Impact of in-plane disorders on the thermal conductivity of AgCrSe,
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Superionic conductors have recently attracted renewed attention for their use as thermoelectric
materials due to their extremely low lattice thermal conductivity. Of central interest is why the
superionic conductors exhibit such low thermal conductivity, and competing mechanisms have been
proposed thus far. In this study, we investigate the effects of Cu and Au substitution for Ag site
on the crystal structure and thermal properties of AgCrSez, which exhibits superionic conduction
of Ag ions. We show that Au substitution significantly reduces the lattice thermal conductivity of
AgCrSes. Powder structure analysis using synchrotron x-ray diffraction reveals that Au substitu-
tion increases the anisotropic atomic displacement parameter of Ag ions along the a and b axes.
This result indicates that the amplitude of in-plane vibrations is enhanced, which is attributed to
increased anharmonicity in the potential energy around Ag ions. The enhanced vibrational ampli-
tude also suggests a reduction in the force constants between Ag ions. Consequently, the enhanced
anharmonicity not only shortens the phonon lifetime (7) by increasing phonon-phonon scattering,
but also increases the number of low-energy phonons, which further contributes to the reduction of
7. This anharmonicity mechanism is applicable to other superionic conductors exhibiting ultra-low

thermal conductivity, promoting their widespread use as thermoelectric materials.

I. INTRODUCTION

Materials with superionic conductivity often exhibit
extremely low thermal conductivity (k) and are therefore
expected to be used as high-performance thermoelectric
materials. For example, CusSe, MCrSes (M = Ag and
Cu), and AggSnSeg are the superionic conductors that
have been known to exhibit extremely low x of 0.1~1
W K=! m~! at 300 K [1-4]. In order to promote the
widespread use of thermoelectric conversion materials, it
is desirable to clarify the mechanism behind the low x of
these materials, and several competing mechanisms have
been proposed thus far [3-10].

One explanation is the liquid-like ionic diffusion that
directly scatters phonons, which has been first mentioned
in CusSe[3]. On the other hand, several reports have
proposed lattice anharmonicity mechanisms [4-7]. For
example, in AggSnSeg, where Se ions are responsible for
ionic conduction, diffusive properties in the lattice dy-
namics have recently been reported, and anharmonic vi-
bration of the Se ions has been pointed out to be essential
for realizing the extremely low lattice thermal conductiv-
ity [4]. The importance of the lattice anharmonicity has
also been emphasized in Mg3Bi, [8]. Localized vibrations
of the conducting ions in quasi-2D potential wells have
also been proposed [10]. However, these proposed mech-
anisms have been highly controversial, and the nature of
anharmonicity as well as its microscopic mechanism on
phonon scattering remain unclear. It is indispensable to
focus on a system that allows systematic tuning of the
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chemical composition and to clarify how the conducting
ions affect the thermal conductivity.

In general, the physical properties associated with
phonons are often obscured at high temperatures due
to the large number of thermally populated phonons,
many of which are not directly related to the prop-
erties of interest. Particularly, the majority of lattice
thermal conductivity is owed to long-wavelength acous-
tic phonons. Therefore, it is crucial to know the low-
temperature properties to discuss the thermal transport
by phonons. Nevertheless, most studies on thermoelec-
tric materials with superionic character concentrate on
the high-temperature properties of the superionic phase,
and the reports on the low-temperature behavior are lim-
ited. Recently, inelastic neutron scattering on AggSnSeg
has revealed that the phonon spectrum of the material
is unusually broadened already at several 10 K, which
is much lower than the temperature the superionic con-
duction occurs [4]. This fact implies that a character-
istic lattice vibration with very high anharmonicity ex-
ists in the superionic conductors, and simultaneously, the
low-temperature behavior includes essential information
to understand the thermal properties of these materials.
Broadening of the phonon signal far below the transition
has also been observed in AgCrSes [10], although the de-
tails have not been mentioned.

Here, we focus on the layered chromium selenides
MCrSes (M = Cu and Ag) and their possibility of in-
troducing atomic disorder to the superionic species. The
reported thermal conductivity at room temperature is
~0.8 and 0.4 W K~! m~! for M = Cu and Ag, respec-
tively [10-14]. At high temperatures, they crystallize in a
rhombohedral structure (a space group R3m) with face-
sharing CrSeg octahedral layers stacked along the c-axis



FIG. 1. Crystal structure of the low-temperature phase
of AgCrSes (a space group R3m). The crystal structures
throughout this paper are all visualized using VESTA [21].
There are two tetrahedral seats for Ag atoms, as indicated by
«a and S, one of which is preferentially occupied at tempera-
tures below the T,q.

direction of the trigonal cell. The succession of the CrSeg
layers forms elongated tetrahedral sites with equivalent
two seats, which are indicated as a and § in Fig. 1. The
M ions expediently occupy the two seats at a ratio of
1:1 [15] but are delocalized and mobile by hopping be-
tween them, resulting in the superionic conduction. The
structure undergoes an order-disorder transition for the
occupancy of M ions at 365 and 475 K for CuCrSey and
AgCrSey, respectively, below which one of the seats is
preferentially occupied [11, 16, 17]. Consequently, the
inversion center is broken, and the crystal transforms
into the low-temperature structure of a space group R3m.
This transition accompanies a sharp jump in the specific
heat and a discontinuity in the lattice constant [17-20],
indicating that the transition is of the first-order charac-
ter.

Several attempts have been made to clarify the ex-
tremely low thermal conductivity of this system, and
the proposed mechanisms include the localized vibrations
by quasi-2D potential [10], and the strong anharmonic-
ity [6]. According to phonon calculations and inelastic
neutron scattering, CuCrSes and AgCrSe, possess trans-
verse acoustic (TA) branches with flat dispersions ex-
hibiting a density-of-states (DOS) peak at 8 and 4 meV,
respectively [6, 18, 20]. Site-projected DOS calculations
have revealed that the TA modes are characterized as
the in-plane vibration of the conducting Cu and Ag ions.
It should be noted that the energy of the DOS peak
of AgCrSes is approximately half of that of CuCrSes.
Here, the thermal conductivity of AgCrSes is also ap-
proximately half of that observed in CuCrSe; at room
temperature. This coincidence implies that the in-plane
vibration of Ag and Cu ions is crucial for the low thermal
conductivity in this system. The flat dispersions across
the k-space should generate highly localized vibrations
owing to the very low group velocities and have also been

believed to contribute to the ultralow k.4 [6].

On the other hand, the longitudinal acoustic (LA)
branch has been characterized as the vibration along the
¢ axis and exhibits the DOS peak at 12 and 10 meV for
M = Cu and Ag, respectively. These longitudinal vibra-
tions have also been discussed as the candidate: inelas-
tic neutron scattering (INS) experiments using AgCrSes
powder have reported that the LA mode survives even
at high temperatures above the order-disorder transition
temperature (T,q), and in contrast, the TA modes are
damped entirely by the diffusive Ag ions [20]. Based on
these results, the authors conclude that the robust LA
mode causes the “liquid-like” low thermal conductivity.
However, another INS experiment argues that the TA
modes do coexist with the Ag diffusion in the superionic
phase [6].

From the structural viewpoint, the anisotropic dis-
placement parameter U;; for the M site has been re-
ported to be an order of magnitude larger than Usz in
AgCrSes [20]. The highly anisotropic displacement pa-
rameters have also been reported in AgCrS, [22-24].
These anisotropic values are attributed to the ampli-
tudes of the in-plane and out-of-plane vibrations of the
M atoms, respectively. In addition, the reported value of
U, for AgCrSes is approximately 0.1 A2 at room temper-
ature, which is larger than that for CuCrSes by a factor
of two [17, 20]. These facts raise questions if the magni-
tude of Uy, itself is important in reducing x or if other
factors such as anharmonicity have a major contribution.
In addition, it has been reported that the Uy of the Ag
ions maintains a large value even at 4 K [15], suggesting
that the in-plane vibration of Ag ions may be preserved
down to near the absolute zero temperature. Based on
these backgrounds, we aim to clarify the role of the Ag-
site disorder on thermal conductivity by applying atomic
substitution of 11" group elements, Cu and Au, for the
Ag site.

II. EXPERIMENTAL

Powder samples of Agy_, M,CrSes (M = Cu and Au)
were synthesized using a conventional solid-state reac-
tion. Ag (Rare Metallic, 99.9%, powder), Cu (Rare
Metallic, 99.9%, powder), Au (Nilaco, 99.99%, powder),
Cr (Rare Metallic, 99.9%, powder), and Se (Kojundo
Chemical Laboratory, 99.9%, powder) were mixed at a
molar ratio of 1-z : x : 1 : 2, uni-axially pressed into a
pellet, and then put in an evacuated silica tube. Before
mixing, Cu powder was heated at 200°C for one hour in
flowing Hy gas to reduce copper oxides. The tube was
first heated to 200°C in one hour and kept for 6 hours.
The tube temperature was raised to 900°C at a ratio of
350°C/h, kept for 24 hours, and then cooled in a furnace
at a ratio of approximately 150°C/h. Sample purity was
confirmed using a laboratory x-ray diffraction (Cu-Ke)
prior to the physical property measurements. Differential
scanning calorimetry (DSC) was performed to determine



the Toq. Samples for physical property measurements
were prepared as follows. The powder sample was uni-
axially pressed into a pellet, pressed again in hydrostatic
pressure, put in an evacuated silica tube, and then sin-
tered at 900°C for 20 hours. Samples were cut into a
rectangular shape for thermal conductivity, electrical re-
sistivity, and specific heat measurements.

Electrical resistivity and specific heat were measured
using a four-probe method and the relaxation method,
respectively, in a physical property measurement system
(PPMS, Quantum Design). Thermal conductivity was
measured using the steady-state method in the PPMS,
with a commercial sample holder. The values of the cold
and hot thermometers were read by the built-in instru-
ments in the PPMS, and the heater power was controlled
using external devices connected to the heater termi-
nals. Synchrotron x-ray diffraction was performed at the
BL02B2 and BL19B2 beamlines at SPring-8.

III. RESULTS AND DISCUSSION

Figs. Sl(a) and S1(b) [25] display the powder x-ray
diffraction patterns for M = Cu and Au (z < 0.05),
respectively, obtained using the laboratory x-ray diffrac-
tometer. While the samples remain in a single phase up
to x = 0.03, a secondary phase of AgoSe or Se appears at
compositions of x > 0.04 and = = 0.05 for M = Cu and
Au, respectively. These secondary phases can occur in-
dependently of Cu or Au addition and are not due to an
excess amount of substitution. However, their occurrence
is minimized as much as possible.

Fig. 2(a) shows the synchrotron x-ray diffraction
(sXRD) patterns of AgCrSes and Agy o7 My .03CrSes (M
= Cu and Au) measured at room temperature. Samples
used for the synchrotron experiments were different from
those shown in Fig. S1 and include a small amount of
the secondary phase. In addition, they were prepared
by carefully gathering a very small amount of originally
fine crystal grains, which were obtained without grinding
the sample after reaction, and placing them in a capil-
lary with a diameter of 0.2 mm. The lattice constants
obtained from the sXRD are summarized in Fig. 2(b).
The lattice constant « is insensitive both for Cu and Au
addition and shows an almost constant value. The lat-
tice constant c varies systematically depending on the
ionic size of the M site atom, indicating the successful
substitution of these elements for the Ag site.

Fig. 3(a) shows the DSC curves of = 0 sample ob-
tained during heating and cooling procedures. A peak is
observed in each curve approximately at 480 K, indicat-
ing the order-disorder transition of Ag ions. Because the
peak positions slightly differ from each other due to the
first-order nature of the structural phase transition, the
Toq is defined as the midpoint between the peak positions
observed in the two curves. T,q of x = 0 determined in
this way is 479 K, which agrees well with the reported
value [16].
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FIG. 2. (a) Synchrotron x-ray diffraction patterns of AgCrSes
and Ago.97Mo.03CrSe2 (M = Cu, Au) powders obtained at
room temperature. Data were collected at the BL19B2 beam-
line. The incident x-ray energy is set at 24 keV, and the cal-
ibrated wavelength X\ is 0.51689 A. Filled triangles indicate
AgsSe, and a filled circle represents Se as secondary phases.
(b) Lattice constants a and c¢ obtained from the diffraction
patterns. The error bars are within the range of the marker
size.

Figs. 3(b) and 3(c) represent the DSC curves for M
= Cu and Au, respectively, obtained during a heating
procedure. All the DSC data, including cooling proce-
dures, are presented in Fig. S4 [25]. Fig. 3(d) shows
the determined T,q plotted as a function of z. The Toq
systematically decreases with increasing the substitution
levels of Cu and Au up to x = 0.03. Further decrease in
the T,q is not observed at x = 0.04 both for Cu and Au,
indicating that the solid solubility limit is approximately
at z = 0.03 for both elements. The decrease in the T,,q by
Au substitution is also confirmed using synchrotron x-ray
diffraction with varying temperatures, as shown in Figs.
S2 and S3 [25]. Figs. S5(a) and S5(b) [25] show the DSC
curves of heating and cooling procedures, respectively,
obtained using another series of the Cu-substituted sam-
ples from those plotted in Fig. 3(b). The T,q determined
from these curves are compared in Fig. S5(c) with the
samples described above. The x variation of T,q shows
a good reproducibility, as shown in Fig. S5(c), and the
uncertainty in the T,q is found to be approximately 1 K.

The decrease in the transition temperature indicates
that the structure of the low-temperature phase becomes



04 (a) E 04} < x=0 (b) -
= 0.01 -
2 = = 0.02 M=Cu
E 025 ~— 2 02} 0.03
= Cooling 3 #0.04
2 of 138 o
® Heating =
T 02k 1 B
x=0 T -0.2
-0.4 TN R [N T T T N N y
450 500 04T -
T(K) P R N RS R
420 440 460 480 500 520
T T T T T T T K
04f=x=0 © A )
s
3 0.2
g o
Z L
£ -02
-0.4]
1 1 1 1 1 1 1 1 1 450 1 1 1 1
420 440 460 480 500 520 0 0.02 0.04
T (K) x (Cu, Au)

FIG. 3. (a) DSC curves of x = 0 obtained during heating
and cooling procedures. Because of the first-order character
of the order-disorder structural phase transition, there is a
small difference between the peak positions of the two curves.
(b) and (c) show the DSC curves of M = Cu and Au powder
samples, respectively, in a chemical formula Ag;_,M,CrSes.
The curves were obtained during a heating procedure at a rate
of 10 K / min. Data are offset vertically for clarity. (d) Toa
of Agi_»M,CrSes (M = Cu and Au) powder samples. The
Toa was determined as a midpoint of the peak temperatures
of the heating and cooling curves.

unstable, making the structure easier to transition to the
high-temperature phase where the Ag ions are in the dis-
ordered state. Additionally, the transition temperature
decreases with both Cu substitution and Au substitution.
This fact suggests that the structural phase transition in
this system is dominated not by the size of the ions oc-
cupying the Ag site, but by the degree of disorder at the
Ag site. In the Au-substituted samples, the decrease in
Toq is more than 20 K, whereas the decrease in T4 in the
Cu-substituted samples is smaller, around 10 K. It is be-
lieved that the Au substitution makes the structure more
unstable and easier to transform to the high-temperature
phase than the Cu substitution because Au tends to form

bonds less easily with surrounding Se atoms compared to
Cu.

Temperature dependence of total thermal conductivity
(Ktotal) 1s displayed in Fig. 4(a). The numbers in paren-
theses indicate the relative density of the samples used
for the measurement. Open black circles represent the
Ktotal Of pristine AgCrSes. It has been known that the
relative density affects the value of thermal conductivity.
Fig. S6(a) [25] compares the Kiota1 measured for samples
with different relative densities. As shown in Fig. S6(a),
a small difference in the relative density does not affect
the thermal conductivity at low temperatures below ~50
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FIG. 4. (a) Total thermal conductivity (ktota1) of
Agi_»M,CrSes polycrystalline samples (M = Cu and Au;
z = 0-0.03). The numbers in the parentheses indicate the
relative density of the samples. (b) Electronic contribution to
the thermal conductivity (ke1) obtained using electrical resis-
tivity shown in Fig. S8(a) [25] and Lorenz number.

K, although it affects the values at high temperatures.
Additionally, as shown in Fig. S6(b), the reproducibility
of the data has been confirmed using samples with the
same composition and density. These results mean that,
at temperatures below 50 K, it is possible to discuss the
trends among these samples. The magnitude of Kiota) for
2 = 0 shown in Fig. 4(a) agrees well with the reported
values [10] measured for the polycrystalline samples that
were prepared using a sintering method similar to this
study.

In Fig. 4(a), as the Cu-substitution level z increases,
the Kiotal Systematically increases. In contrast, the Kiotal
systematically decreases as the Au-substitution level z
increases. No systematic change is observed in the high-
temperature region above 100 K, as shown in Fig. S7
[25], which is probably due to the difference in the rela-
tive density between the samples. The electronic contri-
bution to the thermal conductivity (k1) is evaluated by
using electrical resistivity shown in Fig. S8(a) [25] and
the Lorenz number, L = 2.45x 108 [W Q K~2]. The ob-
tained values of k¢ are shown in Fig. 4(b). They are low
enough in all the samples that the Kiotay shown in Fig.
4(a) can be assumed to have a negligibly small electronic
contribution. The lattice contribution (kj.¢) obtained by
subtracting ke from kiota) is displayed in Fig. S8(b).



The in-plane electrical resistivity (pas) of AgCrSes sin-
gle crystals has been reported to be 9 mQ cm at 300
K [26]. Although there is no report in the out-of-plane
electrical resistivity (p.) for AgCrSes, the electrical re-
sistivity of this system has been known to be highly
anisotropic; the value of p, is three orders of magnitude
greater than that of pgp in the sulfur system, AgCrSs
[26]. In polycrystalline samples, the values of electrical
resistivity generally include both the in-plane and out-
of-plane components. Indeed, the z = 0 sample shown
in Fig. S8(a) exhibits the expected values as the order
of magnitude intermediate between the in-plane and out-
of-plane values.

As shown in Fig. S8(a), the values of electrical resis-
tivity of the Au-substituted sample is almost the same as
that of x = 0. On the other hand, the values of electrical
resistivity of the Cu-substituted sample is one order of
magnitude greater than those obtained for x = 0. The
reason for this significant increase in the electrical resis-
tivity by the Cu substitution can be explained as follows.
First, since the Seebeck coefficient is positive across all
temperature ranges [10], the electrical conduction carri-
ers are holes. According to the electronic state calcu-
lations [30], AgCrSe, has bands composed of Cr and Se
near the Fermi level. However, the density of states at the
Fermi level is very small, suggesting the presence of small
hole pockets. Given that the amount of the Cu substitu-
tion is only a few percent, the rigid band model can be
applied, assuming that the band shape does not change
with the Au or Cu substitution. Additionally, Ag and Au
can be considered to be monovalent in AgCrSes. How-
ever, Cu generally prefers a divalent state rather than
monovalent. Therefore, Cu substitution acts as electron
doping, and even a small amount of substitution signif-
icantly reduces the number of hole carriers, resulting in
the large increase in the electrical resistivity.

As marked by an arrow in Fig. 4(a), all the samples ex-
hibit a peak at ~15 K, which is one of the characteristics
generally observed in crystalline samples: in the kinetic
formulation, lattice thermal conductivity (kiat) is given
by the product of lattice specific heat (Cl.t), average ve-
locity of phonon (v), and phonon mean free path (¢) as
Klat = 1/3Casvf = 1/3C1av?7. Here, 7 is the phonon
lifetime. At the lowest temperatures, £ has a constant
value, and thus the ki, behaves as T3 dominated by
the temperature dependence of C,s. As temperature in-
creases, the number of phonons increases, which leads to
Klat X exp(©/T), where © is a temperature on the order
of Debye temperature [27]. As a result, ki, generally
exhibits a peak at a temperature where the dominant
temperature dependence changes. Because the atomic
mass of Au is larger than that of Ag, the reduced k in
the Au-substituted samples might be intuitive; the heavy
Au ions scatter phonons more effectively than the Ag ions
in the pristine sample.

For a closer examination of this, we conducted specific

heat measurements. Fig. 5(a) displays the specific heat
(C) of AgCrSey and Agg o7 My.03CrSes (M = Cu, Au)

1 0.95
-~ 08 — 09
S 5
= €
o 08 ~  0.85
X X
204 2
= = 0.8 p#
© 02 O
; 0.75
o 1 1 1 1 1 1
30 40 50 60 70
T (K)
50 ——1— T T 50 ——T—— T T
—+—x=0 —+x=0
40 - Cu, 0.01 F 40 -~ Au, 0.01
-= Cu, 0.02 / -5~ Au, 0.02

30 = Cu, 0.03 30 < Au, 0.03

-
o
T

CIT (mJ K2 mol™
N
o
T
>
T

(c) (d)

obt v 0 v obt v v v
0 2 4 6 8 10 0 2 4 6 8 10

(K 7 (K)

FIG. 5. (a) Specific heat of the samples. The anomaly at T
= 52 K indicated by an arrow is attributed to a magnetic tran-
sition [15]. A large hump is also observed approximately at
20 K, as shown by a triangle, probably caused by the residual
entropy due to disorder components of spin fluctuations. (b)
Magnified view of the temperature region around the mag-
netic transition temperature. (c) and (d) display the C'/T vs.
T? plots of the specific heat of M = Cu and Au, respectively.

polycrystalline samples. The values on the longitudinal
axis are the specific heat divided by temperature. Each
C/T vs. T curve exhibits a A-type peak at 52 K, as
indicated by an arrow in Fig. 5(a). This anomaly is
attributed to a magnetic ordering of Cr3* spins [28, 29].
As shown in Fig. 5(b), the Tx remains unaffected with
the Cu or Au substitution because the changes in the
lattice constants are very small.

Notable feature is a hump observed around 20 K indi-
cated by a triangle in Fig. 5(a). According to M. Baenitz
et al. [30], there are several in-plane exchange interac-
tions between Cr3* ions. The nearest-neighbor interac-
tion within the ab-plane is ferromagnetic, whereas the
third-nearest-neighbor interaction is antiferromagnetic.
The interaction between the planes is antiferromagnetic
and significantly weaker compared to these interactions.
Because of the magnetic frustration effect due to the
competing exchange interactions between the two major
interactions, Cr®* has been known to form a cycloidal
magnetic structure within the plane [30]. The observed
hump might be from this cycloidal magnetic structure.
The neutron diffraction [30] revealed that the magnitude
of the ordered magnetic moment of Cr3* at the lowest
temperature is much smaller than the theoretical value
predicted for S = 3/2. This fact suggests the presence of
structural disorder or the existence of spin fluctuations
persisting to very low temperatures. Therefore, the hump
observed around 20 K might reflect the residual entropy



TABLE I. Structural parameters and anisotropic atomic displacement parameters U;; (AZ) for AgCrSes and Agg .97 Mo.03CrSes
(M = Cu and Au). The nominal compositions were used for the refinement.

AgCrSes, a = 3.68355(1) A, ¢ = 21.23955(6) A, Rywp = 5.53%
Atom site z y z Uiso U1 Ua2 Uss Uiz

Uiz Uss

Cr 3a 0 0 0.000(9) 0.0075(4)
Sel 3a 0 0 0.269(9) 0.0042(4)
Se2  3a 0 0 0.733(9) 0.0086(5)

Ag  3a 0 0 0.153(8) 0.0604(12) 0.0841(13) = Uy; 0.0129(9) =1/20U1; 0 0
Ago.97Cu0.03CrSez, a = 3.68283(1) A, ¢ = 21.23655(6) A, Rup = 5.40%
Atom site = y z Uiso Ui Uaz Uss Uiz
Cr  3a 0 0 0.000(8) 0.0076(3)
Sel  3a 0 0 0.269(8) 0.0067(4)
Se2  3a 0 0 0.733(8) 0.0084(4)
Ag/Cu 3a 0 0 0.152(8) 0.0568(10) 0.0738(11) = Uy; 0.0228(9) =1/2U1; 0 0

Ago.o7Aug.03CrSez, a = 3.68327(2) A, ¢ = 21.24268(9) A, Ryp = 4.96%

Uiz Uss

Ua2 Uss Ui Uiz Uss

Atom site = y z Uiso
Cr 3a 00 0.0009) 0.0067(4)
Sel 3a 0 0 0.269(9) 0.0058(5)
Se2  3a 0 0 0.733(9) 0.0071(5)
Ag/Au 3a 0 0 0.152(9) 0.0618(12) 0.0908(14)

= Uy 0.0037(8) =1/2U1; 0 0

of spins from the disorder components or spin fluctua-
tions. Particularly, such humps are often observed in
frustrated systems [31, 32].

Figs. 5(c) and 5(d) display the C/T of Cu- and Au-
substituted samples, respectively, as a function of T2.
The values of C/T is almost unchanged by the Cu sub-
stitution, as shown in Fig. 5(c). On the contrary, the
Au substitution increases the C/T. These results in-
dicate that low-energy phonons, i.e., the phonon DOS
at low energies, increase in the Au-substituted AgCrSes.
Because the increased number of phonons should scatter
other phonons more frequently and reduce 7, the increase
in C/T at low temperatures explains the reduced thermal
conductivity of the Au-substituted AgCrSes. The Ty and
the temperature at which the hump is observed remain
unchanged by the Cu and Au substitutions. Therefore,
the increase in C'/T is attributed to the lattice contribu-
tion rather than the magnetic contribution.

To delve deeper into the reduced thermal conductivity
in the Au-substituted samples, the Rietveld analysis was
performed for the pristine, and Agg.97Mo.03CrSes (M =
Cu and Au) samples. Although a small amount of sec-
ondary phases has been observed in the profiles shown
in Fig. 2(a), their quantity is minimal and does not af-
fect the analysis. The nominal compositions are used for
the refinement. All the fittings yielded low Ry, factors
and reproduce well the experimentally obtained diffrac-
tion patterns, as shown in Figs. S9(a)—(c) [25].

Table I summarizes the refined structural parameters
for the three samples. Anisotropic atomic displacement

parameters, U;;, are refined only for the Ag site because
the refined values of the isotropic displacement param-
eters, Uiso, were found to be very small at the Cr and
Se sites. The atomic positions show no significant differ-
ences among the three samples. On the other hand, the
parameters Uy, and Usz of the Ag site exhibit different
values depending on the samples, which are plotted in
Fig. 6 (a) in the order of M = Cu, Ag, and Au. Here,
M = Ag represents the pristine AgCrSes.

As displayed in Fig. 6(a), U1y systematically increases,
while Uss decreases, following the sequence of M = Cu,
Ag, and Au. The variation of Uy; and Uss is visualized
in Figs. 6(b)—(d) using anisotropic displacement ellip-
soids drawn at 80% probability level. Generally, atomic
displacement parameters reflect the degree of static or
dynamic disorder of the atoms. In this system, the Ag
atoms exhibit the characteristic TA and LA modes with
low energies vibrating within the ab-plane and along the
¢ axis, respectively [6]. Therefore, the values of the
obtained Uj; and Uss mainly reflect the amplitude of
the local atomic vibrations. As these localized vibration
modes can effectively scatter other phonons, they are an-
ticipated to reduce thermal conductivity. Additionally,
larger vibration amplitudes would have greater scatter-
ing effects. Returning back to Fig. 4(a), the thermal
conductivity systematically decreases with increasing Au
substitution. Furthermore, Uy, increases with Au substi-
tution. Therefore, the increase in Uy is responsible for
the reduced thermal conductivity in the Au-substituted
samples.
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FIG. 6. (a) Anisotropic atomic displacement parameters U1, and Uss for AgCrSes and Ago.o7 Mo.03CrSez (M = Cu and Au)
samples. M = Ag represents AgCrSes. (b), (c) and (d) display the crystal structures at room temperature of Agg.97Cug.03CrSes,
AgCrSes, and Agp.g7Aug.03CrSes, respectively, with the anisotropic displacement ellipsoids drawn at 80% probability level for
the Ag/Cu, Au atoms. (e) Crystal structure of AgCrSe; where the space filling is visualized using ionic radii. (f) Schematic
image for a flat-bottomed potential well generated around each Ag ion. The value of 24/U11 is a measure of the width of the
well indicated by a bothsided arrow. (g) The values of 24/U11 plotted for M = Cu, Ag, and Au. (h) Schematic diagram of the
TA phonon dispersions. The curve of the pristine AgCrSe; refers to the results of the phonon calculation [6]. L and F represent
the symmetry points at the first Brillouin zone boundary of the rhombohedral cell, and the wave vectors lie approximately
within the Ag ion-conducting plane. v in the formulation of kiay = 1/3Clatf corresponds to the slope of the long-wavelength

linear dispersion of the acoustic branch.

The composition dependent Uy; and Usz indicate that
the shape of the vibrational potential at the Ag site is
altered by the Cu and Au substitutions. The ionic radii
are in the order of Cu < Ag < Au, and the Ag site is
surrounded by Se. The filling space for Ag ions along
the c-axis is small, as shown in Fig. 6(e). On the other
hand, there is larger space in the ab-plane, making the
ions inherently easier to vibrate within the plane. There-
fore, the change in the Uy; and Uss due to the Cu and
Au substitution can be explained as follows: The size
of the ionic radius relative to the Ag ion significantly af-
fects the ease of vibration along the c-axis direction, while
the vibration amplitude is large within the ab-plane. As
a result, the Au substitution suppresses the interplanar
vibrations and enhances the in-plane vibrational ampli-
tude, thereby modifying the potential energy landscape
associated with the vibrations. Assuming a uniform dis-
tribution of the 3% substituent elements across the Ag
plane, the average distance between them within the ab-
plane is approximately 19 A. There are only three unit
cells apart along the [110] direction, and it is sufficient
for the local modulation of the vibrational potential to
significantly affect the overall vibrational state.

According to Raman scattering experiments [33], the
localized low-energy vibrations in AgCrSey are concluded
as anharmonic vibrations which interact with higher opti-

cal modes to achieve low thermal conductivity. Fig. 6(f)
depicts the schematic image for the anharmonic poten-
tial well at the Ag sites. Here, the square root of the Uy
corresponds to the amplitude of the in-plane vibrations
at the Ag sites. Therefore, the value of v/U;; multiplied
by a factor of 2 is a measure of the width of the potential
well indicated by the double-sided arrows in Fig. 6(f).
Fig. 6(g) plots the values of 24/Uy; for M = Cu, Ag, and
Au. Tt increases in the order of M = Cu, Ag, and Au,
reaching up to 16.4% of the Ag-Ag distance (= lattice
constant a) for M = Au. These results indicate that the
anharmonicity is enhanced by the Au substitution and
contributes to the reduction of the lattice thermal con-
ductivity through increased phonon-phonon scattering.
The contribution of anharmonic vibrations to the reduc-
tion of thermal conductivity has also been observed in
several compounds [34, 35].

The enhancement in the in-plane vibrational ampli-
tude should also decrease the force constants between the
adjacent Ag/Au ions, i.e., decrease in the Ag-Ag bonding
strength, which should cause softening of the TA branch,
as shown in Fig. 6(h). The reduced slope of the TA mode
indicates a lower phonon velocity, v, which directly con-
tributes to the reduction of lattice thermal conductivity,
as Kiay < v27. Simultaneously, the number of low-energy
phonons would increase, which explains the trend of C/T



shown in Fig. 4(c), and further contributes to the sup-
pression of thermal transport.

Ultra-low thermal conductivity in ionic conductors has
long remained a mystery in the field of thermoelectrics,
and the relationship between atomic dynamics and ther-
mal transport has not been clearly understood, as dis-
cussed in the Introduction. The main achievement of this
study is not merely the observation of reduced thermal
conductivity due to Au substitution, but rather identifi-
cation of enhanced anharmonicity in the ion-conducting
species as the underlying origin of the ultra-low thermal
conductivity. This anharmonicity leads to an increased
number of low-energy phonons, which further contributes
to the suppression of thermal transport. These insights
are broadly applicable to the thermal behavior not only
of other superionic conductors, but also of compounds
with fluctuating sublattices [36, 37], extending beyond
the AgCrSe, system itself. In this context, the progress
described in this study offers a solid foundation for ad-
vancing the use of ionic conductors in thermoelectric ap-
plications. We believe our results provide meaningful
guidance for future strategies in lattice-related functional
materials.

IV. CONCLUSIONS

Thermal conductivity, electrical resistivity, specific
heat, and structural parameters have been characterized
for Agy_,M,CrSes (M = Cu and Au). The Au substi-
tution for the Ag site systematically decreases the ther-
mal conductivity with increasing z. On the contrary,
the Cu substitution enhances the thermal conductivity.

Specific heat measurements reveal that Au substitution
leads to an increase in the low-energy phonons. Powder
x-ray structure refinement further demonstrates that Au
substitution increases the in-plane atomic displacement
parameter Uy1. This clearly indicates an enhancement in
the amplitude of in-plane vibrations of Ag atoms, which
reflects increased anharmonicity in their vibrational po-
tential. At the same time, the large vibrational ampli-
tude also indicates a reduction in the force constants
between Ag atoms, which results in a decrease in the
phonon velocity of the corresponding acoustic mode. The
increase in the low-energy phonons is likely caused by the
reduction in these force constants. Both the increase in
the low-energy phonons and the enhancement of in-plane
vibrational amplitude contribute to a reduction in the
phonon lifetime, and thus govern the ultra-low thermal
conductivity of this system. This anharmonicity-based
scenario is generally applicable to other superionic con-
ductors, and we believe that our findings represent a solid
step forward for future research on thermoelectric mate-
rials.
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