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ABSTRACT: We present new chalcogenide compounds,
Ag,Te(MS,); (M = V, Nb), built up of alternating planes of
[MS,] and [Ag,Te]. The Ag and Te atoms are linearly
coordinated by S atoms in the [MS,] layers and held in place
by covalent interactions. Structural polymorphism was found
by single crystal X-ray diffraction studies, where long-range
ordering or disorder of the Ag and Te atoms within the
hexagonal planar [Ag,Te] layer yielded two distinct crystal
forms. When the Ag and Te atoms are ordered, the two
isostructural compounds crystallize in the non-centrosymmet-
ric P62m space group, with a = 5.5347(8) A, c = 8.0248(16) A,
and V = 212.89(6) A® for a-Ag,Te(VS,); and a = 5.7195(8) A,
¢ = 8.2230(16) A, and V = 232.96(6) A? for a-Ag,Te(NbS,),.

For the occupationally disordered Ag/Te arrangement, a subcell of the ordered phase that crystallizes in the non-
centrosymmetric P6m?2 space group, with a = 3.2956(6) A (=a,/(3)"/?), ¢ = 8.220(2) A, and V = 77.31(3) A3 for f-Ag,Te(VS,);,
was identified. Furthermore, pair distribution function analysis revealed local distortions in the [Ag,Te] layer. Band structure
calculations at the density functional theory level were carried out to investigate the electronic structure of Ag,Te(MS,)s.
Electronic transport measurements on Ag,Te(MS,); show that they exhibit p-type metallic behavior. Thermal analyses and
temperature-dependent powder X-ray diffraction studies were focused on the stability and transformation/decomposition of the
Ag,Te(MS,); phases. Magnetic susceptibility data are also reported. The new intercalated Ag,Te(MS,); system features a unique
hypervalent Te with a three-center, four-electron bonding environment isoelectronic to that found in I5™.

B INTRODUCTION

Layered transition metal dichalcogenides (TMDCs) have been
shown to possess interesting anisotropic electronic, magnetic,
structural, and mechanical properties.' The TMDCs range from
semiconductors and insulators, in the case of group 4, 6, and 14
dichalcogenides, to metallic compounds, in the case of group S
TMDCs. Group 5 TMDCs have also been found to exhibit
Pauli paramagnetism, superconductivity,"* and charge density
waves.”® These anisotropic properties result from the two-
dimensional, hexagonal structures of the TMDCs; the
transition metal (M) is either found in an octahedral or a
trigonal prismatic coordination by chalcogen (Q) atoms in a
Q—M—Q sandwich-like arrangement. While a wide range of
polytypes are possible, TMDCs with the metal atoms in d°, d’,
or d* configurations tend to be stabilized in the trigonal
prismatic coordination, known as the 2H polytype.® Within the
category of group V disulfides, VS, has only been synthesized in
the so-called 1T form (octahedral coordination of the V
atom),* while NbS, and TaS$, can be found in a wide range of
polytypes." In addition, superconducting transition temper-
atures (T.) can vary by polytype, with 2H-NbS, and 2H-Ta$,
showing T. values of 6.3° and 0.8 K,® respectively.
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The Q—M—Q layers are held together by weak van der Waals
interactions which allow for intercalation by metal atoms or
organic molecules,” potentially altering the electronic and
magnetic properties relative to the pure TMDCs.® In trigonal
prismatically coordinated group V TMDCs with the formula
MQ, (M = Nb, Ta; Q = S, Se), it has been suggested that
intercalation results in electron transfer to the partially
unoccupied “d?” band, which is half-filled and only contains
one electron.>®® In TMDCs with metal intercalants, the guest
atoms can be in tetrahedral, octahedral, trigonal prismatic, or
linear coordination environments within the van der Waals gap
of the parent lattice.”*"® So-called misfit compounds have also
been reported, which feature the parent TMDC structure
intercalated with binary compounds possessing 2D square
lattices that are incommensurate with the parent structure. For
example, (SnS), ;sNbS, has been shown to feature a square SnS
lattice intercalated between the hexagonal parent NbS, layers.""

Here, we report two new transition metal dichalcogenide
derivative compounds, Ag,Te(MS,); (M = V, Nb), featuring
the respective disulfide framework compounds, VS, and NbS,,
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intercalated with planar Ag,Te. The intercalant Ag and Te
atoms are bonded to the MS, layers via Ag—S and Te—S§
interactions, forming linear fragments of S—Ag—S and S—Te—
S, respectively. Adding to the structural novelty of these
compounds is the fact that the pure parent dichalcogenide VS,
has only been synthesized in the 1T polytype (octahedral
coordination of the V atom). Trigonal prismatic VS, has only
been reported in the intercalated AuVS,, a compound
structurally related to the Ag,Te(MS,); compounds reported
here. Ag,Te(VS,); was discovered via low temperature (350
°C) alkali metal mixed-polychalcogenide flux reactions and
contains both S and Te in different crystallographic sites and
oxidation states. Ag,Te(NbS,);, the Nb-containing structural
analogue, was discovered thereafter by direct combination of
the elements.

Band structure calculations at the density functional theory
(DFT) level were carried out to compare the electronic
structures of Ag,Te(MS,); to those of the parent MS,
compounds, and electronic transport measurements on Ag,Te-
(MS,); show that they exhibit p-type metallic behavior.
Temperature-dependent powder X-ray diffraction studies
were performed to assess the stability and transformation/
decomposition of the Ag,Te(MS,); phases. Magnetic proper-
ties measurements performed on the reported compounds
show weak paramagnetic behavior, with an antiferromagnetic
transition in Ag,Te(VS,); at 30 K.

Structural determination using single crystal and selected
area electron diffraction was performed on the crystals, and a
structural polymorphism was observed depending on the
occupational ordering of Ag and Te atoms in the [Ag,Te]
layer. Specifically, the ordered structure, a-Ag,Te(MS,)s, forms
a (3)"%a x (3)"*b supercell with respect to the MS, subcell, -
Ag,Te(MS,);. Pair distribution function (PDF) analysis
revealed local distortions in the [Ag,Te] layer, indicating that
weak covalent interactions within the layers act to stabilize the
unique linear coordination of the intercalant atoms. X-ray
absorption near edge spectroscopy (XANES) studies imply that
the composite layered structure of the Ag,Te(MS,); com-
pounds is held together by a very small degree of charge
transfer between the layers. Our results suggest that the
intercalant Te atoms remain close to a Te® oxidation state, such
that the unique linear [S—Te—S]*" moiety found in Ag,Te-
(MS,), is a three-center, four-electron bond that is isoelectronic
to the linear species I;”. Moreover, the hexagonal arrangement
of atoms in the Ag,Te layer is unprecedented for silver
telluride. The intergrowth (Ag,Te)(MS,) compounds contrib-
ute a new type of intercalation motif to the well-studied class of
TMDCs and suggest the possibility of other metastable
arrangements of guest species stabilized between host MS,
layers.

B EXPERIMENTAL SECTION

Materials. The following reagents were used as obtained from the
manufacturer: (i) Rubidium metal, analytical reagent, Aldrich
Chemical Co., Milwaukee, WL (ii) Sulfur powder, sublimed; vanadium
metal, analytical reagent; niobium metal, analytical reagent, J. T. Baker
Chemical Co., Phillipsburg, NJ. (iii) Silver powder, Fisher Scientific
Co., FairLawn, NJ. (iv) Tellurium powder 99.999%, Atlantic Metals
Atlantic Metals & Alloys, LLC., Stratford, CT. (v) N,N-Dimethylfor-
mamide (DMF), analytical reagent; diethyl ether, anhydrous; carbon
disulfide, Mallinckrodt Baker, Inc., Phillipsburg, NJ.

Syntheses. Alkali metal chalcogenide Rb,S was synthesized in
liquid ammonia from Rb metal and sulfur according to a modified
literature procedure.'> All manipulations were performed in a glovebox
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under inert nitrogen atmosphere. All reactions were run in a computer
controlled furnace. Each flux reaction mixture was repetitively washed
with degassed DMF under N, atmosphere until the flux was
completely removed. The flux reaction product was finally obtained
after further washing with diethyl ether, and dried in air. Direct
reaction products were washed with carbon disulfide to remove excess
sulfur. Heating of Ag,Te(VS,); up to 780 °C with one end of the tube
exposed outside of the furnace resulted in deintercalation of the
product into binary materials (V,S,, VS;, and Ange).13 However,
reformation of the Ag,Te(VS,); single phase was performed
successfully with an extended hold (1—2 weeks) and excess S at 550
°C.

Preparation of Ag,Te(VS,);. Amounts of 0.102 g (0.5 mmol) of
Rb, 0.027 g (0.25 mmol) of Ag, 0.032 g (0.25 mmol) of Te, 0.013 g
(0.25 mmol) of V, and 0.064 (2.0 mmol) of S were mixed and loaded
into a fused silica tube. The tube was evacuated to 10~ Torr and
flame-sealed. It was then held at 350 °C for 5 days, followed by cooling
to 50 °C over 75 h. Extraction in DMF yielded a product of very fine,
light pink metallic crystalline powder. Subsequent attempts to
resynthesize this compound via flux synthesis yielded varied results,
with either crystalline powder and unwanted secondary product
(RbAgTeS;)'* or an alternate phase altogether (RbZAgVS4).15 The
presence of Ag, Te, V, and § in single crystals and powder samples was
confirmed using semiquantitative energy dispersive X-ray (EDX)
analysis on a Hitachi S-3400 scanning electron microscope (SEM)
with a PGT energy dispersive X-ray analyzer. An average composition
of AgoTeV,4Ss9 was found from EDX/SEM analysis on a large
number of single crystals.

Alternate Preparation of Ag,Te(VS,);. Amounts of 0.054 g (0.5
mmol) of Ag, 0.032 g (0.25 mmol) of Te, 0.039 g (0.75S mmol) of V,
and 0.056 g (1.7S mmol) of S were mixed and loaded into a fused
silica tube. The tube was evacuated to 107> Torr and flame-sealed. It
was then heated to 600 °C in 12 h, held at 600 °C for 6 h, heated to
800 °C in 6 h, and held at 800 °C for 6 days, followed by cooling to S0
°C over 2 days. Extraction from the tube yielded a product of light
pink metallic crystals. The products were further purified by placing
one end of the tube into a furnace set at 500 °C and leaving the other
end of the tube out of the furnace for 24 h to condense any excess
sulfur at the cold end of the tube.

Preparation of Ag,Te(NbS,);. Amounts of 0.054 g (0.5 mmol) of
Ag, 0.032 g (0.25 mmol) of Te, 0.070 g (0.75 mmol) of Nb, and 0.056
g (1.75 mmol) of S were mixed and loaded into a fused silica tube. The
tube was evacuated to 107 Torr and flame-sealed. It was then heated
to 600 °C in 12 h, held at 600 °C for 6 h, heated to 800 °C in 6 h, and
held at 800 °C for 6 days, followed by cooling to 50 °C over 2 days.
Extraction from the tube yielded a homogeneous product of crystals
with a metallic luster. An average composition of Ag, ;Te;Nb;Ss o was
found from EDX/SEM analysis on a large number of single crystals.

X-ray Diffraction Studies. Powder X-ray diffraction (XRD) was
performed at room temperature on both compounds for identification
and analysis of phase purity. XRD data were recorded on a NIST
(National Institute of Standards and Technology) Si-calibrated Inel
CPS 120 diffractometer with a position-sensitive detector and
graphite-monochromatized Cu Ka radiation operating at 40 kV and
20 mA.

Structure determination on single hexagonal crystals of a-Ag,Te-
(VS,); and triangular crystals of a-Ag,Te(NbS,); was performed at
293 and 100 K, respectively using a STOE image plate diffraction
system (IPDS II) diffractometer with graphite-monochromatized Mo
Ka radiation (4 = 0.71073). Data reduction and numerical absorption
corrections were done using the STOE X-Area software.'® Two data
sets were collected for each crystal structure and merged using the
scaling feature of X-Area to ensure completeness. The data sets were
integrated and absorption corrections were performed separately
before merging. Single-crystal X-ray diffraction data for the disordered
p-Ag,Te(NbS,); were collected with the use of MX optics-
monochromatized Cu Ka radiation (4 = 0.154178 A) on a Bruker
SMART APEX CCD area detector diffractometer. Intensity data were
collected by several w and ¢ scans with a step of 0.5° and an exposure
time of 15 s/frame with the program APEX2."” Cell refinement and
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data reduction were accomplished with the use of the program
SAINT,"” and a face-indexed absorption correction was performed
numerically with the use of the program XPREP.'® Then, the program
SADABS" was employed to make incident beam and decay
corrections. The structures were solved by direct methods and refined
by full-matrix least-squares on F* (all data) using the SHELX software
suite.*

High resolution in situ powder XRD measurements (30 keV, 4 =
0.413 A) of the samples above room temperature were performed at
beamline BM-11-B at the Advanced Photon Source (APS) at Argonne
National Laboratory (ANL). The samples were placed in quartz
capillaries and spun as a hot gas blower was employed to bring sample
temperatures up to 820 °C with steps of 5 °C/min. Measurements
(3—5 min each) were taken continuously during the heating cycle.

Selected Area Electron Diffraction (SAED). All selected area
electron diffraction experiments were carried out at room temperature
on a Hitachi H8100 200 keV transmission electron microscope
(TEM). Fujifilm image plates (BAS-IP SR 2040) with an active area of
80 mm X 95 mm were exposed for around 6 s with a camera length of
1 m and read with a Molecular Dynamics Storm 860 phosphoimager.
A single crystalline platelet of each ordered a-Ag,Te(MS,); member
was glued on a copper aperture grid (Electron Microscopy Sciences)
and ion-milled to the appropriate thickness with the aid of a Gatan
Precision Ion Polishing System (691 PIPS).

Pair Distribution Function (PDF) Analysis. Pair distribution
function analysis was performed on sieved samples (<50 pm) of
Ag,Te(VS,); and Ag,Te(NbS,); packed in a Kapton capillary (1 mm
diameter) and sealed with clay. The rapid acquisition pair distribution
function (RA-PDF) technique®' was used to collect diffraction data at
room temperature using a Perkin-Elmer image plate detector and X-
rays with an energy of 58 keV (1 = 0.2128 A) at the 11-ID-B beamline
at the APS at ANL. Counting statistics were improved by the
collection of 200 frames per sample with an exposure time of 2 s per
frame. The data were integrated using the program Fit2D,** and
corrections (subtraction of background and container, Compton and
fluorescence scattering, geometric and absorption corrections, etc.)23
were performed using the program PDFgetX2.”* The normalized data
were truncated at 25 A™" before PDF calculation. PDFfit2 and PDFgui
were used to simulate and model the data.*®

X-ray Absorption Near Edge Spectroscopy (XANES). The
oxidation states and local coordination environments of the metal
atoms were analyzed by XANES at beamline BM-20-B of the APS.
Vanadium (4563.76 €V)* K-edge, niobium (18982.97 V) K-edge,
and tellurium (43414 eV)*’ L-edge XANES data were collected in
transmission mode with gas ionization chambers to monitor the
intensities of incident and transmitted X-rays. For V and Nb, the
Si(111) double crystal monochromator was calibrated using V/Nb foil
placed between the second and third ionization chambers for
alignment of the edge positions. The first ionization chamber was
filled with a He and N, gas mixture, and the second and third
chambers contained N, gas. For Te, transmission data for a Te’
reference was collected between each scan to validate monochromator
stability. The monochromator step size was 0.20 eV (V, Te) or 1.0 eV
(Nb) per step in the XANES region (5460—5540 eV for V, 4140—
4440 eV for Te, and 18900—19100 eV for Nb). Energy calibrations
were performed by assigning the maximum of the first derivative peak
of the V or Nb foil or Te samples to the appropriate edge energies
(E,) mentioned above, respectively. Samples were prepared by
thorough grinding, sieving to a particle size <15 pm, and carefully
brushing a small amount of material on Kapton tape and folding it
onto itself to minimize differences in thickness within the samples. The
standards used were CuV,S,*® for V (K-edge); NaNbS,*® and NbSe,
for Nb (K-edge); and PbTe, Te, and CsAgTeS314 for Te (L-edge). At
least three scans were collected and averaged for each sample. XANES
data were analyzed using Athena in the IFEFFIT software package.*’
The collected scans for each sample were checked for calibration,
aligned, normalized, and averaged.

Charge Transport Measurements. Seebeck coefficient measure-
ments were performed using a commercial MMR SB-100 Seebeck
Measurement System under a vacuum between 305 and 700 K. Single

6522

crystal platelets were cut into rectangular shapes in arbitrary directions,
and electrical contacts were applied using silver paste. The crystals
were mounted in parallel with a constantan reference to monitor the
temperature difference across the samples.

Four-probe high temperature electrical resistivity measurements
were performed from room temperature to 700 K. Measurements were
made for arbitrary current directions in the ab plane using standard
four-point contact geometry. A homemade resistivity apparatus
equipped with a Keithley 2182A nanovoltmeter, a Keithley 6220
Precision direct current (DC) source, and a high temperature vacuum
chamber controlled by a K-20 MMR system was used. Data acquisition
was controlled by custom-written software. A Quantum Design
Physical Properties Measurement System (PPMS) was used to
measure four-probe DC resistivity from S K to room temperature.

Magnetic Susceptibility. Magnetic susceptibilities were measured
from 2 K to room temperature using a Quantum Design Magnetic
Properties Measurement System (MPMS) SQUID magnetometer
with a magnetic field strength of up to 10 kOe. Field-dependent
magnetic susceptibilities were measured in gelatin capsules containing
powdered samples (100—170 mg) at 2 K. Temperature-dependent
magnetic measurements were then run on the same samples from 2 K
to room temperature after or cooling in zero field or an applied field of
5—10 kOe. The experimental data were fitted against a modified
Curie—Weiss law [y = y, + C/(T — )], where y is the molar magnetic
susceptibility, y, is the temperature-independent paramagnetic
susceptibility, C is the Curie constant, and € is the Curie temperature.
U values are calculated using the equation g, (8C)Y2 and
normalized per V or Nb atom.

Band Structure Calculations. Electronic structure calculations
were performed using the self-consistent full-potential linearized
augmented plane wave method (LAPW)>' within density functional
theory (DFT),* using the generalized gradient approximation (GGA)
of Perdew, Burke, and Ernzerhof>® for the exchange and correlation
potential. The values of the atomic radii were taken to be 2.3 au for Te,
Ag, Nb, and V atoms and 2.1 au for S atoms, where au is the atomic
unit (0.529 A). Convergence of the self-consistent iterations was
performed for 308 k points inside the irreducible Brillouin zone to
within 0.0001 Ry with a cutoff of —6.0 Ry between the valence and
core states. Scalar relativistic corrections were included and a spin—
orbit interaction was incorporated using a second variational
procedure.** The calculations were performed using the WIEN2k

pr ogram.35

B RESULTS AND DISCUSSION

The mixed polychalcogenide flux Rb,Te,S, was employed to
produce new, mixed chalcogen compounds incorporating both
Te and S in different crystallographic sites. The use of flux to
obtain Ag,Te(VS,) has once again demonstrated the power of
this method for compound discovery. The Ag,Te(MS,),
compounds reported here are unique owing to the presence
of a two-coordinate, linearly coordinated Te atom, which has
only been reported in binary®® or ternary’” polytelluride
compounds, with infinite linear Te chains or the five-membered
Tes*™ chain containing a linear Te,*” fragment in the middle.
One more instance of linear Te coordination is seen in
sterically hindered coordination species;59 for example, in
{(CH,),Si[(t-C4Hy)CsH;],Sc(PMe;) b, (u-Te)-CgHg, where
the Te atom is coordinated on both sides by Sc atoms.”® No
isolated triatomic Te,*™ units have been found in the literature,
although the triatomic Se;*” unit has been seen in the case of
Ba,Ag,Ses.*” Linear Te coordination in the form of T-shaped or
square planar complexes has been reported in organometallic
complexes,* but the chemistry of these is not closely related to
the compounds reported here. To our knowledge, the strictly
two-coordinate, triatomic unit featuring linear coordination of
Te solely by S atoms, found in Ag,Te(MS,);, has not been
reported in the literature.
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Figure 1. (A) SEM image of typical crystals of Ag,Te(VS,);; (B) SEM image of typical crystals of Ag,;Te(NbS,);; (C) crystal structure of a-

Ag,Te(VS,); viewed along [010].

Table 1. Crystal Data and Structure Refinement for a-Ag,Te(VS,); a- and f-Ag,Te(NbS,);, and Ag,Te(VS,); in an Amm2

Orthorhombic Supercell”

compound a-Ag,Te(VS,); a-Ag,Te(NbS,); P-Ag,Te(NDS,); a’-Ag,Te(VS,);
formula weight 688.52 814.43 271.41 814.4
T (K) 293(2) 100(2) 100(2) 100(2)
crystal system hexagonal hexagonal hexagonal orthorhombic
space group P62m P62m P6m2 Amm2
a(A) 5.5347(8) 5.7195(8) 3.2956(6) 8.8215(18)
b (A) 5.5347(8) 5.7195(8) 3.2956(6) 9.903(2)
c (A) 8.0248(16) 8.2230(16) 8.2190(19) 5.7190(11)
V4 1 1 1 2
Vv (A%) 212.98(6) 232.96(6) 77.31(3) 499.62(17)3
p (g em™) 5.37 5.805 5.83 5414
u (mm™) 12.435 12.046 98.929 11.233
F(000) 311 365 122 730
reflections collected 5027 4292 346 4030
unique data 461 392 73 971
R 0.0598 0.0911 0.0429 0.0697
parameters 16 20 8 43
R I > 26(D)] 0.0478 0.0316 0.0374 0.0433
WR;_b 0.0836 0.0868 0.0978 0.1250

“R= YIF| — IFN/YIF), wR = {X[w(IE,? = IF2)?]/ Y [w(IF,*)]}'72, and calc w = 1/[6*(F.2) + (aP)* + bP], where P = (F,> + 2F.*)/3, and a and b

are constants.

Crystal Structure Determination. Single crystal XRD was
performed on hexagonal crystals of a-Ag,Te(VS,); and
triangular crystals of a-Ag,Te(NbS,); (Figure 1). These
compounds are isostructural and crystallize in the P62m
space group (Tables 1—5) with a 5.5347(8) A, ¢
8.0248(2) A, and V = 212.89(6) A® for Ag,Te(VS,); and a =
5.7195(8) A, ¢ = 8.2230(16) A, and V = 232.96(6) A® for
Ag,Te(NbS,);. The compounds are composed of alternating
planar layers of [Ag,Te] and [MS,] (Figure 2), more
appropriately represented as a-Ag,Te(MS,);. These can be
thought of as the parent disulfides with the sulfur atoms
covalently bonded to the intercalant metal atoms (Ag and Te in
a 2:1 ratio) in a linear coordination or, alternatively,
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intercalated by the two-dimensional planar hexagonal “Ag,Te”
lattice which is commensurate with the parent lattice. Like the
binary NbS,, the [MS,] layers in Ag,Te(MS,); contain M in a
trigonal prismatic coordination by the S atoms. These [MS,]
layers are located directly above one another with no staggering
of the layers, unlike other stacking polytypes seen in binary
dichalcogenides (e.g,, 2H-NbS,, 2H-MoS,, 3R-MoS,)." The V—
S and Nb—S bond lengths (~2.4 and ~2.5 A, respectively) are
similar to those of reported binary VS, and NbS, polytypes.
Detailed examination of the reciprocal lattice from X-ray
diffraction on several a-Ag,Te(NbS,); single crystals gave an
unindexed fraction of around 3—5%. These reflections could
not be indexed by the a; = 5.7087(8) A and ¢, = 8227(2) A

dx.doi.org/10.1021/ic400483d | Inorg. Chem. 2013, 52, 6520—6532
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Table 2. Atomic Coordinates (X10*) and Equivalent
Isotropic Displacement Parameters (A> X 10°) for a-
Ag,Te(VS,); at 293(2) K with Estimated Standard
Deviations in Parentheses

label x y z occupancy Ueq“
Te 0 0 0 1 12(1)
Ag 3333 6667 0 1 46(1)
v 34093) 0 5000 1 7(1)
S(1) 6667 13333 3153(2) 1 8(1)
S(2) 0 0 3254(3) 1 8(1)
“U,q is defined as one-third of the trace of the orthogonalized Uj

tensor.

Table 3. Anisotropic Displacement Parameters (A? X 10°)
for a-Ag,Te(VS,); at 293(2) K with Estimated Standard
Deviations in Parentheses”

label Ui Uy, Us; Up, U3 Uy
Te 13(1) 13(1) 11(1) 6(1) 0 0
Ag 64(1) 64(1) 11(1) 32(1) 0 0
\' 8(1) 6(1) 6(1) 3(1) 0 0
s(1) 8(1) 8(1) 7(1) 4(1) 0 0
S(2) 8(1) 8(1) 7(1) 4(1) 0 0

“The anisotropic displacement factor exponent takes the form
=272 [W*a*?Uyy + ... + 2hka*b*U,,).

Table 4. Atomic Coordinates (X10*) and Equivalent
Isotropic Displacement Parameters (A? X 10°) for a-
Ag,Te(NbS,); at 100(2) K with Estimated Standard

Deviations in Parentheses”

label x y z occupancy Ueq*
Te 0 0 0 1 6(1)
Ag 6600(30)  2780(20) 0 033 28(2)
Nb 3390(1) 0 5000 1 3(1)
S(1) 6667 3333 3070(2) 1 3(1)
NORE) 0 3160(2) 1 3(1)

“The anisotropic displacement factor exponent takes the form
=222 [W?a**Uy; + ... + 2hka*b*U,,].

Table 5. Anisotropic Displacement Parameters (A> X 10%)
for a-Ag,Te(NbS,); at 100(2) K with Estimated Standard
Deviations in Parentheses”

label Un U, Us; U, U Uy
Te 6(1) 6(1) 4(1) 3(1) 0 0
Ag 53(3) 46(3) 9(1) 43(3) 0 0
Nb 3(1) 3(1) 4(1) 1(1) 0 0
S(1) 4(1) 4(1) 3(1) 2(1) 0 0
S(2) 3(1) 3(1) 3(1) 2(1) 0 0

“The anisotropic displacement factor exponent takes the form
=22 [Wa*?Uyy + ... + 2hka*b*U,,].

hexagonal cell but with a smaller and related hexagonal cell with
constants of a, = 3.2956(6) A and ¢, = 8.219(2) A at 100 K.
While the longer c-axis is practically the same (¢; = ¢,) in both
phases, the transformation relationship for the a- and b-axes is
that of a; = (3)"/%a,. No apparent second phase in the form of a
crystallite with a different habit or color was observed on the
surface of the single crystals measured by X-rays, although
minor domains (less than 5% in volume) of the same color and
morphology were stuck at random orientations on the sides of
the plate-like crystals. After numerous screening attempts of
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small single crystals (<15 gm), we finally managed to isolate
and perform a full sphere data collection of the unknown phase.
This compound, f-Ag,Te(NbS,);, crystallizes in the non-
centrosymmetric P6m2 space group, with a = 3.2956(6) A
(za,/(3)"?), ¢ = 8220(2) A, and V = 77.31(3) A% The
structures of both a-Ag,Te(NbS,); and f-Ag,Te(NbS,), are
very similar. However, in a-Ag,Te(NDS,);, a distortion of the
Ag atomic coordinates (displaying a large thermal parameter,
Tables 4 and S) is seen, while, in $-Ag,Te(NbS,),, the Ag and
Te atoms are positionally disordered over all the atomic sites in
the [Ag,Te] layer, resulting in a smaller cell (Tables 6 and 7).
EDS analysis confirmed the presence of all four elements at the
expected stoichiometry in the small S-Ag,Te(NbS,); single
crystal. Extensive attempts at isolating a single crystal of f-
Ag,Te(VS,); failed, although PDF data on Ag,Te(VS,); point
to the presence of a ff-Ag,Te(VS,); phase analogous to that
found in the Nb system (discussed below).

In the parent 2H-NbS, structure, the [MS,] layers are
separated by a van der Waals gap (S—S distance) of 3.12 A,*!
which increases to ~5.14 A in Ag,Te(MS,);. Each Ag and Te
atom is bonded above and below to S atoms of the [MS,] layers
in a linear coordination environment. The Ag—S distances in
both structures are ~2.53 A, within the range of a covalent
bonding interaction (i.e., a Ag" ion bonded to a $*~ ion). The
Te—S distances in both compounds are roughly ~2.61 A; the
sum of atomic radii for a Te—S bond is ~2.4 A, while typical
Te—Te covalent bonds (found in elemental Te) are in the
range of ~2.85 A; the ionic radius of Te?™ is 2.21 A, while that
of $*™ is 1.84 A.** The Te—S separation therefore suggests that
there is a covalent bond between the two atoms. Moreover, the
linear Te coordination environment indicates that the oxidation
state of the Te atom is closer to Te’, similar to that of the
central I atom in the [I;]™ fragment.43 Hence, association of the
[Ag,Te] layer with the disulfide [MS,] layers is likely to be a
covalent bonding interaction, rather than an ionic one.

Within the [Ag,Te] layer, the Ag and Te atoms are
hexagonally arranged with Ag—Te distances of 3.1898(3) A
for Ag,Te(VS,); and 3.2961(3) A for Ag,Te(NDS,);, much
longer than the average Ag—Te bond length of ~2.8 A,
implying that the Ag and Te atoms are not covalently bonded
to one another. Interestingly, in Ag,Te(NbS,),, the S(1)—Ag—
S(1) bond angle is 166° which prevents the Ag atom from
being in an exactly linear coordination as it is slightly off of the
site of 3-fold symmetry—this results in a distortion. Lowering
the space group symmetry of the crystal structure to Amm?2 (a'-
Ag,Te(VS,);) during single crystal refinement to more
accurately model positional disorder resulting from symmetry
operations gives a good structure refinement (Table 1), but the
atomic displacement parameters for the Ag atoms in the cell are
still high and the disorder of the Ag atoms remains. Moreover,
in the orthorhombic Amm2 structure refinement, the data show
that there is a deviation from linearity, or buckling, of the S—
Ag—S and S—Te—S angles, which are 175.079(53)° and
176.167(5)°, respectively. This indicates high mobility of the
Ag atoms and suggests that there is an interaction between the
Ag and Te atoms in the [Ag,Te] layers. On the basis of the
bonding environment of the intercalated metal atoms and the
repeat slab unit of one layer, Ag,Te(VS,); and Ag,Te(NbS,),
are structurally related to the reported 1S-MTaS, prototype
compounds, such as PbTaSe,, InTa$,, and SnNbSe,.**

From the single crystal XRD refinements, no evidence of
positional disorder was observed for the atoms in the [MS,]
layer. Therefore, structural distortions are likely to originate

dx.doi.org/10.1021/ic400483d | Inorg. Chem. 2013, 52, 6520—6532
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Figure 2. Crystal structure of a-Ag,Te(VS,);: (A) view of the [VS,] layer down the ¢ direction in a-Ag,Te(VS,)s; (B) view of the [Ag,Te] layer
down the c direction in a-Ag,Te(VS,);; (C) view of the [Ag,Te] layer down the ¢ direction in f-Ag,Te(NbS,);. The colors indicate mixed Ag/Te

occupancies over all the atomic positions in the [Ag,Te] layer.

Table 6. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (A> X 10%) for f-Ag,Te(NbS,); at
100(2) K with Estimated Standard Deviations in Parentheses

atom x y z occupancy Ueq“
S 0.0000 0.0000 0.3095(7) 1 2(1)
Nb 0.6667 0.3333 0.5000 1 3(1)
Ag 0.0000 0.0000 0.0000 0.67 33(1)
Te 0.0000 0.0000 0.0000 033 33(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj
tensor.

Table 7. Anisotropic Displacement Parameters (A> X 10%)
for ff-Ag,Te(NDS,); at 100(2) K with Estimated Standard
Deviations in Parentheses”

atom Un Uy Us; U, U Us;
S 1(2) 1(2) 5(3) 1(2) 0 0
Nb 2(2) 2(2) 5(2) 1(1) 0 0
Ag 46(2) 46(2) 7(2) 23(1) 0 0
Te 46(2) 46(2) 7(2) 23(1) 0 0

“The anisotropic displacement factor exponent takes the form
=22 [W*a**Uy, + ... + 2hka*b*U,,].

from the intercalated [Ag,Te] planar layers. In the case of
Ag,Te(VS,);, the Ag—Te distance of 3.1898(7) A is longer
than the typical bonding distance, indicating negligible overlap
of the Ag and Te orbitals, while the disorder of Ag atoms found
in Ag,Te(NbS,); allows better orbital overlap as a result of
closer Ag—Te distances. SAED measurements were performed
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on single crystals of a-Ag,Te(MS,); to elucidate the positional
disorder that was observed in a-Ag,Te(NbS,); by the single
crystal X-ray diffraction experiment. The electron diffraction
patterns are shown in Figure 3, and they are similar for both the

Figure 3. Room temperature selected area electron diffraction viewed
along the [001] zone for (A) Ag,Te(NbS,), and (B) Ag,Te(VS,);. No
additional long-range ordering was observed within the hexagonal ab
plane.

a-Nb and a-V members. All the observed reflections were
indexed according to the space group P62m that was used for
the refinement of the single crystal structures. Neither
systematically absent reflections (P62m does not have any
extinction conditions) nor additional supercell reflections were
observed.

Pair Distribution Function Analyses. The peculiar
disorder in Ag,Te(NbS,); and the lack of any sign of long-
range ordering by SAED prompted us to examine its local and
long-range structure using the pair distribution function
technique (PDF). The advantage of PDF over other crystallo-
graphic methods, such as Rietveld and single crystal diffraction
analysis, is the elaboration of both Bragg and diffuse intensity

dx.doi.org/10.1021/ic400483d | Inorg. Chem. 2013, 52, 6520—6532
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into crystal structure modeling. Thus, as a total scattering
technique, PDF can provide information about the local and
long-range arrangement of atoms regardless of the degree of
ordering. The experimental PDF plots for both Ag,Te(NbS,),
and Ag,Te(VS,); (Figure 4A) are similar to one another,
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Figure 4. (A) PDF plots for Ag,Te(MS,);. Solid lines represent the fit
to the experimental data of the supercell f-Ag,Te(MS,); model. There
is disagreement of the fits in terms of the relative intensity of the
peaks. (B) Zoomed in PDF plots for Ag,Te(MS,); showing the local
structure. Solid lines represent the fit to the experimental data of the
supercell f-Ag,Te(MS,); model, and solid-dotted lines represent the
fit of the mixture of both a- and f-Ag,Te(MS,);. Although
improvement to the fit is significant when using a mixed model, the
position and intensity of an additional peak at 2.9 A in the
experimental PDF (shown with arrows) are still not well described.
(C) PDF plot of Ag,Te(VS,); and fit to the Amm2 orthorhombic
supercell model. A better fit to the relative intensities of the peaks is
seen. (D) Zoomed in PDF plot for Amm2 fitting of PDF data for
Ag,Te(VS,);. The model describes the peak found at 2.9 A and points
to a buckling of the S—Ag—S and S—Te—S angles indicative of
interactions between Ag and Te atoms within the [Ag,Te] layers.

confirming the isostructural character of the Ag,Te(MS,),
members. The PDF data were fitted against the undistorted
(P62m) structural model determined by single crystal XRD for
a-Ag,Te(MS,)s; results are shown with solid lines in Figure 4A.
Although the position of the PDF peaks is well described by the
models, an apparent disagreement in the relative intensity of
the peaks is observed. This was quantified by the agreement
factors of 41 and 28% for a-Ag,Te(NbS,); and a-Ag,Te(VS,),,
respectively. Interestingly, in the low r-range, where informa-
tion regarding the local structure can be found, additional peaks
in the experimental PDF data at 2.9 A were observed. These
peaks in Figure 4B (shown with arrows) suggest a distorted
local environment distinct from the one found crystallo-
graphically. Considering the presence of a second polymorph
that was found by single crystal XRD, we performed a mixed-
phase refinement using both the a- and f-Ag,Te(MS,),
models. The quality of the fits was significantly improved
with a much better agreement between the relative intensities
of the experimental and calculated PDFs. The overall
agreement factors were drastically reduced to 22% (from
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41%) and 18% (from 28%) for Ag,Te(NbS,); and Ag,Te-
(VS,)s, respectively. Nevertheless, although the differences in
intensity at the local structure were greatly reduced by the two-
phase model (solid-dotted blue line in Figure 4B), the mixed
model failed to describe the additional peaks at around 2.9 A
that were observed for both Ag,Te(NbS,); and Ag,Te(VS,);
(Figure 4B). After testing different models, a lower symmetry
Amm2 Ag,Te(VS,); cell was found to describe the
experimental PDF data, reinforcing the validity of the single
crystal refinement in Amm2 (Table 1). The Amm2 PDF fitting
agreed well with the additional peak at 2.9 A (Figure 4C,D),
with the resulting structural model showing pronounced
buckling of the Ag—S (171.93(4)°) and Te—S (178.67(5)°)
bond angles. The distance of 2.9 A may be due to Ag—Ag or
Ag—Te contacts, pointing to the presence of significant
bonding interactions within the [Ag,Te] layers for both
compounds where in-plane displacement of Ag atoms was
observed within the planar layers. In fact, charge transfer could
be considered to occur from the Ag atoms to the Te atoms
within the [Ag,Te] layer, while the overlap of the p, orbitals of
the Te atoms could facilitate charge transfer to the [MS,] layer.
This would result in stabilization of the overall structure.
Moreover, this suggests that the local structure of both
Ag,Te(MS,); members is distorted, but the structural
similarities of both - and pf-forms render the PDF data
inconclusive as to which polymorph(s) these distortions belong
to.

Thermal Properties. In general, the transition metal
dichalcogenides are known to be relatively thermally stable,
decomposing at temperatures above 1000 °C. Attempts to melt
the compound using an arc melter indicated that the compound
decomposes to release S and Te at very high temperatures,
both visually and by powder XRD.*® Temperature-dependent
synchrotron powder XRD measurements on the samples were
then performed to assess the structural behavior and stability of
the title compounds. The data show a decomposition of the
Ag,Te(VS,); structure between 682 and 697 °C into a mixture
of binaries which include VS, VS, and Ag,Te (Figure SA).
Peaks appearing at 20 = 82, 9.2, and 14.1° at 651 °C
correspond to the appearance of VS, while peaks appearing at
20 = 4.1 and 4.6° at 667 °C correspond to V;S,. A peak
broadening is seen around 26 = 6.2° at 667 °C which can be
attributed to formation of Ag,Te. On the other hand,
Ag,Te(NbS,); undergoes a structural rearrangement upon
heating between 799 and 814 °C into a structure resembling
that of Nay s, NbS,>* (Figure SB). Peaks at 26 = 6.85, 8.86, and
14.2 °C are seen to gradually increase, while the peak at 17.2°
appears with increasing temperature. The disappearance of a
peak at 20 = 5.0° at 760 °C marks the beginning of phase
decomposition. Finally, at 814 °C, complete phase conversion
is seen (peaks lost with the increase in temperature are marked
by red arrows). SEM/EDX performed on a large number of
crystals used for the high temperature powder XRD experiment
yielded a stoichiometry of Ag,¢ Te;0sNbS,; (+0.06), which
indicates that there is evaporation of Te from the structure
upon heating of Ag,Te(NbS,); Therefore, most of the
intercalant atoms remaining in the high temperature structure
are Ag atoms. In this structure, the NbS, layers are staggered
relative to one another, and the intercalant atoms lie between
the NbS, planes, coordinated in trigonal prismatic fashion by S
atoms.

The difference in behavior at high temperature between
Ag,Te(VS,); and Ag,Te(NDS,); may be a result of the greater
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Figure S. Temperature-dependent powder XRD measurement of (A)
Ag,Te(VS,); and (B) Ag,Te(NbS,); using a synchrotron radiation
source with A = 0.413 A. The appearance of peaks is marked with black
arrows, while peaks disappearing are marked with red arrows. In part
A, above 682 °C, all peaks above 26 = 15° have disappeared.

thermal stability of the NbS, structure relative to VS,. That is,
the decomposition of the Ag,Te(VS,); structure to binary
compounds V;S; and VS may be because VS, itself is not
thermally stable. We note that, unlike NbS,, VS, cannot be
made directly and is only formed upon chemical deintercalation
of LiVS,.* Moreover, VS, does not form in the 2H polytype
(trigonal prismatic coordination of the V atom), which is the
coordination environment found in Ag,Te(VS,);. Without
structural integrity of the parent dichalcogenide, it is reasonable
that the layered structure of Ag,Te(VS,); cannot stay intact. In
contrast, Ag,Te(NbS,); does not undergo a breakdown of the
lamellar NbS, substructure but rather rearranges to a different
and presumably more stable stacking of the layers.

High-resolution temperature-dependent powder XRD
showed no additional impurity phases or signs of decom-
position products in the a-Ag,Te(VS,); samples up to 650 °C
(Figure SA). A Rietveld analysis was performed to assess the
presence of f-Ag,Te(VS,); in the powder samples. The
agreement factor of the Rietveld analysis for the a
5.5247(8), ¢ = 8.022(2) A a-Ag,Te(VS,); cell was 10%.
Considering the presence of two polymorphs in Ag,Te(VS,),
found by single crystal XRD measurement, a significant
improvement in the refinement was achieved when a second
hypothetical polymorph (f-Ag,Te(VS,);) with a = 3.2956(6) A
and ¢ = 8.220(2) A was introduced. The overall agreement
factor was reduced to 8%. Since the degree of overlap of the
diffraction lines of the (hypothetical) f-Ag,Te(MS,); phases
with those of the a-Ag,Te(MS,); form is complete (Figure
6A,B), no apparent change in the patterns as a function of
temperature was observed. To examine the data more closely,
we investigated the change in intensity of the (100) and (101)
planes as a function of temperature (Figure 6B,C), but no
significant anomalies were observed.
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Figure 6. (A) High resolution powder XRD pattern at room
temperature for Ag,Te(VS,); using a synchrotron radiation source
with 1 = 0.413 A. All peaks can be assigned to the proposed models
without any impurity phases. There is marked overlap between the
polymorphic structures of a-Ag,Te(VS,); and hypothetical 5-Ag,Te-
(VS,);. The last curve (blue) is the difference between the measured
and calculated intensities. (B) Integrated intensity of the powder XRD
Bragg reflections of (100) and (101) of Ag,Te(VS,); as a function of
temperature. (C) High resolution powder XRD pattern at 500 °C for
Ag,Te(NbS,);. All peaks can be assigned to the proposed models
without any impurity phases. The overlap of the polymorphic
structures of a-Ag,Te(NbS,); and f-Ag,Te(NbS,); is apparent. (D)
Integrated intensity of the powder XRD Bragg reflections of (100) and
(101) of Ag,Te(NbS,); as a function of temperature.

High temperature powder XRD experiments at the APS were
performed by placing powder samples into capillaries placed in
front of a high temperature blower. Because of the long length
of the capillary relative to the blower diameter, deintercalation
of the structure was found to be irreversible, as excess sulfur
was able to condense outside of the edges of the heated region.
This is also seen in the high temperature powder XRD data
(Figure SA), where the intensity of Ag,Te(VS,); is seen to
drop drastically at 700 °C. This phenomenon was also observed
during heating of Ag,Te(VS,); past its decomposition
temperature with one end of the tube outside of the furnace,
resulting in the condensation of elemental S and formation of
binary materials in the following scheme:

Ag,Te(VS,); — 35 (ViS, + Visy) + Ag,Te + 3, )

Likewise, heating of Ag,Te(NbS,); to about 800 °C resulted
in the deintercalation of Te and a rearrangement of the layers in
the crystal structure, as seen in the high temperature powder
XRD patterns (Figure SB). The partial and complete
deintercalation of Te can be visualized in the following scheme:

2Ag Te(NbS,); — Ag,Te,_ (NbS,); + Ag,(NbS,),

+ (1 + x)Te ()

Previously, several reports of intercalated TMDCs with linear
coordination of transition or Eost-transition metal intercalant
atoms included SnTaS$,,'%" InTa$,,'® PbTa$S,'"* and
AuVSz.mC These compounds possess interesting temperature-
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Inorganic Chemistry

0.9 25
A g .| B .
* e L2.4
44 i __ 08 i ,.
° 12.2 22,
B o Eory 20 =~
“‘:m n- M\ b Ob\-
= § o6l ¥ 18 2
& % s 18 ©
E vo- 05- \_,_‘ %
- .44 " ~— ,:\ 1.4 g
=2 . £ : eﬁ,w_,h_w« . B
€1 = = 0.4 s [ 1.2~
0 -2 - —10
B0 A0 el 0 20 48 8 0 50 100 150 200 250 300
H (KOs} Temperature (K)
c 8+ 14
-0 3.54 L
= aql -
e O] —g 3.04 / "
. 10—~
3 £ ~
=0 g &8 1 4 o B
e o 204/ 08 2
E -4 4 ‘9 15 {\ .-0.5 5‘
: St . '04 D
=R B L JE10 (04 2
I 05 , oo
60 -40 -20 0 20 40 60 0 50 100 150 200 250 300
Field (kOe) Temperature (K)

Figure 7. (A) Field-dependent magnetic susceptibility of Ag,Te(VS,); at 2 K. (B) Zero-field-cooled temperature-dependent magnetic susceptibility
of Ag,Te(VS,). The solid red line indicates the curve of modified Curie—Weiss fit. (C) Field-dependent magnetic susceptibility of Ag,Te(NbS,); at
2 K. (D) Zero-field-cooled temperature-dependent magnetic susceptibility of Ag,Te(NbS,);. The solid red line indicates the curve of modified

Curie—Weiss fit.

dependent properties such as magnetic ordering and super-
conductivity that are different from the parent compounds Ta$S,
and VS,.*'%* In PbTaS, and SnTaS, an increase in
superconducting T, relative to TaS, was thought to be a result
of increased electrical conduction from intercalant atom p
orbital electrons in intercalant layers.*® A minimal amount of
conduction within the planar [Ag,Te] layers in Ag,Te(MS,),
would then be expected to suppress the superconducting T,
relative to the parent compounds (T, = 6.3 K in the case of
NbS,). This is also supported by the band structure calculations
and DOS where only a small fraction of Ag and Te states cross
the Fermi level (Figure 9). In fact, this is reflected in the lack of
superconducting transitions in the Ag,Te(MS,); compounds
above 2 K.

Magnetic Properties. The nonlinear magnetic suscepti-
bility behaviors of the Ag,Te(MS,); compounds were fitted
using a modified Curie—Weiss formula to give reasonable
values of 6 and i Ag,Te(VS,); exhibits an increase in
magnetization with increasing field at 2 K (Figure 7A). In the
analysis of magnetization as a function of temperature,
Ag,Te(VS,); displays an antiferromagnetic—paramagnetic
ordering below a Néel temperature of 36 K (Figure 7B).
Above this temperature, the paramagnetic region of the curve
(36 K to room temperature) shows a fit (agreement factor R* =
99.97%) to the modified Curie—Weiss law, with C = 12.00(1)
X 107% emu-K/mol, ® = —10.0(3) K, y, = 3.622(3) x 107*
emu/mol, and p g = 0.179 uy/V atom. The close overlap of the
field-cooled and zero-field-cooled temperature-dependent
magnetic susceptibility plots of Ag,Te(VS,); excludes the
possibility of spin glass behavior. Deviation from linearity
between S0 and 100 K likely arises from a small polarization of
any delocalized electrons. The magnetic susceptibility behavior
of Ag,Te(VS,); is very similar to that of ViSg an itinerant
antiferromagnet.”” However, high-resolution powder XRD
verified the absence of VSg as an impurity phase. In VSg, an
antiferromagnetic to paramagnetic transition occurs at around

6528

30 K and a low p g of ~1.03 p/V was found to be considerably
lower than the calculated spin-only value of 1.73 ug for V** (or
the experimentally found g4 ~2.64 pi5* *). This was attributed
to the presence of both localized and itinerant d electrons
contributed by two different types of magnetic V atoms in the
structure. In the case of Ag,Te(VS,);, a low peg of 0.179 pg/V
likewise indicates a departure from expected magnetic behavior.
In contrast to Ag,Te(VS,); the magnetization of Ag,Te-
(NDS,); saturates around an applied field value of 25 kOe at 2
K (Figure 7C) and displays paramagnetic behavior from 2 to
300 K (Figure 7D). The Ag,Te(NbS,); magnetic susceptibility
curve shows a fit (agreement factor R* = 99.54%) to the
modified Curie—Weiss law with C = 9.02(6) x 107° emu-K/
mol, 8 = —1.37(2) K, y, = 7.90(1) X 10™* emu/mol, and y 4 =
0.155 pp/NDb atom, which is much lower than the calculated
spin-only value of 1.73 yuy for a Nb*" d' system. Consistent with
our results, literature reports of magnetic studies on group §
dichalcogenides intercalated with post-transition metals like-
wise show temperature-independent paramagnetic molar
susceptibilities that are lower than that of the pure parent
dichalcogenide.48

In general, it is thought that post-transition metal
intercalation is stabilized by electron transfer from the
intercalant p states to the d band metal of the metal, as well
as hybridization of intercalant p states with the 3p band of S.”
This is a possibility for Ag,Te(MS,); because the Te atoms
possess p valence electrons for hybridization, suggesting that
there is some oxidation of the metalloid Te atoms and charge
transfer from the planar [Ag,Te] layer to the [MS,] layer to
stabilize the structure. Naturally, the unusual linear coordina-
tion of Te atoms in the [Ag,Te] layer of Ag,Te(MS,); by S
atoms of the sandwiching [MS,] layers leads to the question of
the Te oxidation state. If it is assumed that the planar [Ag,Te]
layer is charge-balanced, then the Te should be found in a 2-
oxidation state. Alternatively, because Ag,Te(MS,); is structur-
ally similar to SnTaS,, the Ag and Te atoms in Ag,Te(MS,);
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may possess a charge of 2+ as in SnTaS,. In studying SnTaS, by
photoelectron s(g)ectroscopy,g’49 NMR,* and single crystal X-
ray diffraction,'””"' the oxidation state of the Sn atom was
purported to fluctuate between Sn®* and Sn°. Hence, charge
fluctuation of the Ag and/or Te atoms in the intercalant layer
may also be a possibility. Still, because the Ag atoms do not
have p orbital electrons to contribute to the metal d> band, the
extent of charge transfer between the [Ag,Te] and [MS,] layers
in Ag,Te(MS,); is unlikely to result in oxidation of the Ag atom
to 2+ as in the case of the Sn intercalant atoms in SnTaS,.
Another possibility seen in the existence of the structurally
related compound AuVS,, in which the Au atom has a similar
coordination environment to the Ag and Te atoms in
Ag,Te(MS,),, suggests that the intercalant layer may carry a
1+ or no charge. Furthermore, the [S—Te—S]*" structural
motif bears a strong resemblance to the triatomic isoelectronic
ion I,~,** where the middle I atom is found in a 1+ oxidation
state while the terminal I atoms have formal charges of 1—. This
bonding scheme can be rationalized by the model of Rundel,
that of a three-center—four-electron (3c—4e) bond. In this 3c—
4e model, the valence electrons occupy a o-bonding molecular
orbital and a nonbonding molecular orbital, leaving one empty
o-antibonding molecular orbital.>> The analogous middle Te in
[S—Te—S]*" would then have a formal charge of 0, while the
terminal S atoms would have formal charges of 2—. This type of
3-center, 4-electron bonding is generally only found in T-
shaped and square planar Te complexes,** rather than in a
strictly two-coordinate linear Te environment like that found
here. We liken this moiety to the triatomic Se;*” in Ba,Ag,Se,
which the authors conclude is hypervalent and isoelectronic
with XeF, and I, containing 22 valence-electron units.*

XANES Studies. To investigate the extent of electron
transfer and intercalant atom valence states in Ag,Te(MS,);, we
performed XANES measurements focusing on V, Nb, and Te.
Qualitative analysis of the V XANES spectra of Ag,Te(VS,);
and CuV,S, show close alignment of the absorption edges of
the two compounds, with a difference in edge energies of about
1 eV (Figure 8A). CuV,S, has been calculated to have mixed V
oxidation states of 3+/4+ as a result of atomic orbital
hybridization and order—disorder transitions,”*** which serves
a purpose here of narrowing down the range of possible
oxidation states, with the assumption that both of the
Ange(MSZ)3 compounds contain the group V transition
metal in the same oxidation state. Qualitative comparison
between the Nb XANES spectra of Ag,Te(NbS,);, NaNbS;
(Nb**), and NbSe, (Nb*") reveals that the Nb absorption edge
of Ag,Te(NbS,); is very closely aligned with that of NbSe,
(Figure 8B). This indicates that the compound features a Nb
cation very close to the 4+ oxidation state, and implies that the
charge transfer of the [Ag,Te] layer is too small to substantially
change the oxidation state of the Nb in the putative parent
NbS, compound. This is also seen in calculations on SnTaS,
and LiTaS,, where the charge transferred from the intercalant
atom does not change the charge on Ta but is rather thought to
promote more ijonic bonding between the group V metal and
the S atom.>*

In the Te XANES spectra, the absorption edges are all very
close in energy (Figure 8C). The elemental Te sample, used as
a Te’ standard, displays a very characteristic pre-edge peak with
a local maximum in the derivative peak found at ~4337 €V.>
The CsAgTeS;, in comparison, exhibits a pre-edge peak as well
as a band edge energy shifted to a higher energy of ~4340
eV—both are indicative of a higher Te oxidation state. The dip
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Figure 8. (A) Qualitative analysis of the V XANES K-edge spectra of
Ag,Te(VS,); (black) and CuV,S, (red) showing a close alignment of
the absorption edge, with a difference in edge energies of about 1 eV
which narrows down the oxidation state of V to be around 3+/4+. (B)
Qualitative comparison between the Nb XANES K-edge spectra of
Ag,Te(NbS,); (black), NaNbS, (Nb**, red), and NbSe, (Nb4*, blue)
revealing that the Nb absorption edge of Ag,Te(NDbS,); is very closely
aligned with that of NbSe,, indicating that the compound features a
Nb cation very close to the 4+ oxidation state. (C) A comparison of all
the Te XANES Lj;-edge spectra showing the close proximity of the
absorption edges, with Ag,Te(VS,); (pink) and Ag,Te(NbS,);
(green) very closely aligned and PbTe (red) and Te (black) on
either side of the curves in terms of energy. These data are indicative
of a Te atom in the Ag,Te(MS,); compounds that is between Te® and
Te>™.

after the pre-edge peak is also characteristic of a 4+ oxidation
state seen in several Te-containing minerals.>> A comparison of
all the Te XANES spectra shows close proximity of the
absorption edges, with Ag,Te(VS,); and Ag,Te(NbS,); very
closely aligned and PbTe and Te on either side of the curves in
terms of energy. These data are indicative of a Te atom in the
Ag,Te(MS,); compounds that is between Te” and that of Te*".
The results of the XANES analysis prompted further
examination of the band structure of the compounds using
density functional theory (DFT) calculations.

Calculations and Electronic Transport Properties.
Band structure calculations were employed to examine the
electronic structure of the Ag,Te(MS,); (Figure 9). The
compounds have similar electronic structures with a valence
band maximum just above the Fermi energy, indicating a
semimetallic material; this was also verified by the transport
measurements. Both the valence and conduction bands in
Ag,Te(MS,); show dispersive character, suggesting high
electron and hole mobility. From the density of states (DOS)
plots (Figure 9), the valence and conduction bands are mainly
composed of transition metal d-states in both compounds with
the V-states contributing more than the Nb-states near the
Fermi level. The chalcogen p-states and Ag d-states are
distributed almost evenly just above and below the Fermi level.

The Seebeck coefficients (Figure 10) and in-plane electrical
resistivity values (Figure 11) of single crystal platelets of a-
Ag,Te(MS,); were measured as a function of temperature in an
arbitrary direction. The electrical resistivity at room temper-
ature was around 12 pQ-cm for a-Ag,Te(VS,); and around 11
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Figure 9. Band structure calculations of Ag,Te(MS,);. Calculated (A) band structure of (B) density-of-states (DOS) plots of Ag,Te(VS,)s;
calculated (C) band structure of (D) DOS plots of Ag,Te(NbS,);. The compounds have similar electronic structures with a valence band maximum
just above the Fermi energy, indicative of semimetals. Both the valence and conduction bands in Ag,Te(MS,); are disperse, correlating with high
electron and hole mobility. From the DOS plots, the valence and conduction bands are mainly composed of transition metal d-states. However, the
V-states are seen more than the Nb-states near the Fermi level. The chalcogen p-states and Ag d-states are distributed almost evenly just above and

below the Fermi level.
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Figure 10. (A) Temperature-dependent Seebeck measurement of (A)
Ag,Te(VS,); and (B) Ag,Te(NbS,); single crystals from room
temperature up to 700 K. The positive sign of the Seebeck values
indicates that both materials contain p-type carriers (holes) as the
predominant conduction mechanism.

uQ-cm for a-Ag,Te(NbS,),, increasing with temperature which
is consistent with the semimetallic behavior suggested by the
band structure calculation. These measured values are much
lower than the metallic parent dichalcogenide NbS,*® and the
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related AuVS,,' which have room temperature resistivity
values of >100 u€-cm; Ag,Te has a room temperature
resistivity of 275 uQ-cm.”’ SnTaS, a structurally related
compound with a metallic intercalant Sn atom, shows resistivity
values in the same range as Ag,Te(MS,);” These factors
suggest that the Ag and Te atoms within the VS, and NbS,
layers in these compounds are uncharged, resulting in an
increase in conductivity of the composite structure relative to
the parent dichalcogenides. Moreover, this supports the
XANES finding that the small extent of charge transfer
between the layers is not enough to substantially change the
band structure or the oxidation states of the atoms in the parent
dichalcogenide compounds.

The Seebeck coefficient rises with temperature and has a
small positive value characteristic of a p-type metal, consistent
with the DFT calculations. The room temperature values were
around 4 and 2 pV/K for pressed pellet mixtures of - and -
Ag,Te(VS,); and - and f-Ag,Te(NbS,)s, respectively. The p-
type character was also corroborated by band structure
calculations (discussed above). It is expected that, in the
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Figure 11. Temperature-dependent resistivity measurement of
Ag,Te(VS,); single crystal from (A) room temperature down to S
K and (B) up to 700 K; (C) temperature-dependent resistivity
measurement of Ag,Te(NbS,); single crystal down to S K and (D) up
to 700 K. The resistivity values of these materials increase with
increasing temperature, consistent with the behavior of semimetallic
materials. The room temperature conductivity values were 12 p€-cm
for a-Ag,Te(VS,); and around 11 uQ-cm for a-Ag,Te(NbS,);.

group V dichalcogenides, the half-filled conduction band should
result in p-type conductivity with the free carriers being holes.*®

B CONCLUSION

New intercalated dichalcogenide compounds, Ag,Te(VS,); and
Ag,Te(NDS,),, are composed of intergrown lattices of [MS,]
and planar [Ag,Te], where M = V and Nb. Within the
structure, the Ag and Te atoms are linearly coordinated by S
atoms. Characterization by single crystal XRD revealed the
presence of distortions in the [Ag,Te] layer with a formation of
two polymorphs depending on the ordering of the Ag/Te
atoms. When the Ag/Te atoms are occupationally disordered,
the -Ag,Te(MS,); phase is formed. Long-range ordering of Ag
and Te atoms in the planar [Ag,Te] layer yielded a (3)'* x
(3)"2 supercell and the formation of the a-Ag,Te(MS,); form.
Additionally, PDF analysis uncovered local distortions in the
[Ag,Te] layer resulting from positional displacement of the Ag
atoms. These findings support the presence of interactions
between the Ag and Te intercalant atoms within the [Ag,Te]
layers that serve to stabilize the linear coordination of the Te
atoms, even though the interatomic distances in the ordered
models are longer than those of expected bonding interactions.
In-situ temperature-dependent studies on Ag,Te(MS,); show a
breakdown of the composite structure at elevated temperatures,
with either deintercalation or rearrangement which is likely
related to the stability of the respective parent dichalcogenide.
Considering the makeup of the component layers, [Ag,Te] and
[MS,], both stable on their own, it is notable that the
composite structures are stable to temperatures of ~680 °C.
AgZTe(VSZ)3 possesses magnetic properties reminiscent of
an itinerant antiferromagnet, ViSg, at low temperatures,
transitioning to paramagnetism at higher temperatures. The
magnetic moments of the V and N atoms in the structure are
much lower than expected for d' systems, which may be related
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to the itinerant nature of the electrons. Interestingly, upon
insertion of the Ag,Te layers, the superconductivity of the
parent NbS, compound at 6.5 K is suppressed down to at least
2 K. The high metallic conductivity of the compounds suggests
that the extent of charge transfer is weak and that the filling of
the empty d_ band of the parent dichalcogenide compounds is
minimal. However, charge transfer from the [Ag,Te] layers to
the [MS,] layers and from Ag atoms to Te atoms within the
[Ag,Te] layers is likely to stabilize the unique coordination
environment of the Te atoms. Moreover, the X-ray absorption
spectra of the compounds indicate the presence of a Te
oxidation state that is very close to Te’. The unique linear
coordination environment of Te in a 3-center, 4-electron bond
found in Ag,Te(MS,); contributes to the structural diversity of
long-studied Te-containing and dichalcogenide compounds.
The hexagonal array of atoms in the Ag,Te part is a novel
arrangement for silver telluride. The stabilization of (Ag,Te)-
(MS,) adds a new type of intercalated motif to the class of
TMDCs after the M’,MS, and the misfit (M’S),,.(MS,)
compounds. This is a new insight pointing to a variety of
intergrowth compounds with metastable arrangements of guest
species stabilized between the MS, layers.
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