heating
profiles of the Th-free reactions.

For BaAgTe, (x = 1.0, 0.9, and 0.8), most reflections
matched the PXRD pattern calculated from the single-crystal
data of BaAgy;;;)Te, but there were some unindexed
reflections observed for the x = 1.0 and 0.9 phases. These
unindexed reflections did not match known phases, including
barium tellurides, silver tellurides, and BaAg,Te,, nor did we
detect the presence of any unreacted reactants (Ba, Ag, and
Te) in the PXRD patterns. The phase purity of x = 0.8 sample,
i.e, BaAg,sTe,, is very close to that of the composition
(BaAgy77(1)Te,) obtained from the single-crystal data (Figure
1). Hence, this polycrystalline sample with a loaded
composition of BaAg,sTe, was used for further character-
ization and physical property measurements.

Crystal Structures of BaM,Te, (M = Cu, Ag). The
superstructure of the BaCuy 43(3)Te, compound was solved in
the monoclinic superspace group P2(af1/2)0 with cell
constants of a = 4.6406(5) A, b = 4.6596(5) A, ¢ =
10.362(1) A, and $ = 90.000(9)° and an incommensurate
vector of q = 0.3499(6)b* + 0.5c*. The superstructure
contains two Ba sites, two Cu sites, and four Te sites. The
refinement of vacancies at the sites of Cu and the Te(1) atoms
leads to the final stoichiometry of BaCuy 43(;Te,. The average
atomic distances for BaCug4;(3)Te, are given in Table 2, and
the average subcell structure is shown in Figure 2a.

In the superstructure of BaCug,;;yTe, each of the Cu
atoms is coordinated to four Te atoms (two Te3 and two
Te4), forming a distorted CuTe, tetrahedral unit. The CuTe,
tetrahedra are fused by the sharing of all edges. This results in
the formation of infinite two-dimensional layers of
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Figure 6. Calculated total (upper panel) and partial (lower panels) density of states (DOS) for (a) BaCuTe, and (b) BaAgTe,.

[Cu0_43(3)Te4/4]1'57_. These layers of [Cu0_43(3)Te4/4]1'57_ are
extended along the bc plane. The arrangement of Cu and Te
atoms in these layers can be classified as the anti-PbO type.*”**
These [Cu0.43(3)Te4/4]1'57_ layers are further separated by the
layer of Bal and Ba2 atoms, followed by a tellurium square net
that is made up of Tel and Te2 atoms (Figure 2a). In the
superstructure of BaCug,;;)Te, the average Cul—Te and
Cu2—Te distances are 2.72(2)—2.73(2) and 2.72(2)—2.74(2)
A, respectively. These distances are consistent with the Cu—Te
distances in the related structures such as CujecEuTe,
(2.671(4) A),"* LaCugy,Te, (2.611(3)-2.781(4) A),"
KCuCeTe, (2.667(4) A),”” and NaCuZrTe, (2.619(7)—
2.695(7) A).*”

Each of the Ba atoms in the superstructure of BaCuy 43(3)Te,
is connected to a total of eight Te atoms in a square antiprism
geometry (Figure 3). The average Bal—Te and Ba2—Te
distances (3.43(1)—3.64(2) A) are comparable with the Ba—
Te distances in K,;3Bags,AgTe, (3.526(3)—3.596(3) A),"
BaAgTbTe; (3.431(1)—3.822(1) A),°° and BaAgYTe,
(3.434(1)—3.812(1) A).”!

The average distances between Tel and Te2 atoms in the
square nets of Te atoms range from 3.293(5) to 3.298(5) A.
These distances are shorter than the van der Waals interactions
of ~4.0 A between two Te atoms and longer than a Te—Te
single-bond distance (~2.8 A). A comparison of Te:Te
interactions with related known compounds is presented in
Table 3.

As discussed above, our attempts to synthesize polycrystal-
line BaCu,Te, led to formation of the known Bay,cCu, 4, Te,
(or BaCuy;;Te,q;) compound as the major product. The
compound crystallizes in space group P6;/mcm of the
hexagonal system (see Figure S3 in the Supporting
Information). Its three-dimensional structure is composed of
Ba cations that fill the channels made by CuTe, tetrahedral
units and bent Te;*” units. Unlike the BaCuy 33 Te, structure,
Bay;sCu, 4, Te;, contains conventional Te—Te bonding in the
Te;*™ units, and hence, charge balance for this compound is
achieved as (Ba?")46(Cu®), 4 (Te*)5(Te*)s.

The superstructure of BaAg;;(;yTe, was also found to be
incommensurate but different from that of BaCug,;(;)Te,. It
was solved in the orthorhombic P2,2,2(a00)000 superspace
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group with cell dimensions of a = 4.6734(1) A, b = 4.6468(1)
A, and ¢ = 11.1376(3) A and an incommensurate vector of q =
0.364(2)a*. The asymmetric unit of the structure comprises a
total of four independent crystallographic sites, one Ba, one Ag,
and two Te sites.

The composition of this compound freely refined to the final
stoichiometry BaAg,;(;)Te,. The average atomic distances for
BaAg, 7;(1)Te, are tabulated in Table 2. A view of the unit cell
of the average subcell structure of BaAg,7(;)Te, is shown in
Figure 2b. Each Ag atom in this structure is bonded to four
Tel atoms in a slightly distorted tetrahedral geometry similar
to the Cu-coordination in the BaCuy 43(3)Te, structure. These
AgTe, tetrahedra are fused together by sharing of all edges to
form infinite two-dimensional layers of [Agy7(1)Tey ) >
The coordination number of Ba atoms in this structure is eight,
and the geometry is square antiprismatic (Figure 3), similar to
that of the BaCuy 43(3)Te, structure.

The average Agl—Tel distances of 2.865(6)—2.879(9) A in
BaAg,,(1)Te, are in good agreement with the Ag'*—Te
distances in BaAg,Te, (2.775(7)-2.938(8) A),>*
Ko33BagsAgTe, (2.905(2) A),"* and Nag,Ag, sEuTe,
(2.829(6)—2.949(7) A)."* The average Ba—Te distances are
in the range 3.501(5)—3.587(8) A. The average distance
between two neighboring Te2 atoms varied from 3.298(5) to
3.304(5) A, which is very close to the average Te--Te
interactions of 3.293(5)—3.298(5) A in the BaCug;)Te,
structure.

Both the BaCug4;(3yTe, and BaAg,,;)Te, structures show
modulation of their Te square nets. The minimum, maximum,
and average Te--Te interactions in BaAg,,;;)Te, are
3.034(7), 3.579(7)—3.580(7), and 3.298(5)—3.304(5) A,
which are significantly different from each other. This long-
range modulation of Te square nets is observed in those
compounds that show charge density waves (CDW).” ™
There are also modulations in the Ag—Te and Ba—Te
distances (Table 2). These modulations in the Te square
nets, Ag—Te distances, and Ba—Te distances contribute to the
overall distortion in the BaAg,;;;yTe, structure. The
modulation of the BaCugy3;)Te, structure is also mainly
attributed to the modulation in the Te---Te interactions in the
Te square nets, Cu—Te distances in [M,Te,,,]"" layers, and
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Ba—Te distances in BaTe; square antiprism. The average,
shortest, and maximum Te---Te interactions, Cu—Te, and Ba—
Te distances are tabulated in Table 2.

Structural Relationships Among ThCr,Si,,>°
BaAgSe,,* BaM,Te,, and CaMnBi,.’” The substructures
of BaM,Te, are related to the well-known structures of
ThCr,Si,,*° BaAgSe,," and CaMnBi,.”” The unit cell structures
of ThCr,Si,, BaAgSe,, and CaMnBi, are shown in Figure 2. All
the compounds but ThCr,Si, have predominantly two-
dimensional crystal structures. The Th atoms of ThCr,Si,
structure have bonding interactions with Si atoms.”® A
common feature of these structure types is the presence of
tetrahedral layers of transition metal with chalcogen/
pnictogen/tetrel. The compositions of these layers are
[Cr,Si, ]+, [AgS€4/4]1_, [M,Te,,]", and [MnBi4/4]l_ for
ThCr,Si,, BaAgSe,, BaM,Te,, and CaMnBi, structures,
respectively. The arran§ement of atoms in these layers is of
the anti-PbO type."”*® The main difference among these
structures is the composition of the chemical species that
separate their layers and the number of layers per unit cell. The
tetragonal ThCr,Si, structure (space group I4/mmm) and
monoclinic BaAgSe, structure (space group P2,/c) contain
two layers per unit cell, whereas the BaM,Te, and CaMnBi,
structures contain only one layer per unit cell (Figure 2). The
[M,Te,,,]"" layers in the BaM,Te, structure are separated by
Ba cations and distorted square planes of Te atoms in contrast
to the BaAgSe, structure, where Ba cations and Se,>~ dimers
separate the [AgSe,,]'” layers. The [Cr,Si,]*  layers in
ThCr,Si, are separated only by Th atoms. Both BaM,Te, and
BaAgSe, can be considered as 122-type compounds if one
ignores the M-vacancy, but still, these structures are very
different. The more pronounced catenation tendency Te > Se
may be the reason for the stabilization of the BaM,Te,
structure with distorted Te squares instead of the monoclinic
BaAgSe,-type structure.”

Assignment of Formal Oxidation States. As discussed
earlier, the BaAgy,;;(;)Te, substructure consists of three layers
([Ago771)Tel], Bal, and Te2 square net). Here, the oxidation
states of Agl, Bal, and Tel may be assigned as +1, + 2, and
—2, respectively. However, the assignment of an oxidation state
for the Te2 atom involved in the formation of square nets is
difficult and arbitrary, owing to intermediate Te—Te
interactions and silver deficiency. It is well established that
the arrangement of Te in a perfect square net or linear chains
with distances close to 2.8 A (single Te—Te bond distance)
will lead to Peierls distortion, as these nets according to
theoretical considerations are unstable.’”®” These square nets
can get stabilized if the charge on each Te is —2 (ie. 8
electrons in the valence shell of the Te atom), which requires
nonbonding interactions among neighboring Te atoms. If the
effective charge on the Te atom is less negative than —2, it will
lead to the stabilization of homoatomic bonding interactions
between Te—Te atoms and the formation of polytelluride
oligomers.”” Electronic band structure calculations for a
hypothetical ideal square net of Te atoms with oxidation
state less negative than —2 should give a metal-like band
structure where the Fermi energy (Ey) levels cross one or more
bands."® But actually, the distorted square nets of Te atoms
with extended Te—Te interactions lead to the opening of a
band gap and semiconducting properties. Such distortion
results in the formation of strong and weak Te—Te interactions
where the effective charge on each Te atom in the distorted Te
square nets depends on the extent of modulation/distortion,

which is also controlled by the overall charge on the [M,Te]"”
layers. Indeed, BaAg,Te, single-crystal data show satellite
reflections indicative of a distorted modulated superstructure.

If one assumes the full occupancy of the transition-metal
site, then the chemical formula will be BaMTe, with layers of
[M"*Te*"]'". Then, the charge-balanced formula can be
written as [(Ba**)(M*Te*")(Te'")]. The transition-metal
deficiency in our compounds should lower the average
oxidation state of Te2 atoms of the square net to less than
—1. This implies that the occupancy of M atom is equal to the
negative charge on the Te2 atoms. This corresponds to a —0.8
e~ charge when the Ag occupancy is 80%, ie., [(Ba*)-
(Ag**Te*)(Te®")]. The structure of BaAg;;;)Te, is
similar to that of K, ;;Bay¢AgTe, (space group: I4/mmm)."
The main difference in these two structures is a vacancy at the
Ag site of the two-dimensional layer in BaAg,,,(;)Te,, whereas
in K0_33Ba0.67AgTe215 the Ba and K cations that separate the
two-dimensional layers of [AgTe] are disordered at one
crystallographic site. This leads to a formal charge of —0.67 for
each of the Te atoms in the Te square net. The structure of
BaCuy4;(3)Te, has a vacancy at the transition-metal site that is
similar to the vacancy of Cu atoms in the two-dimensional
[Cu,Te,,]"" layer in EuCug¢cTe, (space group: P4/mmm). In
EuCuyTe,, the effective charge on each Te atom in the
square net is —0.66. This type of vacancy in the transition-
metal site is common in antimonides having the formula of
M,LaSb, (M = Zn, Cu, and Mn; x = 0.52—0.87).°'

Optical Bandgap of BaAg,gTe,. An absorption spectrum
of a homogeneously ground polycrystalline sample of
BaAg,sTe, was collected at 298(2) K over a wavelength
region of 2000—200 nm.

The absorption edge study shows that BaAg,gTe, is a
narrow band gap semiconductor with a direct bandgap of
1.0(2) eV, which agrees with the black color of the compound.
The indirect bandgap of this compound is below 0.62 eV,
which is beyond the limit of the instrument used in this study.
Hence, the only direct bandgap is shown in Figure 4.

Raman Spectroscopy. A Raman spectrum of a pelletized
polycrystalline sample of BaAg, ¢Te, was recorded at 298(2) K.
The most intense bands around 83, 116, and 139 cm™ (Figure
5) are Ag—Te stretching modes. These bands can be compared
with the Ag—Te stretching modes of 80, 110, and 138 cm ™' in
Ange.G2 The bands at 667 and 732 cm™' are Ba—Te
stretching modes, which are in good agreement with the
Ba—Te stretching frequencies in Baln,Te, (667 and 732
ecm™!)*” and Ba;ScTes (671.5 and 730 cm™).""

Electronic Structure Calculations. Figure 6 shows our
calculated total (upper panel) and partial (lower panels)
density of states (DOS) for BaCuTe, and BaAgTe,. Our
calculations show that the two systems are metals, although the
total DOS presents a relatively small value at the Fermi level
and gives a weak metallic character to the system. This is
mainly because of the contributions of the p-orbitals of the Te
atoms (see the partial DOS), whereas the contributions from
Ba atoms (d-orbitals) are almost negligible. Also, the Ag and
Cu atoms do not contribute to the DOS around the Fermi
level.

B CONCLUSIONS

Single crystals of two new ternary tellurides, BaM,Te, (M =
Cu, Ag) have been synthesized at 1173 K using solid-state
synthesis methods. Single-crystal X-ray diffraction studies show
that both structures are modulated. BaCuy433)Te, crystallizes
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in the incommensurate monoclinic superspace group P2(af1/
2)0 with the cell constants of a = 4.6406(5) A, b = 4.6596(5)
A, ¢ = 10.362(1) A, and B = 90.000(9)° and an
incommensurate vector q = 0.3499(6)b* + 0.5¢* (Z = 2).
There are eight crystallographically unique positions (two Ba,
two Cu, and four Te). The compound BaAg,,;()Te,
crystallizes in the orthorhombic incommensurate superspace
group P2,2,2(200)000 having cell lengths of a = 4.6734(1) A,
b = 4.6468(1) A, and ¢ = 11.1376(3) A and an
incommensurate vector of q = 0.364(2)a* (Z = 2). The
asymmetric unit of the BaAgy ;) Te, structure contains four
crystallographically independent positions (one Ba, one Ag,
and two Te). Each of the M atoms are connected to four Te
atoms, making a tetrahedral unit that shares edges to make
two-dimensional layers of [M,Te,,,]"". Ba atoms and distorted
Te square nets separate these layers. A Raman spectroscopic
study at 298(2) K on a pelletized polycrystalline sample of
BaAg,sTe, shows the presence of Ag—Te (83, 116, and 139
cm™') and Ba—Te vibrations (667 and 732 cm™"). A UV—vis—
NIR spectroscopic study shows the compound to be a
semiconductor with a direct band gap of 1.0(2) eV, consistent
with its black color. DFT calculations give a pseudo bandgap
with a weak value of the DOS at the Fermi level.
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