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ABSTRACT: Chemical design is a compelling strategy to improve
the performance of energy materials but requires a comprehensive
understanding of how structure and chemistry affect materials
properties. In this work, we investigate the structural, elastic, and
thermal behavior of the (GeSe),_,—(AgBiSe,), system to shed light
on the respective contributions of chemistry and crystal structure to
thermal transport. In this system, progressive AgBiSe, alloying
transforms the room-temperature structure from orthorhombic to
rhombohedral to cubic rock-salt, with the latter being the
thermodynamically stable phase across the entire compositional
range at a high temperature. Within a given structure type, alloying
progressively increases point-defect phonon scattering and
decreases the speed of sound, thus reducing the lattice thermal
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conductivity. However, an anomalous increase in thermal conductivity is noticed upon the transition from the rhombohedral to the
cubic phase, associated with a large step-like increase in the elastic moduli. Density functional theory calculations suggest this change
in stiffness is due to the tendency of Ge to exhibit strongly expressed lone-pair orbitals. The lone pairs switch from fully oriented in
the rhombohedral phase to randomly oriented in the cubic phase, leading to an overall bond stiffening. Supporting this argument,
increased AgBiSe, content, and thus weakened lone-pair expression, leads to a less pronounced stiffening at the phase transition.
These findings help improve our understanding of the intrinsic properties of this system and the design of rock-salt chalcogenides

with tailored thermal properties.

B INTRODUCTION

One potential route to counter the environmental impact of
ever-increasing worldwide energy consumption is to recover
energy from waste heat using thermoelectric (TE) devices. A
material’s thermal-to-electric energy conversion efliciency is
measured through the dimensionless TE figure of merit zT =
S26Tx ™}, with S, 6, k, and T being the Seebeck coefficient,
electrical conductivity, thermal conductivity, and absolute
temperature, respectively. k can be expressed as the sum of the
lattice, k7, and the electronic, k., thermal conductivity, k = k; +
K.. From these two equations, it becomes evident that the
suppression of k is needed to maximize zT, although without
detrimental effects on the electronic properties. For this
reason, it is imperative to study the heat transport from the
collective lattice vibrations (phonons) and isolate the effect of
lattice dynamics on k;. It is well known"? that the frequency-
dependence of heat-carrying phonons can be exploited to
achieve a low x by means of phonon scattering by defect®°
and micro- and nanostructural manipulation”~” of the material.
However, the intrinsic role of composition and crystal
structure on k; is more elusive.'”" Understanding the
fundamental connections between chemistry, structure, and
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transport properties represents a powerful tool toward the
chemical design of high-preforming TEs. For this purpose, the
present study focuses on the relation between the structure,
composition and their effect on the intrinsic low lattice thermal
conductivity in the (GeSe),_,—(AgBiSe,), system.
Chalcogenide-based IV—VI compounds, particularly cubic
PbTe,">”"° rhombohedral GeTe,'®™'’ and orthorhombic
SnSe,””*! show excellent TE efficiency (zT ~ 2) in the mid-
temperature range (550—800 K). For instance, polycrystalline
SnSe achieved an average TE ﬁgure of merit zT of 2 in the
temperature range 400—783 K.** Although recent theoretical
studies proposed orthorhombic GeSe as a highly efficient (zT
> 2) n-type material upon carrier-density optimization,23
several experimental results show a p-type behavior and a low
2T (<0.2).”*** The need to improve the TE performance of
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Figure 1. (a) Phase diagram for the (GeSe),_,—(AgBiSe,), system from x = 0 to x = 0.4. Black 4 and blue @ data points correspond to XRD and
DSC experiments, respectively, performed in this work; <> and blue O are experimental XRD and DSC values, respectively, from ref 34. (b) Three
ambient-temperature structures from x = 0 to x = 0.4: orthorhombic Pnma, rhombohedral R3m, and cubic Fm3m. (c) Coordination environment
and unique bonds for the respective cation coordination environments in (b).

GeSe has led researchers to try different dopants, such as Na**

and Ag/Bi/Pb,”* and alloying with AgSbTe,. More recently,
GeSe was alloyed with AgBiSe,””—trigonal P3m1 at ambient
temperature”’ —successfully obtaining n-type conduction
above 40% of alloying. Interestingly, the authors found that
the system crystallizes in three different structures, ortho-
rhombic, rhombohedral, and cubic, within an alloying range of
0—40% of AgBiSe, (Figure 1). Namely, GeSe crystallizes in the
orthorhombic structure (Pnma), while above 10% of AgBiSe,
alloying, the unit cell is rhombohedral (R3m) and becomes
cubic (Fm3m) above 40% alloying. The formation of the cubic
structure appears to be driven by entropy since the
orthorhombic and rhombohedral arrangements eventually
transform into the cubic one at a high temperature. A crucial
result of that study, and a more recent one,”® was the
observation of ultralow «k for the (GeSe),_,—(AgBiSe,),
system, especially in alloys with rhombohedral symmetry.
Because the (GeSe),_,—(AgBiSe,), system exhibits three
important crystal structures, it provides a platform for
understanding and decoupling the effect of the composition
and crystal structure on k;. Notable prior investigations across
various material families”®>* have discussed the importance of
Ge lone pairs in heat transport. Nevertheless, these earlier
studies have predominantly overlooked a crucial aspect: the
substantial stiffening that accompanies the martensitic
rhombohedral-to-cubic phase transition. Here, we quantify
this stiffening and explore its effects on the thermal
conductivity of the (GeSe),_,—(AgBiSe,), system using a
combination of high-temperature resonant ultrasound spec-
troscopy (RUS), high-temperature X-ray diffraction (HT-
XRD), transport measurements, and density functional theory
(DFT) calculations, to reveal the fine relationship connecting
the crystal structure and composition to the speed of sound,
phonon scattering, and ultimately k;. These results contribute
to the understanding of the parameters that govern each aspect
of the lattice thermal conductivity and can guide the chemical
design of high-performing TE materials with ultralow ;.

B METHODS

Sample Synthesis. Stoichiometric amounts of Ag, Bi, Ge, and Se
were weighted in an Ar-filled glovebox (O, and H,O < 1 ppm) to
obtain the five compositions of (GeSe),_,—(AgBiSe, ), with x = 0, 0.1,
0.2, 0.3, and 0.4. These were sealed in quartz ampules under running
vacuum (~107* Torr) and heated in a box furnace from ambient
temperature to 673 K over 12 h. The ampules were soaked at the said

temperature for 4 h, then brought to 1173 K in 7 h, and kept for 10 h.
Finally, they were cooled to room temperature in 18 h. The obtained
ingots were crushed in a glovebox using a mortar and pestle. For each
composition, approximately 5 g of powder was loaded into cylindrical
graphite dies of 10 mm inner diameter and consolidated into solid
pucks via the spark plasma sintering (SPS) technique, using a Dr.
Sinter LAB 211Lx (Fuji Electronic Industrial Co.) under vacuum. For
all compositions, the same SPS pressure (50 MPa) and temperature
profile was used: heating to 773 K in 24 min, held at that temperature
for 20 min, after which the pressure was decreased to 3 MPa. Then,
the sample was allowed to cool to room temperature inside the SPS in
25 min. The obtained SPS samples were 10 mm in diameter and 3-S5
mm in height. These profiles were determined after several
unsuccessful attempts, which either did not yield the desired phases
or resulted in cracked SPSed pucks. Reducing the pressure during
cooling was necessary to avoid cracking of the samples. The SPSing
temperature for all alloys was estimated as 80% of the melting
temperature of GeSe, as reported in ref 25.

Structural Characterization. The phase purity of the crushed
ingots and of the SPS samples was checked with room temperature
XRD, using a Rigaku SmartLab instrument, with a Cu Ko radiation
source (4 = 1.5406 A). A Rietveld refinement of XRD data was
performed with the GSAS-II software for crystallographic information
and with the TOPAS 6 Academic® software for microstructural
details.’**” For HT-XRD experiments, pristine samples, that is,
samples that were not previously used for any experiment, of
(GeSe),_,—(AgBiSe,), with x = 0.2 and 0.4, were crushed into fine
powders using a mortar and pestle and then loaded onto a Rigaku
HT1500 high-temperature stage. XRD patterns were collected in the
range of 300—600 K during the heating cycle. A rate of 10 K/min was
used, allowing the sample temperature to stabilize before each
collection for 6 min, during which time a height alignment was
performed. For the heating cycle, diffraction patterns were collected
every 20 K from 303 to 423 K, every 10 K from 423 to 503 K, and
again every 20 K from 503 to 603 K. These steps were chosen to
intensify the collection during the phase transition.

Thermal Analyses. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) were performed with a NETZSCH
STA 449C apparatus. Around 10 mg of the samples in the form of
fine powders were loaded in Al crucibles and measured in the
temperature range of 300—673 K, with a ramp of 5 K/min and under
a 20 mL/min flow of Ar. The measurement was repeated twice to see
the reversibility of processes. The complete data can be found in
Supporting Information Figure S2.

Resonant Ultrasound Spectroscopy. The temperature-depend-
ent elastic moduli and speed of sound were obtained via RUS,
performed with ambient- and high-temperature stages (Alamo Creek
Engineering, New Mexico, USA). Samples were polished to obtain
cylinders of 10 mm diameter and approximately 3 mm in height and
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balanced between two transducers inside a furnace under flowing Ar.
RUS spectra were recorded from 300 to 673 K in intervals of 10 K
and with a frequency range of 50—400 kHz. Sufficient time was
allowed between temperature steps for the sample to thermally
stabilize. The RUS patterns were acquired via the open-source,
LabVIEW ResonanceSpectrometer Software.*® Subsequently, the
resonant peak positions were determined within the same software
using a Lorentzian fit. Finally, the elastic moduli were determined by
fitting the experimental data in the Cyl.exe program.*

Thermal and Electronic Properties. The total thermal
conductivity (k) was calculated as k = CppD, where Cp, p, and D
are the specific heat capacity at constant pressure, the geometric
density, and the thermal diffusivity, respectively. For thermal
diffusivity experiments, the SPS pellets were cut into approximately
1 mm thick disks. D was recorded in heating and cooling every 10 K
in a temperature interval of 300—673 K using a laser flash apparatus
(NETZSCH LFA 467). The Cp is treated as temperature-independent
and calculated using the Dulong—Petit approximation. The obtained
values for Cp and p are summarized in Table 1, along with the

Table 1. Dulong—Petit Heat Capacity (Cp), Geometric
Density (p), Theoretical Density (pr), and Relative Density

(p/pr)*

composition ( Cp P pr
GeSe)—(AgBisey),  U/gK] [g/em’] [g/em’]  p/pr
x=0 0.330 5.53 5.53 1.00
x=0.1 0.310 5.76 5.90 0.98
x =02 0.295 5.98 5.98 1.00
x =03 0.285 6.19 6.31 0.98
x =04 0.277 6.46 6.87 0.94

“For the synthesized samples in the (GeSe),_,—(AgBiSe,), system.
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Figure 2. XRD patterns of the (GeSe),_,—(AgBiSe,), system at room
temperature. With the progressive incorporation of AgBiSe,, the
structure evolves from orthorhombic Pnma (x = 0) to rhombohedral
R3m (x = 0.1—0.3) and finally to the high-symmetry rock-salt cubic
Fm3m (x = 0.3—0.4). Blue ¥ and red V¥ denote the presence of
minor impurity phases Bi,Se; and AgyGeSe, respectively. The square
root of the XRD intensity is plotted to highlight any peaks from the
secondary phases. XRD was performed on SPSsed samples.

theoretical density (pr from XRD). The Seebeck coefficient was
measured in a uniaxial four-probe arrangement using the slope
method,”” with 60 min sinusoidal temperature oscillations with a
maximum temperature difference of S K. Measurements were
performed in the temperature range of 323—548 K, with a step of
50 K and a heating rate of 120 K/min. The electrical resistivity was
measured in the van der Pauw configuration in the temperature range
of 303—673 K, with a heating rate of 1.5 K/min and a current of 100
mA.

Density Functional Theory. The DFT calculations have been
performed with the Vienna Ab initio Simulation Package (VASP).
The disordered, alloyed cubic (Fm3m) and rhombohedral (R3m)
structures are represented by 64-atom and 72-atom supercells,
respectively. The disordered structures were generated by randomly
assigning Ge, Ag, and Bi to the cation sites. The computations have
been performed using the Perdew—Burke—Ernzerhof form of the
generalized gradient approximation to the electron exchange—
correlation functional,” specifically within the PBEsol implementa-
tion, which improves the equilibrium properties of the solids.** A
plane-wave basis set expanded up to a cutoff energy of 450 eV, and a 2
X 2 X 1 Monkhorst—Pack I'-centered k-mesh is used to sample the
irreducible Brillouin zone. A Gaussian charge smearing of 0.01 eV is
applied, and the Hellman—Feynman forces on individual ions are
converged to below 0.01 eV/A, with electronic degrees of freedom
minimized until the change in energy is below 107 eV. The charge
densities and electron localization function (ELF) maps are visualized
using VESTA.*

B RESULTS AND DISCUSSION

Crystal Structure Evolution as a Function of
Composition. The XRD experiments on the (GeSe);_,—
(AgBiSe,), samples from this study (Figure 2) confirmed the
reported literature phases.”® Crystallographic and micro-
structural parameters from a Rietveld refinement of XRD
data can be found in Supporting Information Tables S1 and

S2. The x = 0 sample displays an orthorhombic structure
(space group Pnma, Figure 1b), as extensively reported for
pure GeSe.”*™* The literature data at 10% (x = 0.1)*® and
20% (x = 0.2)"° alloying was also confirmed, showing instead a
rhombohedral R3m phase (Figure 1b). The other end member
of the present research, that is at 40% alloying, displays a rock-
salt cubic structure (space group Fm3m, Figure 1b), as
described previously.” Interestingly, the Rietveld refinement
for the x = 0.3 sample points to a coexistence of the R3m and
Fm3m phases. This can indicate that the composition is in a
two-phase region. The increase in alloying within the
rhombohedral system (see Supporting Information Table S1)
is accompanied by a slight increase in lattice parameters as the
larger Ag and Bi substitute for Ge on the cation site.

The observed evolution toward higher-symmetry structural
arrangements with the incorporation of AgBiSe, has been
attributed to the increase in entropy associated with alloying.*®
The orthorhombic structure of GeSe can be considered to
consist of highly distorted octahedra of Ge atoms coordinated
by six Se atoms. Such an environment, as shown in Figure Ic,
displays four different bond lengths. This configuration
becomes a less distorted octahedron in the rhombohedral
phase, where only two distinct bonds are present. These
eventually evolve into one unique bond length for cubic
symmetry. Coherently, with increasing temperature, all the
compositions are reported to eventually transition to a Fm3m
cubic structure, as happens for both the end members of
GeSe***° and AgBiSez.51

With the aid of DSC (Supporting Information Figure S2)
and HT-XRD, the phase-transition temperature for composi-
tions x = 0.1, x = 0.2, and x = 0.3 was determined. This
depends on the alloying fraction. The results are arranged in
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Figure 3. High-temperature XRD patterns for (a) (GeSe),s—(AgBiSe,),, and (b) (GeSe),—(AgBiSe, )4 Note the phase transition for the x =
0.2 sample from a rhombohedral (in black) to a cubic (red) arrangement above 457 K. The peak at 20 = 38° in panel b (denoted by *) corresponds
to contaminants on the HT-stage window. (c) Unit cell volume vs temperature for all the compositions, with high-temperature data for the x = 0.2
and x = 0.4 samples and ambient-temperature data for the others. The unit cell volume increases for increasing alloying, as expected considering the
larger ionic radii of Ag and Bi with respect to Ge. (d) Lattice parameter ratio evolution with temperature for the (GeSe),s—(AgBiSe,),, sample.

the phase diagram reported in Figure la, where the symbols
black 4p and blue @ depict XRD and DSC values, respectively.
The reported literature value of 925 K for the phase transition
of GeSe from orthorhombic to cubic is included (O symbol),**
whereas the liquidus line was estimated from the reported
melting temperature of the GeSe (blue {>) and AgBiSe, (Ty)
end members, as reported in refs 34 and 52, respectively. The
AgBiSe, phase transformation temperatures were taken from
ref 27.

Crystal Structure Evolution as a Function of Temper-
ature. HT-XRD patterns were collected on the x = 0.2 and x =
0.4 samples of the (GeSe),_,—(AgBiSe,), system. The results
are summarized in Figure 3, while the full data from the
Rietveld refinements can be found in the Supporting
Information.

The x = 0.2 sample revealed a phase transition from the
rhombohedral to the cubic structure at approximately 457 K
(Figure 3a), which is consistent with the reported literature
value.”® This is clearly noticeable in the peaks around 20 = 45°,
characteristic of the R3m phase, that merge into a unique one
above 450 K. For the x = 0.4 sample, as shown in Figure 3b, no
phase transition is noticed up to 563 K. To allow a comparison
of the lattice parameters, the cubic cell was converted to the
equivalent rhombohedral (hexagonal setting) one according to
the method in the Supporting Information. The rhombohedral
phase in the x = 0.2 sample shows a shallower temperature
slope than the cubic phase for both the x = 0.2 and x = 0.4
compositions. Using linear regressions, the coeflicients of
volumetric thermal expansion (ay) of the x = 0.2 sample were
calculated to be 3.28 X 107 and 5.72 X 107 °C™! for the
rhombohedral and cubic phases, respectively, and 6.73 X 107>
°C™! for the x = 0.4 sample. Figure 3d shows the temperature
dependence of the c/a lattice parameter ratio for x = 0.2. When

¢c/a = 2+/3/2, the cubic symmetry forms. The larger volume
of the rhombohedral with respect to the cubic unit cell is
evidenced by two aspects. The first is the volume contraction
after the phase transition in the x = 0.2 sample; a similar
behavior has been observed in other compounds featuring
analogous cubic-to-rhombohedral phase transitions, for in-
stance, SnTe,” GeTe,”* and SnTe—GeTe alloys,” among

others.”® The second aspect lies in the room-temperature unit
cell volume of the alloyed compositions (Figure 3c). Indeed,
while this is found to progressively increase as a function of
alloying, the x = 0.4 sample appears to defy the otherwise
linear trend. The trend of bond lengths is presented in Table 2,

Table 2. Bond Lengths at Room Temperature in the
(GeSe),_,—(AgBiSe,), System Were Obtained from
Rietveld Refinements of XRD Data

composition di(A) dy (A)  dy/d, (A)  dy, (A)
x = 0 (Pnma) 2.54 2.56 3.30/3.41 29S8
x = 0.1 (R3m) 269 302  n/a 2.86
x =02 (R3m) 271 303  n/a 2.87
x = 0.3 (R3m) 60% weight 2.72 3.04 n/a 2.88
x = 0.3 (R3m) 40% weight 2.88 n/a n/a 2.88
x = 0.4 (Fm3m) 2.88 n/a n/a 2.88

including the average bond length for each composition (davg)
calculated using the Ge/Bi/Ag—Se coordination of nearest
neighbors depicted in Figure lc. Interestingly, d,, shrinks from
x =0 to x = 0.1, while there is a progressive increase of the
average bond length with increasing alloying.

Elasticity and Bonding Evolution. High-Temperature
Elastic Moduli and Speed of Sound. High-temperature RUS
measurements were performed on the GeSe—AgBiSe, alloys to
determine how changes in structure and bonding affect the
elastic moduli and, in turn, the speed of sound and thermal
conductivity. The polycrystalline samples were assumed to be
elastically isotropic. Here, we report the obtained shear (G),
bulk (B) and Young’s (Y) moduli, and the Poisson ratio (), as
well as the longitudinal (v) and transverse (v,) speeds of

1/2
sound, which were calculated as v, = [(B + %G) / p] and v,

= [G/p]"? where p is the density. The average speed of sound
(v,) is estimated with

-1/3
o[y, 2
s uvﬁ vf]] (1)
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Figure 4. Temperature dependence of (a) Young’s modulus, Y, (b) shear modulus, G, (c) speed of sound, v, and (d) Poisson’s ratio, y. For the x =
0.1, x = 0.2, and x = 0.3 compositions, the phase transition to the cubic structure leads to a dramatic stiffening. Instead, a substantial softening with
increasing Ag/Bi substitution can be noticed when comparing samples in the same structural arrangement (x = 0.1, 0.2, and 0.3 before the phase

transition and x = 0.1, 0.2, 0.3, and 0.4 above the phase transition).

The resulting temperature-dependent values of G, Y, v, and
p# are shown in Figure 4, while B, v, and v are shown in
Supporting Information Figure SS5.

The observed trends in the elastic moduli (Figure 4a,b) are
complex but can help explain some of the trends in x;. The
first notable trend is that, as one should expect, within the
same crystal structure, replacing Ge by the larger Ag and Bi
cations leads to a softening (decrease) of the elastic moduli
and a decrease in the sound velocity. This trend is especially
apparent at a high temperature, when x = 0.1 through x = 0.4
compositions are in the cubic phase. The second, more
surprising, feature of this data set is that the phase transition
from the rhombohedral to the cubic arrangement leads to a
very large increase in both the elastic moduli and speed of
sound. This step-like stiffening is most pronounced for the x =
0.1 composition, which stiffens by ~53% at the phase
transition. The effect lessens as x increases (only an ~ 16%
stiffening of the x = 0.3 composition). It is also notable that, at
room temperature, the x = 0.4 sample is stiffer than any other
sample, despite the larger unit cell and longer bonds. We can
therefore conclude that the transition to the high-symmetry
cubic phase causes a significant stiffening of the structure. It is
worth mentioning that the shear moduli G (Figure 4b) of the
two end-compositions, that is, GeSe and (GeSe),¢—
(AgBiSe,)o, are very similar. The explanation for such
behavior requires us to consider two different variables: first,
the increase in the Ag/Bi content tends to decrease the elastic
moduli, and second, the change from the orthorhombic to the

cubic crystal structure drastically increases the elastic moduli.
The origin of this stiffening and the correlation between the
degree of stiffening and composition are explored below.

Atomistic Perspective on the Nature of Bonding. To help
explain the change in stiffness for the (GeSe),_,—(AgBiSe,),
system across different structures and compositions, DFT
calculations were first carried out for two disordered supercells:
one with a composition of x = 0.2 with a R3m unit cell and one
with x = 0.4 and Fm3m symmetry. The ELF isosurfaces and
sections are shown in Figure Sa,b,d,e for both supercells.

In both structures, a strong localization of electrons around
the Se ions attests to a significant ionic character of bonds.
However, some localization around Ge and Bi, as well as in the
space between the cations and Se, points to a covalent
contribution to the Ge—Se and Bi—Se bonds.”” The latter is
further confirmed by a finite overlap of electron densities
between Se and the Ge and Bi cations, as observed in the
charge density maps in Figure S6a,b, Supporting Information.
This mixed ionic—covalent bonding is in sharp contrast to the
Ag—Se bond, which is purely ionic in nature, as evidenced by
the complete delocalization of electrons in the region
surrounding Ag (Figure Sb,e), and a corresponding absence
of charge density overlapping between the Ag and Se ions (in
Figure S6, Supporting Information). This variation in bonding
can be explained by considering the electronic configurations
of the cations: both Bi (6s> 6p*) and Ge (4s* 4p*) have p-
orbitals in their valence shell, promoting the formation of
covalent bonds; Ag (4d'® 5s') has instead a single s electron,
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Figure 5. ELF isosurfaces (a,d) and sections (b,e), as well as radial pair distribution function (c,f) for the R3m structure of (GeSe),s(AgBiSe, ),
(a—c) and the Fm3m structure of (GeSe), s(AgBiSe, ), (d—f). The figures illustrate the polar-covalent bonding of Ge and Bi with Se, in contrast to
the more ionic nature of the Ag—Se bond. The bimodality of the Ge—Se bond shown in panel c is attributed to the stereochemical expression of the
Ge lone-pairs, which in the R3m structure are all aligned along the same direction (see panels a,b), causing the structure to expand, in contrast to
the random orientation that they show in the cubic arrangement (see panels d,e). This is believed to be at the origin of the elastic stiffening

happening with the transition from rhombohedral to cubic.

which is easily delocalized, leading to the formation of a purely
ionic bond. This is further supported by the difference of
Pauling electronegativities between Se (2.55) and Ag (1.93),
much greater than for Ge (2.01) or Bi (2.02).”®

Increasing the degree of AgBiSe, alloying thus increases the
Ag content and, consequently, the ionic component of
bonding. This can first of all explain the drive of the
(GeSe),_,—(AgBiSe,), system toward a rock-salt cubic
Fm3m arrangement with alloying: likely, an increasing ionic
nature can favor higher-symmetry structures with less direc-
tional bonds.

Additionally, the DFT results provide insight into the sharp
increase in stiffness observed due to the rhombohedral-to-
cubic phase transition. Figure Sc,f shows the distribution of the
A-Se (A = Ge, Ag, Bi) bond lengths present in each supercell.
For the R3m supercell (Figure 5c), the distribution of Ge—Se
bond lengths is strongly bimodal, due to the lone pair
expression of Ge 4s” electrons, seen in the ELF maps. Ge
therefore forms short covalent bonds with three neighboring
Se atoms, and the lone pair is oriented to face the remaining
three atoms (leading to 3 longer Ge—Se distances).
Interestingly, some degree of bimodality is observed for the
Ag—Se bonds, too, while the Bi—Se bonds seem unimodal.
The Ge lone pair expression is observed in the rhombohedral
and cubic structure (Figure Sab,de). However, in the
rhombohedral structure only, the lone pairs are all oriented
in the same direction, leading to extended 2D planes
characterized by long Ge and Se distances. In the cubic

arrangement, instead, Ge lone pairs are observed facing
different directions. The latter is likely an expression of
dynamical off-centering for the Ge cations, which overall leads
to a disordered cubic arrangement when probed by statistical
methods like standard XRD. Recent work on the related
compound, GeTe, has argued that disorder in the cubic
arrangement is a result of a dynamic motion of the Ge atoms
rather than a static off-centering.”” Dynamical off-centering has
been proposed as being the origin of the soft, anharmonic
lattices and low thermal conductivity in perovskites,"”®" as well
as in other rock-salt IV—VI compounds,”” although the topic is
controversial for the latter, with some authors attributing the
effect to anharmonicity alone.® In the present material system,
we can conclude that the switch from the directional lone-pair
expression in the rhombohedral phase to the randomized/
dynamic expression in the cubic phase is the origin of the large
step-like increase in elastic moduli, with stiffer moduli being
exhibited by the cubic phase.

In contrast to Ge, Ag does not form lone pairs, while the 6s>
lone pairs of Bi appear to be more symmetrically localized.
This would point to the fact that the Ge lone pair is
stereochemically expressed, thus occupying a distinct space
around the cation and leading to a strong distortion, while the
Bi lone pair is more stable in a symmetric dispersion around Bi.
In general, lone pairs are expected to be more stable in heavier
elements (i.e., lone-pair querlching).61’64 It is interesting to
notice that the ELF of the Bi lone pair loses some symmetry in
the cubic arrangement, likely due to more repulsive
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Figure 6. TE properties for the (GeSe),_,—(AgBiSe,), series, including (a) Seebeck coefficient S, (b) electrical conductivity o, (c) thermal

conductivity k, and (d) figure of merit zT.
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Figure 7. (a) Lattice thermal conductivity of (GeSe),_,—(AgBiSe,),. Only GeSe shows a Umklapp-dominated k. The alloying effect shows first a
rapid k; suppression from x = 0.1 to x = 0.2, followed by smaller drop from x = 0.2 to x = 0.3. The x = 0.4 (Fm3m) sample at room temperature
breaks this trend, pointing to an intrinsically higher k; for the cubic polymorph. This is corroborated by the sharp increase in ki, at the phase
transition for the x = 0.1, 0.2, and 0.3 compounds. (b) Klemens model (black curve) for the lattice thermal conductivity x; of the (GeSe),_,—
(AgBiSe,), system at room temperature, without taking into account the variation of the crystal structure with composition.

interactions with the randomly oriented, closer (due to the
reduced unit-cell volume) Ge lone pairs (see additional ELF
maps in Figure S6¢c and the Supporting Information). The
bond length distribution of Ag and Bi (Scf) is likely a
byproduct of the Ge lone pairs straining the c-axis. Thus, as we
add Ag and Bi, we increase the average bond length, thus
softening the structure, as noticed in the decreasing trend of

stiffness and k, discussed later in the text, with alloying for the
same crystal structure. Moreover, the Ag and Bi moderate the
amount of bonding anisotropy in the rhombohedral structure,
thus decreasing the disparity between the rhombohedral and
cubic structures. This last feature is visible in the decreased
rhombohedral-to-cubic stiffening as we increase the alloying
fraction.
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To directly probe the effect of crystal structure (without
changing composition), we have performed DFT calculations
on pure GeSe in the three different phases: orthorhombic
Pnma, rhombohedral R3m, and cubic Fm3m. Note that GeSe is
orthorhombic, experimentally. The three calculations were
performed with the same fixed volume in order to remove any
possible influence of volume on the elastic moduli. The
results—in Figure S7 in the Supporting Information—indicate
that the cubic phase possesses higher elastic moduli and
reduced anisotropy compared to the orthorhombic and
rhombohedral phases. At the same time, if we compare the
ELF going from the cubic to the rhombohedral structure
(Figure S7c), we can see that the Ge lone pair expression
trends from weaker to stronger. This further supports the
connection between stronger lone pair expression, increased
elastic anisotropy, and lower average elastic stiffness.

Transport Properties. We have observed that both
alloying and structural arrangement play important roles in
shaping the elastic behavior within the (GeSe),_,—(AgBiSe,),
system. It is now interesting to explore the impact of these
observed changes on the TE properties, specifically focusing on
the thermal conductivity as it is intimately connected with
elasticity. The TE transport properties are presented in Figure
6, including the Seebeck coeflicient S, electrical conductivity o,
total thermal conductivity k, and TE figure of merit zT. Note
that the goal of this study was to study the thermal properties
and not to optimize performance. Thus, as expected, all of the
samples studied exhibit low zT values.

Pristine GeSe shows quite a high Seebeck coefficient and
low electrical conductivity, indicative of an intrinsic semi-
conductor behavior, with values in accordance with other
literature reports.”***> The alloyed samples show lower
absolute S and higher o, pointing to an increased carrier
density. Interestingly, the electronic character passes from p- (x
= 0.1 and 0.2 samples) to n-type (x = 0.3 and 0.4) with the
progressive incorporation of AgBiSe,. Cubic (GeSe),_,—
(AgBiSe,), with x = 0.3—0.5 alloying has been reported in
the literature to display n-type conduction.”

Lattice Thermal Conductivity. The lattice component of
thermal conductivity, k (Figure 7), was calculated as k, = k —
K., where k, is the electronic component. This was estimated
with the Wiedemann—Franz law as x, = LoT, where L is the
Lorenz number, calculated according to ref 65, and T is the
absolute temperature. k, shows a negligible contribution for all
the compositions (data in the Supporting Information, Figure
S3). Above 450—500 K, the x = 0.2, 0.3, and 0.4 samples show
an increasing trend of x; with temperature. This can be due to
non-negligible bipolar eftects. Thus, the plotted xy is likely a
sum of the real k; and the bipolar contribution, k. The bipolar
effect is due to the thermal excitation and subsequent
recombination of the carriers on the cold side of the sample.
The presence of bipolar effects is also supported by the curved
shaped of the Seebeck coefficient (Figure 6a). In the discussion
below, we assume that below ~500 K, the bipolar contribution
is negligible, and x is fully phononic in origin.

The k, of pristine GeSe shows a T~'* behavior, indicative of
thermal transport dominated by phonon—phonon scattering,
or Umbklapp, processes.z’“’67 For compositions of x = 0.1, 0.2,
and 0.3, the first evident feature is the step increase in ki
(visible also in k) at approximately 525, 425, and 380 K,
respectively. This step-like increase is the direct result of the
lattice stiffening (increased modulus) that occurs at the
rhombohedral to cubic phase transition. The step in ky is

much more pronounced for samples with less AgBiSe, content,
consistent with the elastic behavior. For the three rhombohe-
dral samples (x = 0.1, 0.2, and 0.3) below their phase transition
temperatures, the progressive incorporation of Ag and Bi on
the Ge site suppresses k;. The decay in the near room
temperature k; is rapid from the x = 0.1 to x = 02
composition, followed by a much smaller drop from the x = 0.2
to the x = 0.3 sample. This suppression can be attributed in
part to the decreased speed of sound with Ag and Bi alloying
but must also be due to increased point defect scattering.

Indeed, the alloyed compositions exhibit generally flatter
trends in & than GeSe, pointing to additional phonon
scattering sources, in particular, point defect scattering. Using
the Klemens model for alloy scattering”®*™”" (details in the
Supporting Information), the expected effect of alloy scattering
on the lattice thermal conductivity for the (GeSe),_,—
(AgBiSe,), system was calculated and is displayed as the
black curve in Figure 7b. Note that the Klemens model was
developed for systems that form a complete solid solution with
the same crystal structure throughout. Here, instead, we are
dealing with three different structure types, each with different
elastic constants and anharmonicities, leading to significant
deviations from a simple Klemens model. It is evident that the
current model (black line) underestimates the x; for the
alloyed compositions in a cubic arrangement. This observation
can be explained by the significant stiffening that occurs at the
rhombohedral-to-cubic phase transition. At temperatures
above the phase transition to the cubic arrangement, all the
alloyed samples “recover” the trend of suppressed k with
increasing alloying, and the behavior predicted by the Klemens
model is shown.

In order to decouple the effects of phonon velocity and
phonon scattering on the behavior of k;, we turn to the simple
model for ky, based on the kinetic gas theory

L. 2

Ky, Cy'r )
where C, is the heat capacity at a constant volume, v is the
phonon velocity, and 7 is the phonon relaxation time. Here, we
treat the phonon dispersion as Debye-like, assuming that the
speed of sound is a reasonable ersatz for the frequency-
dependent phonon group velocity. This simplification is useful
for gaining insight into the trends in 7 as a function of the
composition, structure, and temperature. Thus, the scattering
rate 77}, that is, the average number of phonon scattering
events per unit time, was estimated using the measured x; and
v, and eq 2, where Cy was approximated by the Dulong—Petit
limit. The results are shown in Figure 8, where the calculations
were limited to the temperature range in which the bipolar
contribution did not play a significant role. Additionally,
discrepancies of the phase transition temperatures between the
v, and the k; measurements (likely due to instrumental
differences in temperature measurement accuracy), as well as
the intrinsic anomalous scattering rate around the phase
transition, may give misleading 77! results. For this reason, the
data points in the vicinity of the phase transition temperatures
(labeled by hollow circles) are not considered in the following
discussion.

The phonon scattering rate in this material is likely
controlled by a combination of Umklapp, grain-boundary,
and alloy or point-defect scattering.”””* The grain-boundary
scattering rate is not expected to differ significantly among the
samples, as Rietveld refinement estimates (see the Supporting
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Figure 8. Calculated scattering rate 7' for the (GeSe),_,—(AgBiSe,),
system. Hollow circles denote the ™' anomaly characteristic of the
phase transition region. For the compositions of x = 0.1, 0.2, and 0.3,
there is a clear increase in scattering rate after the rhombohedral-to-
cubic phase transition.

Information) suggest a similar domain size throughout the
compositions. From Figure 8, we can see that the scattering
rate at room temperature increases with increasing AgBiSe,
alloying. This is not surprising given the mass contrast and
strain caused by the Ag and Bi on the Ge site. However, we
also see that the scattering rate of the high-temperature cubic
phase is substantially higher than that of the low-temperature
rhombohedral phase. This suggests that there may be an
inherent difference in the degree of Umklapp scattering
between the two polymorphs. Umklapp processes are closely
related to the anharmonic bonding features of a material, as
quantified by the Griineisen parameter. Although this is strictly
mode dependent, thus rigorously obtained only via techniques
like phonon DFT calculations or single-crystal neutron
scattering experiments, it is possible to compute some
thermodynamic estimates of the Griineisen parameter via
elasticity and thermal expansion data.”* Calculations and
details of the employed methods are reported in the
Supporting Information. Although some difference in
predictions among different methods are found—and in
some degree expected *—we find that the estimates relying
on thermal expansion show an increase in the Griineisen
parameter after the phase transition (i.e., the cubic phase may
have greater overall anharmonicity). This may partly explain
the observed increase in the phonon scattering rate in the
cubic phase.

B CONCLUSIONS

In conclusion, by using a combination of RUS, HT-XRD, and
DEFT, we investigated the influence of the crystal structure and
composition on the lattice thermal conductivity of (GeSe),_,—
(AgBiSe,), alloys. With an increase in the alloying, ki is
progressively suppressed, but the trend is broken when
different crystal structures are compared. In particular, samples
with intermediate alloying fractions, facing a temperature-
induced phase transformation from the rhombohedral to the
cubic symmetry, present an increase in ki at the transition
temperature. Interestingly, elasticity measurements show that
this transition is accompanied by a marked lattice stiffening.
The increase of alloying should be accompanied by a volume
expansion due to the presence of the larger Ag and Bi atoms,
and this is indeed observed when compositions within the

same crystal structure are compared. However, the rhombohe-
dral-to-cubic transformation results in a volume contraction
that can partially explain the observed stiffening and higher «;.
DFT provides further insights on this stiffening, suggesting a
connection with the arrangement of Ge lone pairs. Indeed,
these pass from being all oriented in the same direction in the
rhombohedral symmetry, thus elongating certain bonds and
softening the structure, to being randomly oriented in the
cubic phase, leading to the observed lattice stiffening and
increased & with the transition. We expect that a similar
stiffening occurs in any rock-salt chalcogenide exhibiting a
rhombohedral-to-cubic transition, although it has not been
widely recognized. The present study highlights the decoupled
role of composition and structural features in elasticity, alloy
scattering, and anharmonicity toward a fundamental under-
standing of thermal conductivity in this important class of TEs.
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