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ABSTRACT: A metastable polycrystalline Ag,GeS; compound SO0¢{ A ———jo4rm
was prepared at 1000 °C with binary Ag,S and GeS, as starting é . Experimental o % Theoretical
materials. At room temperature, Ag,GeS; was determined to adopt = 039 s,
a polar orthorhombic crystal structure (space group Cmc2,) based g o4 .‘-
on the Rietveld refinement of synchrotron X-ray diffraction data. 303 e e . ."‘"'..,.“ 0.2
The crystal structure consists of layers of distorted AgS, and GeS, 8, f<*/ /5.4, s oo
tetrahedra stacked along the crystallographic ¢ axis. UV—vis diffuse  § v :J: * 7 :4: i A;;s 019
reflectance spectra identify Ag,GeS; as a semiconductor with an §0'1' "AAAAALA, ) o

0.0 e

optical indirect band gap of 2.04 eV. Thermal analysis inside a 200 200 300 100 200 300
sealed tube indicates that Ag,GeS; undergoes several phase Temeperature, K Temperature (K)
transitions but reforms upon cooling after heating to 1000 °C.

Thermoelectric conductivity measurements show that Ag,GeS; exhibits glass-like ultralow lattice thermal conductivity of 0.26 W/m-
K at 300 K and 0.22 W/m-K at 380 K. The theoretical calculation of lattice thermal conductivity based on density functional theory
using the modified Debye—Callaway model shows a good qualitative agreement with experimental results between 50 and 400 K. A
combination of the zig-zag atomic arrangement that decorates the crystal structure, electronic structure features dominated by the
hybridization of Ag—S bonds near the Fermi energy, and nearly flat or dispersion-less low-energy optical phonon branches where Ag
acts as the rattler atom provides plausible reasons for the observed ultralow lattice thermal conductivity.

o+

B INTRODUCTION W/(mK), zT = 0.5 at 750 K].'* Most argyrodites A;XQy
crystallize in non-centrosymmetric polar space groups (Pmn2,,
Pna2,, and P6ymc) at room temperature and transform into
centrosymmetric cubic structures at high temperatures
(F43m).">"°

Another promising series of thermoelectric materials in the
A—-X—Q system is the A,XQ; series (A = Ag and Cu; X = Sj,
Ge, and Sn; and Q = S, Se, and Te). The resistivity, Hall effect,
and semiconducting features were only briefly studied for some
compounds in the 1960s and 1970s.'”7*' Recently,
Cu,Sngolng;Se; with a polar crystal structure (space group
Cc) was reported with K,y = 1.0 W/(m-K), k; = 0.4 W/(m-K),
and zT = 1.14 at 850 K.** Cu,GeSe; (space group Imm?2) was
reported with a Ko = 0.67 W/(m-K) and zT = 0.5 for the Ga-
doped sample (Cu,Gego;Gagg,Se;) at 745 K> The original
orthorhombic crystal structure (space group Imm2) of
Cu,GeSe; was later re-determined to be a monoclinic crystal

Thermoelectric materials have been of great interest for a
number of decades due to their ability to generate power, such
as recycling of heat waste." A thermoelectric device consists of
p-type (hole conduction) and n-type (electron conduction)
semiconductors, which transform heat into electricity (Seebeck
effect) or convert electricity into cooling technology (Peltier
effect).”™* The effectiveness of thermoelectric materials is
determined by the figure of merit 2T = S?6T/Ky, where S is
the Seebeck coefficient, o is the electrical conductivity, T is the
temperature, and « is the thermal conductivity. The k., is the
summation of the lattice thermal conductivity (k) and the
electrical thermal conductivity (k.). A large zT is indicative of
an efficient thermoelectric material, which requires a large
power factor (PF = $’) and small k.

Among the reported compounds in A—X—Q_ (A = Ag and
Cu; X = Si, Ge, and Sn; and Q = S, Se, and Te) system,
argyrodites with a general formula A, X""'Q (A = Ag and

Cu; X = Si, Ge, and Sn; and Q = S, Se, and Te) have been Received:  April 6, 2022 el N
intensively studied as thermoelectric materials due to glass-like Revised:  June 21, 2022 .-¥mm
ultralow Koy or k.°~° Recent reported examples are AgeSnSeg Published: July 15, 2022 €% )
[k ~ 02 W/(mK), 2T = 0.9-1.2],"7"" AgsGeTeg [k = 8 S ho)
0.25 W/(mK), 2T = 0.48 at 703 K],"* AggSiTey [k = 0.23 -

W/(mK), zT = 0.48 at 800 K],"* and CugGeSe, [k = 0.2—0.3
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structure with the polar space group Cc.** The low K of
Cu,GeSe; is associated with a weak Cu—Se covalent bond™ or
the strong anharmonic phonon scattering.”> The mechanism of
ultralow «; in argyrodites AgXQg (A = Ag and Cu; X = Si, Ge,
and Sn; and Q = S, Se, and Te) is related to the low frequency
of the optical phonon, complex structure (240 atoms) with
superionic character, weak chemical bond, and heavy
element.””'" Ag,GeS; also adopts a closely related polar
crystal structure (space group Cmc2,),”® and we expect that
Ag,GeS; could show a low « value, but the underlying
mechanism might be different from that of Cu,GeSe; and
AgXQy. Up to now, the thermoelectric properties of Ag,GeS;
are yet unknown.

In this article, we report the synthesis and characterization of
a metastable polycrystalline Ag,GeS; compound. We deter-
mine its crystal structure by in situ synchrotron X-ray
diffraction, phase stability by differential scanning calorimetry
(DSC), optical band gap by UV—vis spectroscopy, and high-
and low-temperature thermal conductivities by laser flash
analysis and physical property measurement system, respec-
tively.

B EXPERIMENTAL SECTION

Starting Materials and Synthesis. Ag,GeS; polycrystalline
samples were prepared using the conventional solid-state method
with binary sulfides (Ag,S and Ge$,) as starting materials. Ag,S (99.9
wt %, Alfa Aesar) and GeS, (>99 wt %, MP Biomedicals) were stored
and used inside an argon-filled glovebox with a low concentration of
0, and H,0 (<0.5 ppm). A mixture of Ag,S and GeS, with a
stoichiometric molar ratio was thoroughly ground and pressed into a
6 mm diameter pellet, which was transferred to a 7.5 mm inner
diameter (ID) quartz tube that was sealed under vacuum (~107°
Torr). The sealed quartz ampule was heated in a box furnace to 1000
°C over 12 h and retained at that temperature for 168 h. After that,
the furnace was turned off and cooled to room temperature within a
few hours.

Laboratory and In Situ Synchrotron Powder X-ray
Diffraction. Room-temperature powder X-ray diffraction (PXD)
was initially collected for 1 h with a benchtop Miniflex-600 powder X-
ray diffractometer (Cu Ka, A = 1.5418 A) with the 20 range from 10
to 70°. The room-temperature synchrotron powder X-ray diffraction
(SPXD) pattern was collected in a capillary at 11-BM beamline (1 =
0.45790 A) with the 20 range from 0.5 to 42° at the Advanced
Photon Source, Argonne National Laboratory (APS-ANL). In situ
SPXD experiments were carried out in an open-end quartz tube with
an outer diameter (OD) of 1.1 mm under the argon flow at 17-BM
beamline (4 = 0.24138 A) from room temperature to 1000 °C at the
APS-ANL.

Thermal Analysis. The thermal stability of Ag,GeS; was assessed
by the DSC with a model STA 449 F3, Netzsch TG/DSC instrument.
Because of the potential reactions between the sample and the
platinum sample stage, the sample was sealed under vacuum (<1075
Torr) in a small quartz ampule (length = 11.5 mm, OD = 7 mm, and
ID = S mm). A hydrogen torch was used to seal the tube in order to
avoid warping the ampoule and minimize any destruction of the
sample. An empty ampule was similarly prepared for use as the blank.
Calorimetry was performed using a SiC furnace with the same heating
and cooling rate of 10 °C/min between room temperature and 1000
°C. After the DSC measurement, the ampule was broken, and the
sample was analyzed by PXD on a zero-background quartz sample
stage using a Cu Ka source with a Ni filter (D8 ADVANCE ECO,
Bruker).

Consolidation. Polycrystalline powders of Ag,GeS; were
consolidated by spark plasma sintering (SPS) (Dr. Lab Sinter Jr.,
Fuji Corp.) in a 12.7 mm diameter unjacketed graphite die or a 10
mm diameter die with an outer jacket to help prevent breakage (Cal
Nano). Samples were prepared in an argon-filled glovebox (H,0, O,

6421

< 0.5 ppm) and pressed under an active vacuum to avoid oxidation of
the sample at elevated temperatures. A dense black pellet (12.7 mm
dia.) was obtained after polycrystalline powders were slowly heated to
450 °C and held at 450 °C for 20 min under a constant force of 10.7
KN (21.1 MPa). Similarly, a chalky red pellet (10 mm dia.) was
achieved when polycrystalline powders were held for 20 min at 250
°C under a constant force of 8 kN (25.5 MPa). A 4.5 mm dense pellet
(>91% density) was prepared after being held at 250 °C for 4 h under
4 GPa using a Walker-type high-pressure instrument. The obtained
pellets were also examined with PXD.

High-Temperature Thermal Conductivity. High-temperature
thermal diffusivity was conducted on the consolidated 12.7 mm pellet
from room temperature to 450 °C through laser flash analysis (LFA)
457 MicroFlash, NETZSCH. The sample was leveled using
progressively finer sandpaper and then coated with a thin layer of
graphite. LFA measurements were carried out under active argon flow
to avoid oxidation. Thermal conductivity (k) (k = D X p X CP) was
then calculated from the measured density (p) using the Archimedes
method, along with measured thermal diffusivity (D) and heat
capacity (C,), which were calculated using the Dulong—Petit method.
Because of the thermal degradation of Ag,GeS; to Ag,Ge;S;
through the cycling process, the latter phase was used for the C,
calculation.

Low-Temperature Thermal Conductivity. Thermoelectric
properties were measured on half of the dense pellet (4.5 mm) of
phase-pure Ag,GeS; using the thermal transport option of the
Quantum Design physical property measurement system (PPMS).
Temperature-dependent thermal conductivity data were collected
from 380 to 1.8 K with a two-probe method. Electrical measurement
was also attempted on the dense pellet but failed due to the high
sample resistance and the power limits of the excitation source in the
standard PPMS resistivity option.

Chemical Analysis. Elemental analyses of Ag,GeS; polycrystalline
samples were carried out with a Zeiss-Sigma field emission scanning
electron microscope (SEM) equipped with an Oxford INCAEnergy
250 energy-dispersive X-ray spectroscopy (EDX) microanalysis
system.

UV-Vis Diffuse Reflectance. Optical UV—vis diffuse reflectance
spectra were collected using a Shimadzu UV-2600 Plus spectrometer.
The polycrystalline Ag,GeS; sample was measured in the range of 185
to 900 nm with barium sulfate as a non-absorbing reflectance
reference. The derived UV—vis absorbance spectra [F(R)] from
reflectance spectra were obtained according to the Kubelka—Munk
equation, F(R) = a/S = (1 — R)?*/2R, where a is the absorption
coefficient, S is the scattering coefficient, and R is the diffuse
reflectance. The band gap is estimated by extrapolations of the linear
region of the [F(R)hv]" versus hv(E) curve, where n =2 and n =1/2
correspond to direct and indirect allowed transitions, respectively.

Computation Methods. First-principles calculations were
performed based on density functional theory (DFT) as implemented
in the open-source plane-wave pseudopotential code, Quantum
ESPRESSO (QE).*” We chose the generalized gradient approxima-
tion (GGA) and PBEsol exchange—correlation functional for all
ground-state calculations.”®** The ultrasoft pseudopotential opti-
mized in the Rappe—Rabe—Kaxiras—Joannopoulos scheme was used
to treat the core and valence electrons.’®*' The kinetic energy cutoff
was set to 816 eV, and the Brillouin zone was sampled using a I'-
centered Monkhorst—Pack (MP) mesh for all calculations.*” During
the geometry optimization using variable cell relaxation implemented
with the Broyden—Fletcher—Goldfarb—Shanno algorithm, the con-
vergence thresholds were set at a force equal to or less than 2 meV/A,
using a Monkhorst—Pack k-mesh size of 6 X 10 X 12. Self-consistent
field (SCF) calculations were carried out, followed by non-self-
consistent field calculations (using a denser k-mesh of 12 X 16 X 18)
to calculate the electronic density of states (DOS) and projected DOS
(PDOS) based on the optimized crystal structure from QE.

Since the mean-field DFT-GGA approximation is known to
underestimate the fundamental band gap, we used the many-body
perturbation theory with GyW, approximation as implemented in the
Yambo code to obtain the quasi-particle correction.’*** The ground-
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state property for the GyW, calculation is obtained from QE using the
GGA exchange—correlation functional and SG1S-optimized norm-
conserving Vanderbilt pseudopotentials.®> The kinetic energy cutoff
for wavefunctions and charge densities was set to 816 and 3265.4 eV,
respectively. A I'-centered Monkhorst—Pack k-point mesh of size 4 X
4 X 4 was used for both SCF and NSCF calculations. In the Yambo
code, the plasmon-pole approximation for the inverse dielectric
function was applied. The screening matrix size (response block size)
was set to S Ry (68.03 eV). A total of 260 unoccupied bands were
used in the polarization function and self-energy integration to
converge the correlation part of self-energy. To accelerate the
convergence, the closure relation technique developed by Bruneval
and Gonze was applied in the GoW,calculation.*®

Phonon calculations were carried out based on the finite
displacement method using Phonopy.’” Supercells of size 2 X 2 X
2 were constructed to generate atomic displacements. Atomic forces
of supercells associated with the systematic set of displacements were
then calculated using QE. Born-effective charge tensors were
calculated using QE linear response theory, which was taken into
consideration to add the non-analytical term correction in the phonon
dispersion calculation. The above steps of the phonon calculations
were performed for three structures: one at the equilibrium volume
and the other two at slightly smaller (—0.4%) and larger (+0.4%)
volumes. Finally, the temperature-dependent lattice thermal con-
ductivity (k;) calculations were performed using the modified Debye—
Callaway model as implemented in the AICON code.*® Despite the
limitations, such as the use of the classical Boltzmann distribution to
describe the phonon behavior as opposed to the Bose—Einstein
distribution and treating the optical branch as a longitudinal acoustic
branch, AICON provides a computationally efficient (albeit
qualitative) route to calculate the k; of complex solids.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure. The Ag,GeS; phase can
be prepared directly by annealin§ elements or a mixture of
binary Ag,S and GeS, precursors.””*’ According to the phase
diagram of Ag,S—GeS,, Ag,GeS; is a metastable phase that
only exists at a higher temperature above 525 °C.* To prevent
the loss of S, we adopted the synthesis with binary precursors
with the heating profile of a previous report on preparing glassy
Ag,GeS;,"" in which case, binary Ag,S and GeS, were used as
starting materials, and the glassy phase was achieved after
quenching the ampule in water. We modified the synthesis by
cooling the ampule along the furnace after heating it at 1000
°C for 7 days. The experimental PXD pattern matches the
theoretical pattern of Ag,GeS; with the polar space group
Cmc2, (Figure S1).

The crystal structure of Ag,GeS; (Cmc2,) consists of layers
of AgS, and GeS, tetrahedra in the ab plane, which stack along
the crystallographic ¢ axis via corner-sharing in a zig-zag way
(Figure 1). In each layer in the ab plane, one GeS, tetrahedron
is corner-shared with six AgS, tetrahedra, while one AgS,
tetrahedron is corner-shared with three AgS, and three GeS,
tetrahedra alternately, as shown in Figure lc. GeS, tetrahedra
are separated in the ab plane, but they form zig-zag chains via
corner-sharing along the crystallographic ¢ axis. AgS,
tetrahedra form zig-zag chains along both crystallographic b
and ¢ axes. The crystal structure of Ag,GeS; is different from
that of AgyGeSs, in which GeS, tetrahedra are isolated and
connected to Ag and S atoms to form a three-dimensional
framework. For the eight Ag atoms in one unit cell of the
AgyGeS¢ crystal structure, three Ag atoms form AgS,
tetrahedra, four Ag atoms are coordinated with three S
atoms (AgS;), and one Ag atom is linked with two S atoms

(AgS,)-
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Figure 1. Perspective view of the crystal structure of Ag,GeS;
(Cmc2,) viewed along the b axis (a), a axis (b), and a layer in the
ab plane (c). Color code: Ag = light pink, Ge = light blue, and S = red.

To verify the reported crystal structure and investigate
further details, Rietveld refinement was performed based on
the room-temperature SPXD data. Careful examination of the
high-resolution SPXD pattern identifies a small amount of
impurity GeS, (20 = 4.57, 4.68, and 5.04°), reflections of
which are marked with asterisks in Figure 2. Refinements were
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Figure 2. Rietveld refinement of SPXD of Ag,GeS; (space group
Cmc2,, A = 045790 A) with the observed data (red), calculated
pattern (black), difference between the observed and calculated
patterns (blue), and Bragg position (green). Asterisks (*) represent
the reflections of impurity GeS,.

carried out with the previously reported crystal structures of
Ag,GeS; and GeS, as the initial models. The overall fitting and
refinements are good (Figure 2). The mass fractions of the
major phase Ag,GeS; (Cmc2,) and impurity GeS, (Fdd2) are
98.74 and 1.26%, respectively. Selected structural parameters
of Rietveld refinement of Ag,GeS; and GeS, are listed in
Tables 1 and S1, respectively. The refined anisotropic
displacement parameter (B) is given in Table S2. For the
major phase Ag,GeS; the unit cell parameters were
determined to be a = 11.78794(2) A, b = 7.07517(1) A, ¢ =
6.34337(1) A, and V = 529.047(1) A3, which are close to the
previously reported values, a = 11.791(5) A, b = 7.079(3) A, ¢
= 6.344(3) A, and V = 529.5(4) A3’° The refined atomic
positions based on SPXD data show deviation from the
previously reported values based on PXD, especially on the Ge
(y), S1 (z), and S2 (y) sites (Table 1), which results in
different Ag—S and Ge—S bond distances as shown in Table 2.
The atomic position is closely related to the intensity of the X-
ray pattern, which is affected by the setup of the X-ray
measurement. The SPXD data were collected on the sample
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Table 1. Selected Structural Parameters of Rietveld
Refinement of Ag,GeS;

sample Ag,GeS;
empirical formula  Ag,GeS;
temperature 300 K
mol. wt, g/mol 384.57
density 4.828
(calculated),
g/cm®
wavelength, 1 0.45790 A
space group, # Cmc2,, #36
V4 4

a=1178793(2) A, b=7.07517(1) A, ¢ = 6.34337(1) A,
V = 529.047(1) A

Rietveld criteria of R, = 8.05%, R, = 10.0%, Ry, = 6.01%, Regor = 8.46%,
fit Riyroge = 8.74%, * = 2.77

%, ¥, z (this work)

lattice parameters

site, Wyckoff symbol %, y, z (reported values)*®

Ag, 8b 0.1554(1), 0.8677(1), —0.02(2)
0.152, 0.846, —0.027

Ge, 4a 0, 0.3445(2), —0.04(2)
0, 0.405, —0.048

S1, 8b 0.1561(2), 0.7987(2), 0.36(2)
0.142, 0.806, 0.404

S2, 4a 0, 0.3582(4), 0.32(2)

0, 0.319, 0.311

that was put in a capillary. The observed atomic position
difference from reported values may be due to different sample
preparations for the X-ray measurement. The site occupancies
of S1 and S2 were checked during the refinement, but the
overall fitting remained the same with 1.5 and 1.2% vacancies,
so the occupancies were fixed at unity.

As shown in Figure 1, the crystal structure is built with AgS,
and GeS, tetrahedra. In the AgS, tetrahedra, Ag coordinates
with three S1 atoms and one S2 atom, with four different Ag—
S bond distances ranging from 2.4 to 2.63 A (Table 2). In the
GeS, tetrahedra, Ge coordinates with two S1 atoms and two
S2 atoms. The two Ge—S1 bond distances are equal (2.19 A),
and the two Ge—S2 bond distances (2.28 and 2.2 A) are close
(Table 2). The Ag—S and Ge—S bond distances are reasonable
and similar to those in the crystal structure of AggGeSs and
AglOGe3Sn.42’43 The nearest Ag—Ag/Ge distances are also
listed in Table 2. Based on the bond distances, AgS, tetrahedra
are more distorted compared to GeS, tetrahedra. The distorted
tetrahedra and zig-zag arrangement of tetrahedra explain the
polar crystal structure of Ag,GeS;.

Thermal Stability. The thermal stability of the Ag,GeS,
compound was first studied via differential scanning calorim-
etry. The powder sample was sealed inside a small quartz
ampule (OD = 7 mm) and heated/cooled between room
temperature and 1000 °C at a rate of 10 °C/min. Because the
sample was flame-sealed inside the quartz ampule, it was not
possible to run a background subtraction with the empty
sample ampule. The result of this is the sweeping baseline most

evident in the heating segment of the measurement. The
heating segment of the DSC measurement shows a small
endothermic peak at 354 °C and two smaller endothermic
peaks near 627 and 874 °C. Upon cooling, a large exothermic
peak was observed at 564 °C, and another weaker exothermic
peak was observed at 248 °C (Figure 3). The sample was then

= Ag,GeS; Heating o
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Figure 3. DSC curves of Ag,GeS; with heating shown in red and
cooling shown in blue. In this plot, upward peaks are exothermic, and
those downward are endothermic.

examined with PXD. We found that when Ag,GeS; was heated
in a sealed quartz tube, its phase remained intact even after
1000 °C, as revealed by the PXD patterns shown in Figure 4.

Calculated Ag2GeSs
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Figure 4. Experimental PXD patterns (Cu Ka, A = 1.5418 A) of
samples after DSC, SPS, and LFA experiments in comparison with
calculated PXD patterns of Ag,GeS;, Ag;GesS;;, and GeS,.

Table 2. Selected Bond Distances in Ag,GeS;

Ag—S (A)  this work  reported values”  Ge—S (A) this work
Ag—S1 2.4(2) 2.50 Ge—S1 2.19(5)
Ag—S1 2.48(6) 2.69 Ge—S1 2.19(5)
Ag-S1 2.62(5) 2.75 Ge—S2 2.28(7)
Ag—S2 2.63(7) 237 Ge-S2 22(2)

reported values Ag—Ag/Ge distance (A) this work reported values®
226 Ag-Ag 3.66(1) 3.58
226 Ag—Ge 3.84(1) 3.60
215 Ge—Ge 3.8(1) 3.4S
2.36
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However, during the SPS process, the color of the pellet
changed from red to black after pressing at 450 °C for 20 min
under a constant force of 10.7 kN (21.1 MPa), suggesting a
compositional change in the pellet. The post-SPS pellet was
determined to be a mixed phase of Ag,GeS;, Ag)(Ge;S,;, and
GeS, (Figure 4). The pressure and high temperature (450 °C)
cause part of the Ag,GeS; pellet to be converted into
AgioGe;sS;; and GeS, (SAg,GeS; = Ag,GesS;; + 2GeS,).
The minor sulfur loss likely prevented the reformation of
Ag,GeS; upon cooling. This mixed-phase pellet was heated up
to 450 °C during the LFA measurement, and the post-LFA
PXD suggests that the Ag,GeS; phase completely disappears
and converts into Ag;oGe;S;; and GeS, (Figure 4).

Based on the observation of the behavior of this material
during the SPS, we can attribute the first peak at 354 °C
observed in DSC to the conversion of Ag,GeS; to Ag;,Ge;S;;
and GeS,. The peak near 627 °C may be related to the melting
of that Ag,,Ge;S;; and GeS, mixture. The transition near 874
°C may be the melting of the remaining GeS,. The strong
exothermal peak at 564 °C observed in the DSC cooling
process may be related to the reaction forming Ag,,Ge;S;, and
GeS, from the melt. The recrystallization of Ag,GeS; from that
mixture corresponds to the exothermic peak at 248 °C. The
offset between events in heating and cooling is due to the
thickness of the quartz ampule, which leads to some delay
between the temperature of the outside of the ampule and the
actual temperature of the sample within.

To further understand the phase stability of Ag,GeS; and
the observed conversion from Ag,GeS; to Ag;,Ge;S;; and
GeS,, we carried out the in situ SPXD. The in situ SPXD
experiment was carried out in an open-ended small quartz tube
under argon flow from room temperature to 1000 °C while
collecting data every 10 °C. The Ag,GeS; phase is stable below
327 °C but decomposes into Ag,S and GeS, between 327 and
357 °C (Figure S). Above 357 °C, Ag;,Ge;S;; begins to form,
and the pure phase Ag;(Ge;S;; compound is observed at 627
°C. Between 627 and 677 °C, the Ag,,Ge;S;; phase converts
into AggGeSs and glassy GeS, and Ag,S (Ag;(Ge;S;; =
AgsGeS¢ + 2GeS, + Ag,S), with polycrystalline AggGeS4

Calculated Ag2GeS3

25°C Ag2GeS3

MWGG& +GeS2 (#) + Ag2S(*)
Wnge& +GeS2 #) + Ag2S(*)
W+ Ag2S + Ag10Ge3S11
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677 °

__}C;’__»JU L AgsGeSs
___‘_/_AA/—"\L.LA

Intensity

777 °C AgsGeSe
\
Calculated AgsGeSe
"2 7374 576 7 8 9 10 1112
26, degree

Figure 5. Selected in situ SPXD patterns of Ag,GeS; obtained while
heating from 25 to 1000 °C (1 = 0.24138 A).
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observed at 677 °C. The polycrystalline AggGeSs becomes a
glassy phase above 827 °C. During the cooling process, only a
few peaks were observed below 850 °C, which cannot be
identified as known binary or ternary compounds in the Ag—
Ge—S system (Figure S2). Overall, the Ag,GeS; phase is not
observed after the in situ SPXD experiment, which is in
contrast to the DSC experiment. It is worth noting that the in
situ SPXD experiment was carried out in an open-end quartz
tube while the DSC experiment was performed in the sealed
quartz tube, which may be the reason for the discrepancy
between the two experiments. The proposed decompositions
of Ag,GeS; to Ag;;Ge;S;; and GeS, based on DSC and in situ
SPXD experiments occur at much lower temperatures
compared to the temperature (525 °C) that Ag,GeS; forms
from Ag;;,Ge;S;; and GeS, according to the Ag,S—GeS, phase
diagram.”” The observed difference indicates that the stability
of Ag,GeS; is very sensitive to the experimental conditions,
and in future work, it will be intriguing to explore how the
phase diagram can change as a function of experimental
conditions.

Chemical Analysis. SEM—EDX measurements were
carried out on the prepared an Ag,GeS; pellet (10 mm dia.).
The average size of the particles is less than 10 gm (Figure S3).
Elemental mapping of a small area of the pellet indicates that
the Ag, Ge, and S elements are homogeneously distributed
throughout the sample (Figure 6). The calculated molar ratio
of Ag/Ge/S is equal to 1.95:1.0:2.64, which is close to the
expected ratio of 2:1:3, but with a small amount of S deficiency
which may be due to the sulfur loss during the hot-pressing
process.

Thermal Conductivity. High-temperature K., was
measured on the 12.7 mm dense pellet, which is a mixed
phase of Ag,GeS;, Ag,,Ge;S;;, and GeS, at room temperature.
Initial results on the pellet showed a large hysteresis on cooling
due to compositional changes. The second measurement cycle
is shown in Figure 7a after the composition was relatively
stable. The k.., is 0.37 W/(m-K) at 320 K, and it decreases as
the temperature increases (Figure 7a). At 695 K, ki, reaches
the lowest value of 0.30 W/(m-K). The contribution of x, to
the Ko value is negligible. Therefore, the k.o, (K + k,) may be
contributed entirely by the k. The x; is very low even though
the results were obtained in a mixed phase. ¢ and S
measurements could not be performed because the sample
was too resistant to be measured with an LSR-3 instrument.

To obtain a more accurate ki, for Ag,GeS;, a phase-pure
4.5 mm dense pellet (>91% density) with a thickness of ~1.5
mm was obtained at 4 GPa and 250 °C for 4 h. Half of the
pellet was used for collecting low-temperature data of Ky
from 380 to 1.8 K with a two-probe method. Between 380 and
35 K, the value of k increases as the temperature decreases,
which is in agreement with what is expected for 1/T phonon
heat transport (Figure 7b).** At 380 K, the value of k., is 0.22
W/m-K, and it increases to 0.26 W/m-K at 300 K. The
obtained ultralow K, values in the low-temperature range
(380 to 1.8 K) are consistent with those in the high-
temperature (300 to 723 K) k., experiment. The K, reaches
a maximum value of 0.60 W/(m-K) at a low temperature of 35
K. Between 35 and 2 K, K, decreases as the temperature
decreases. The peak (at 35 K) where k transforms from 1/T to
the T° phonon behavior has also been observed in the similar
temperature regime in other similar compounds such as
Cu,Ga,Ge;_,Se; (0 < x < 0.1),” GegoMggosBigosTe, "
Cu,TiSe,,*® and AgCrSe,."” Low-temperature ¢ and S were
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Figure 6. EDX elemental mapping of an Ag,GeS; pellet.
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Figure 7. Temperature-dependent K, measured on the pellet of (a) Ag,GeS;, Ag;Ge;S,;;, and GeS, mixture; and (b) phase-pure Ag,GeS;.

not measured due to the high sample resistivity and the power
limits of the excitation source and sensitivity of the voltage
measurement, respectively, in the standard PPMS resistivity
option.

The value of K of Ag,GeS; is smaller than that [K ~
0.7—1 W/(m-K)] of Cu,XQ; (X = Ge and Sn; Q = S and Se)
and comparable with that [k ~ 0.2—0.5 W/(m-K)] of
argyrodites AgXQg (A = Ag and Cu; X = Si, Ge, and Sn; and Q
=S, Se, and Te)."®*® Due to the high resistivity of Ag,GeS;,
Kiotal is equal to k; = 1/3(C,v-1), where C, is the heat capacity
at a constant volume, v is the sound velocity, and [ is the
phonon mean free path, which is determined by phonon
scattering. The low k; of Cu,GeSe; has been ascribed to a low
Debye temperature caused by the weak Cu—Se covalent
bond” or the strong anharmonic phonon scattering related to
high bonding anharmonicity.”® Ultralow x of argyrodites
AgXQg (A = Agand Cu; X = Si, Ge, and Sn; and Q = S, Se, and
Te) has been explained by the low sound velocity (due to weak
chemical bonds and heavy elements), the low frequency of the
optical phonons, disordered caused by superionic character,
and a large unit cell with 240 atoms.””'® Compared to
Cu,GeSe; and argyrodites AgXQy, the ultralow x; in Ag,GeS; is
unexpected but interesting. Similar to Cu,GeSe; and AgXQ,
the Ag—S bonding in Ag,GeS; is covalent. However, the
Ag,GeS; compound has a smaller unit cell with fewer atoms
and lacks heavy atoms like Sn. The ultralow k; of Ag,GeS; is
also comparable with other reported examples of chalcogenides
(Table 3), which can be categorized as glass-like materials.

UV-Vis Diffuse Reflectance. UV—vis diffuse reflectance
spectra were collected to determine the optical band gap of
Ag,GeS;. The derived UV—vis absorbance spectra [F(R)] from
reflectance spectra were obtained according to the Kubelka—
Munk equation F(R) = a/S = (1 — R)*/2R, where a is the
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Table 3. Examples of Chalcogenides with Ultralow x;

compound K at 300 K, W/(m-K) references
AgyGaSe, 0.15 49
AgSb0,Cdy.0sTe, 0.16 S0
Cs,TiSe, 0.19 46
CsAgsTe, 0.18 (0.14 at 727 K) s1
AgCrSe, 0.4 47
AggSnSeq 0.2 9, 11
Ag,GeS; 0.26 this work
AgGeTeq 0.25 12
AgyTITe, 023" 52
T1,VSe, 03 53
Ing g7 Te 043 (0.3 at 673 K) 54
SnSe 0.5—0.7 (0.23 at 973 K) 55
Cu,SbSe, 0.5 56
AgSbTe, 0.5 50
Cu, osSe 0.6” (0.4—0.6 at 850—1000 K) 57
Yb,,MnSb,, 0.7 38

“Value is reported for K- bData are measured at 400 K.

absorption coefficient and S is the scattering coefficient and R
is the diffuse reflectance.”” Because F(R) is proportional to
the Tauc equation (ahv)" = A(hv — E,) can be represented as
[F(R)hv]" = A(hv — E,), which is then used for the band gap
analysis, where A is a constant and n = 2 and n = 1/2
correspond to direct and indirect allowed transitions,
respectively.”’ Based on the [F(R)hv]" versus hv(E) curves,
the extrapolations of the linear regions yield the Ii'gdireCt =213
eV (Figure S4) and Egm‘jlireCt = 2.04 eV (Figure 8). A previous
report of electronic band structure calculations with different
methods indicates that Ag,GeS; is an indirect semiconductor
with the largest theoretical band gap of 1.30 eV.”” The
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Figure 8. UV—vis diffuse reflectance spectra and Tauc plot (inset) of
Ag,GeS;.

obtained optical indirect band gap (Egi“dire“ = 2.04 V) here is
close to the reported energy band gap estimated from intrinsic
photoconductivity (2.16 eV) and absorption edge (1.98 eV).*

Theoretical Lattice Thermal Conductivity Calcula-
tions. Based on seminal studies in literature,® ™% several
factors have been shown to contribute to large anharmonicity
in crystals, leading to ultralow x;: (1) Crystal structure, where
layered or zig-zag geometries have been shown to promote
phonon scattering, leading to ultralow k.°¢ (2) An electronic
band structure, where the presence of the ns® lone-pair effect
has been shown to result in increased lattice deformation,
leading to soft phonons and large anharmonicity.”’ (3) A
phonon band structure, where the presence of flat, non-
dispersive lower optical and acoustic phonon modes in the
phonon dispersion curves and low group velocities contributes
to larger anharmonicity.®'

In Ag,GeS;, the Ag and Ge atoms are fourfold coordinated
by S atoms, which in turn are formed as infinite zig-zag chains
(Figure 1). Thus, the crystal structure appears to host the
necessary topology that favors ultralow ;. Table 4 provides the

Table 4. Leading Diagonal Terms in the Born-Effective
Charge Tensor Data from the Linear Response Theory for
Each of the Crystallographically Unique Lattice Sites in the
Orthorhombic Ag,GeS; Structure”

atom Zk, Vi zk
Ag 1.051 1.026 1.033
Ge 2.929 2918 3.438
S1 —2.130 —1.370 —1.270
S2 —0.786 —2.247 —2.997

“The nominal charge of Ag, Ge, and S in Ag,GeS; is +1, +4, and -2,
respectively.

dynamical Born-effective charge tensor data from the linear
response theory (only the leading diagonal terms are shown).
The Ag atoms appear to behave as expected (i.e., show
predominantly ijonic bonding) because the nominal charge
(+1) is close to the dynamical charge. The Ge, S1, and S2
atoms deviate most from the nominal charge, indicating non-
trivial chemical bonding in their coordination environment. In
the Cmc2, structure, the Ag-atom coordinates with three S1
atoms and one S2 atom, whereas the Ge-atom coordinates
with two S1 (shorter bond lengths) and two S2 atoms (longer
bond lengths). The bond length data from experiments and
DFT-optimized structures are given in Tables 2 and §,
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Table S. Selected Bond Distances in Ag,GeS; from the
DFT-Optimized Crystal Structure (a = 11.68399 A, b =
6.90581 A, c = 6.43778 A, and V = 519.4478 A®)

Ag—Ag/Ge distance
(4)

Ag—S (A) Ge—S (A)
Ag—S1 2.48303 Ge—-S1 2.1902 Ag—Ag 3.63395
Ag—S1 2.49015 Ge—S1 2.1902 Ag—Ge 3.8652
Ag—S1 2.53398 Ge—-S2 229732 Ge—Ge 3.93019
Ag—S2 2.51751 Ge—S2 2.35493

respectively. We interpret that compared to AgS,, the GeS,
tetrahedron plays a relatively dominant role in impacting the
dynamical charge of S2 atoms in the crystal structure. Among
all the atomic sites in the structure, the S2 atom can be
classified as having an anomalous dynamical charge (Table 4).

The electronic DOS is shown in Figure 9a. The electronic
structure at the mean-field GGA-level confirms a band gap of
0.43 eV (an enlarged section of PDOS is provided in Figure
SS), which is an underestimation of the actual band gap of 2.04
eV (Figure 8). This is a known deficiency of local and semi-
local functionals that fail to capture the excited state property,
such as the band gap.67 The atom PDOS shows an overlap
mostly between Ag 4d orbitals and S 3p orbitals below the
Fermi energy (Eg). A large spectral weight associated with Ge
4p and S 3p hybridization is only found at about 5 eV below
the Ep. Because of the lack of overlap between the Ge 4s
orbitals and S 3p orbitals near the Ep, we infer that there is no
dominant involvement of Ge—S bonds in determining the
properties of Ag,GeS;.

In Figure 9b, we show two electronic band structures, where
the calculations are performed at two levels of approximation:
(1) at the mean-field DFT-GGA (PBE) level and (2) at the
more accurate many-body DFT-GyW, method. The DFT-
GoW, method predicts indirect and direct band gaps of 1.12
and 1.17 eV, respectively. While the DFT-GyW, indirect band
gap is in close agreement with the work of Reshak et al.,*” who
reported an indirect gap of 1.3 eV using the hybrid functional,
the DFT-GyW, method still underestimates the experimental
indirect gap of 2.04 eV. We also note that the PDOS data
shown in Figure 9a were computed using the ultrasoft
pseudopotential (PBEsol), whereas the DFT-PBE band
structure shown in Figure 9b was calculated using the norm-
conserving pseudopotential (PBE). While the PDOS predicts a
band gap of 0.43 eV, the band structure predicts an indirect
gap of ~0.50 eV. This is mainly due to the choice of two
different pseudopotentials in our calculations. From Figure 9a,
the Ag—S chemical bonds are perceived to be critical in
deciding the average group velocities of low-frequency phonon
modes. This is also confirmed by an investigation of the
phonon dispersion curve (Figure 9c) and the phonon DOS
(Figure 9d). The optical modes in the phonon dispersion
curve (especially those in the low-frequency range) were found
to be almost flat without much dispersion, as shown in Figure
9b. Our focus on the low-frequency modes is due to their key
role as the heat-carrying phonons, where the presence of a flat
feature is known to give rise to small lifetimes, leading to
ultralow x.°° The noticeably large contribution from the Ag
atoms to the low optical frequency flat modes in the phonon
PDOS (Figure 9d) reveals its dominant role as the rattler in
the crystal structure.

Molecular dynamics (MD) simulations can be used for the
calculation of k; directly from the non-equilibrium MD or
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Figure 9. DFT results showing atom- and orbital- PDOS of Ag,GeS; with the PDOS of the Ag 4d orbitals shaded in gray (a), electronic band
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(d), and calculated x; vs T using AICON (e). In (b), VBM (in the Y-axis) stands for valence band maximum.

based on the Green—Kubo method.””~”" However, these

simulations need large simulation cells to consider the finite
size effect and a long simulation time to converge the
autocorrelation function. Alternatively, the Boltzmann trans-
port equation can be used for the calculation of k; using DFT.
However, the calculation of the second-and third-order force
constants is also expensive.”® A feasible method that is both
relatively inexpensive with respect to computational time and
complexity is the modified Debye—Callaway model within the
relaxation time approximation. This model could be used to
calculate k in the absence of experimental parameters. The
AICON code implements the modified Debye—Callaway
model for calculating k;. This model requires input parameters
that can be directly calculated from the phonon dispersion
curves within the quasi-harmonic approximation. The calcu-
lated k; versus temperature is given in Figure 9e, which shows a
good qualitative agreement with experimental results above 50
K.

B CONCLUSIONS

Metastable Ag,GeS; has been successfully synthesized via the
conventional solid-state method with starting materials Ag,S
and GeS,. The polar crystal structure containing layers of
corner-shared distorted AgS, and GeS, tetrahedra was
confirmed by the Rietveld refinement of the synchrotron X-
ray diffraction data. The ultralow lattice thermal conductivity
of 026 W/m-K at 300 K and 0.22 W/mK at 380 K was
revealed by the low-temperature thermoelectric conductivity
measurements, which is supported by the results of the
theoretical calculations. The glass-like thermal conductivity is
related to the localized modes of Ag and S atoms that
contribute to the flat feature of lower frequency optical modes
in the phonon dispersion curve, and the Ag 4d and S 3p
orbitals overlap in the electronic PDOS. Ag,GeS; is a special
example of chalcogenides that show such low thermal
conductivity that it is not related to the presence of heavy
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elements in the structure. Ag,GeS; displays a wide indirect
band gap of 2.04 eV and high electrical resistivity. Future
improvement on the thermoelectrical properties of this glass-
like material and related compounds (e.g., Ag;oGe;S;;) can be
focused on enhancing the electrical conductivity via aliovalent
dopants, which might provide a path forward for more efficient
thermoelectrics.
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