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Exploring the Thermal and lonic Transport of Cu™
Conducting Argyrodite Cu,PSe,
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Joana Bustamante, Michael W. Gaultois, Olivier Delaire, Michael Ryan Hansen,
Janine George, and Wolfgang G. Zeier*

Understanding the origin of low thermal conductivities in ionic conductors is
essential for improving their thermoelectric efficiency, although
accompanying high ionic conduction may present challenges for maintaining
thermoelectric device integrity. This study investigates the thermal and ionic
transport in Cu;PSe, aiming to elucidate their fundamental origins and
correlation with the structural and dynamic properties. Through a
comprehensive approach including various characterization techniques and
computational analyses, it is demonstrated that the low thermal conductivity
in Cu,PSe; arises from structural complexity, variations in bond strengths,
and high lattice anharmonicity, leading to pronounced diffuson transport of
heat and fast ionic conduction. It is found that upon increasing the
temperature, the ionic conductivity increases significantly in Cu,PSeg,
whereas the thermal conductivity remains nearly constant, revealing no direct
correlation between ionic and thermal transport. This absence of direct
influence suggests innovative design strategies in thermoelectric applications
to enhance stability by diminishing ionic conduction, while maintaining low
thermal conductivity, thereby linking the domains of solid-state ionics and
thermoelectrics. Thus, this study attempts to clarify the fundamental

1. Introduction

The ultralow lattice thermal conductiv-
ity in superionic conductors plays a piv-
otal role in energy conversion technol-
ogy, fuel cells, and various thermoelec-
tric applications.' In ionic conduc-
tors, the role of fast ionic diffusion
in the frequently observed low lattice
thermal conductivity remains elusive.”]
However, recent studies of the mate-
rial class of ion-conducting argyrodites
suggest that their low thermal conduc-
tivity originates from structural disor-
der, weak bonding of mobile ions, and
high lattice anharmonicity, rather than
the diffusion of mobile ions.[%’] Under-
standing the origin of low lattice ther-
mal conductivity by testing the relation-
ship of transport with lattice dynamics
and structure is of fundamental impor-
tance as it can reveal guidelines and

principles governing thermal and ionic transport in Cu*-superionic

conductors, similar to recent findings in Ag* argyrodites.

design principles for the development
and discovery of material classes.®]

In the past, the thermal transport of
crystalline thermoelectric materials has
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primarily been described by the phonon-gas model, envisaging
phonons as quasiparticles that propagate over length scales
significantly exceeding interatomic distances.[*!% From this
phonon-gas viewpoint, several factors such as point defects,!!]
anharmonicity,l’ variations in bond strengths,'?) as well as lat-
tice complexity,[°) can suppress the propagation of these phonon
quasiparticles (also called propagons) by inducing scattering.®!
Frequent scattering events lead to a reduction of the propagon
mean-free paths and subsequently, a lowering of the lattice
thermal conductivity.

However, complex crystalline materials have been reported
with low thermal conductivities that cannot be explained by only
considering gas-like heat transport by propagating phonons.[?!
In these cases, the magnitude of thermal conductivity is so low
that the phonon mean-free paths would have to be compara-
ble to or even shorter than the interatomic distances, thereby
making the phonon wavevector no longer well-defined.*! This
lower limit of thermal conductivity in the phonon-gas model
is commonly associated with amorphous materials (i.e., the so-
called glass-limit).['3] However, it has been observed to be di-
minished in complex crystalline materials such as T1,VSe, !
Yb,,MnSb,,,®! La,Zr,0,,[*] BaAg, Te,,'®! CuBiSeCl,,'”) and the
aforementioned Ag argyrodites.!®]

Following this observation, a different mechanism of heat
transport was proposed, characterized by a diffusive, random
exchange of thermal energy between phonon modes on a lo-
cal scale (i.e., by so-called diffusons) that can describe thermal
conductivities below the lower limit associated with phonon-gas
transport.[®18] This distinct transport mechanism arises from
the overlap of phonon modes that are close in frequency and
substantially broadened, e.g., through anharmonicity, leading
to the transfer of thermal energy between the modes. For ex-
ample, in T1,VSe,, strong anharmonicities and low phonon
group velocities, all of which suppress phonon-gas transport
by quasilocalization in real space, result in strong phonon cou-
pling and significant diffuson contributions.['*! These dynamic
characteristics are attributed to the weak bonding of heavy
TI* ions that scatter propagating phonons and facilitate low-
frequency, low-velocity phonon modes with short mean-free
paths, making them prone to exhibiting diffuson character.'
By contrast, Xia et al. recently proposed a particle-like prop-
agation of phonon excitation considering existing, but minor
contributions from the off-diagonal terms of the heat-current
operator to describe successfully the experimentally obtained
low thermal conductivity in T1,VSe,."®] Similarly, Yb,,MnSb,,
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shows strong diffuson contributions related to structural com-
plexity, leading to a high density of phonon modes (in en-
ergy space), such that little broadening is sufficient for mode
coupling.[®!

In the Ag* conducting argyrodites, the diffuson contribu-
tions dominate over propagating phonon transport at room
temperature.l’] Again, this is thought to be related to strong
anharmonicity, structural complexity, and a large number of
low-frequency, low-velocity phonons originating from weak Ag*
bonding.l%! Thus far, it remains unknown if the predominance
of diffuson transport extends to the Cu* conducting argyrodites.
In addition, the interrelation between ionic and thermal trans-
port was tested in the silver argyrodites and no direct rela-
tion was found.®! However, a similar study discussing both
transport properties in comparison is missing in the Cu*-based
argyrodites.

The present work seeks to shed light on the mechanism
of thermal transport and its relation to the structural and
dynamic character of Cu,PSe;. To achieve these objectives,
a combination of characterization techniques is employed,
including temperature-dependent X-ray diffraction and pair-
distribution function analysis, nuclear magnetic resonance spec-
troscopy, impedance spectroscopy, as well as thermal trans-
port measurements. To corroborate the experimental results,
lattice dynamics computations, crystal orbital Hamilton pop-
ulation (COHP) analyses, bond-valence sums, and analytical
modeling of thermal transport were conducted. With that, this
study demonstrates the strong variations of bond strengths,
structural complexity, and high lattice anharmonicity that
lead to diffuson transport of heat and facilitate fast ionic
conduction.

2. Results and Discussion

2.1. Crystal Structure and Phase Analysis

Cu,PSe, is known to undergo multiple phase transitions
in the investigated temperature regime.[?*?!l Consequently,
temperature-dependent Bragg diffraction was conducted as ini-
tial characterization of all phases. The waterfall plot of the cor-
responding diffraction pattern (Figure 1a) shows the expected
two-phase transitions in Cu,PSe;, occurring below 250 and
above 320 K.[2°2!l Below 250 K, the material crystallizes in
an orthorhombic phase (space group Pna2,) that is character-
ized by a fully ordered (occupied) substructure of Cut ions co-
ordinated by Se’~ ions (Figure Sla, Supporting Information).
The Cu* ions reside in four types of Se?~ coordination envi-
ronments: trigonal planar, triangular noncoplanar, linear, and
tetrahedral (Figure S1b, Supporting Information). Vice versa,
Se?~ is either fully coordinated by Cu* or part of rigid PSe,*"
units. Above 250 K, Cu,PSe, crystallizes in a cubic phase with
a space group P2,3 composed again, of a rigid framework of
PSe,?" tetrahedra.?!! Within this phase, the Cu* ions are lo-
cated in four distinct positions either fully or partially occupied
(Figure S1c, Supporting Information),?!l and coordinated either
triangularly, tetrahedrally, or linearly by Se?~ ions (Figure S1d,
Supporting Information). Upon further increase of the tempera-
ture to 320 K, Cu,PSe, transitions into a high-temperature cu-
bic phase (space group F43m), where Cu™ ions are partially
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Figure 1. a) Heatmap of temperature-dependent X-ray diffraction of Cu;PSeg from 175 to 400 K. Intensity information is color-coded, from blue
(low intensity) to red (high intensity). The intensity of reflections indicates two phase transitions of Cu;PSeg at below 250 and above 320 K (high-
lighted by dashed lines). b) Unit cell volume as a function of temperature. The color shaded regions indicate the temperature range of the different

phases.

occupying three sites, with three distinct Se?~ positions either as
part of the tetrahedral PSe,>~ unit or fully coordinated by Cu*
(Figure S1le, Supporting Information).[?!] In this phase, the Cu*
substructure can be described by cage-like frameworks of Cut,
where each Cu® site is tetrahedrally or triangularly coordinated
by Se?~ (Figure S1f, Supporting Information).l?”l The large num-
ber of available Cu* positions, together with their partial occu-
pation, is often discussed as the origin of the high ionic con-
ductivities observed in the (Li*, Cu*, Ag*)-argyrodite material
class.[6:23:24]

Pawley refinements were performed for all diffractograms,
confirming the expected phases and showing the expected linear
increase of the unit cell volumes with temperature (Figure 1b).
Shaded regions indicate the temperature range in which the re-
spective phases were observed. The linear increase of the unit
cell volumes for each phase was used to calculate the volumet-
ric thermal expansion coefficients, which are 7.3 + 0.4 x 1076,
155 + 1.0 x 107%, and 17.5 + 1.0 x 10=° K~! for the phases
with space groups Pna2,, P2,3, and F43m, respectively. Rietveld
refinements were conducted on prolonged diffraction measure-
ments for each phase at representative temperatures to extract
additional structural information (see Section S4 in the Support-
ing Information).

In addition to Bragg diffraction, pair-distribution function
analyses were conducted at three different temperatures to test
the agreement between average and local structure in Cu,PSe,
(results shown in Section S6 in the Supporting Information).
These analyses corroborate the refined structural parameters
for each phase that were previously determined through Bragg
diffraction and shows no signs of symmetry reduction on the lo-
cal scale (details in Section S6 in the Supporting Information).

The extracted structural parameters from refinements of both,
Bragg diffraction and pair-distribution function data, illustrate a
strong increase of the isotropic thermal displacement parame-
ter () of Cu* from 0.021 + 0.001 to 0.067 + 0.003 A? upon
increasing the temperature from 200 to 400 K. The higher mag-
nitude of the thermal displacements of Cu* ions and their strong
increase with temperature indicate weak bonding and high mo-
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bility of Cu* in the structures. To evaluate the bonding character-
istics in more detail, the bonding and antibonding states within
the electronic structure are analyzed using COHPs of the low-
temperature orthorhombic phase (details provided in Section S7
in the Supporting Information). Despite the disorder on Cu*
sites in both the intermediate-temperature cubic (P2,3) and the
high-temperature cubic (F43m) phases, the comparable coordi-
nation geometry to the low-temperature orthorhombic (Prna2,)
phase suggests similar bonding trends. To test this hypothesis, a
simplistic model for the intermediate-temperature cubic (P2,3)
phase is built (details in Section S7 in the Supporting Informa-
tion), excluding the high-temperature cubic (F43m) phase due to
the lack of a suitable structural model. While various distinct Cu—
Se bonds can be identified in the low-temperature orthorhom-
bic (Pna2,) phase, they all demonstrate similar bonding char-
acteristics, quantified by integrated populations between —0.98
and —1.53 eV with an average and standard deviation of —1.24
+ 0.17 eV between all seven distinct types of bonds (Table S8,
Supporting Information). Additionally, all Cu—Se bonds are char-
acterized by occupied antibonding states below the Fermi level,
which leads to x#25% antibonding contributions in average over-
all bonds (Table S8, Supporting Information). The summed up
COHPs for all Cu-Se bonds are shown in Figure 2a, while
the results for all distinct types of bonds are provided in Sec-
tion S7 (Supporting Information). The low integrated popula-
tions and the significant antibonding contributions highlight the
weak bonding of Cu* within the structure that is a foundation for
fast Cut transport. Furthermore, the significant fraction of occu-
pied antibonding states below the Fermi level can facilitate an-
harmonicity of the Cu-Se bonds and their corresponding vibra-
tions, suggesting a significant impact on thermal transport.’] In
contradistinction, the P-Se bond exhibits significantly stronger
bonding characteristics quantified by a higher integrated pop-
ulation of —4.65 eV with only small antibonding interactions
(~7%) below the Fermi level (Figure 2a and Table S8 (Support-
ing Information)). Similar bonding—antibonding characteristics
for the Cu—Se and P—Se bonds are also observed in the model of
the intermediate-temperature cubic (P2, 3) phase (Figure S8 and
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Figure 2. a) The comparison of summed crystal orbital Hamilton populations for Cu-Se bonds with that of P-Se bonds in the PSe,

3= Unit reveals a

strong difference in bonding interactions. b—d) Bond-valence sum energy landscapes of Cu;PSeg illustrating all potential Cu™ 3D diffusion pathways
within the various phases. Gray, green, and maroon colors represent Cu*, P, and Se?~, respectively, with the blue isosurface indicating bond valance of

site energy of Cu™ ions.

Table S9, Supporting Information) (details provided in Section S7
in the Supporting Information).

The significantly weaker bonding of Cu' indicated by the
COHP analysis is in agreement with the high thermal displace-
ment parameters of Cu* observed in the structural analyses (and
their stronger increase with temperature). In comparison, the
thermal displacement of the stronger bonded Se?~ (in the PSe,>~
rigid unit) changes only marginally with temperature (details in
Section S4 in the Supporting Information). In addition to the
COHP analysis, bond-valence sum energy!?®! isosurfaces of Cu*
in Cu,PSe; were calculated, that reveal a highly connected, 3D
diffusion network for Cu* in all three phases (Figure 2b—d). This
high degree of connectivity, together with the weak overall co-
valency of Cu', can be considered the prerequisite for fast ion
conduction, not exclusive to the high temperature phase.

In conclusion, the structural investigations confirm the re-
ported phase transitions that lead to a change of the Cu* sub-
structure, while the rigid PSe,*~ bonding environment persists.
Moreover, bonding analyses by COHP confirm the expected
strong bonding characteristics of the rigid framework, i.e., the
PSe,*~ units, while emphasizing the weak bonding of Cu* in
Cu,PSe;. This weak bonding, characterized by both, a low pop-
ulation of bonding states and significant antibonding contribu-
tions, can be considered to facilitate ion mobility in the Cu*
argyrodites.
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2.2. Cu*-lon Transport

Nuclear magnetic resonance (NMR) and impedance spec-
troscopy experiments were conducted to evaluate the magni-
tude and temperature dependence of ionic transport in Cu,PSe,.
To elucidate the Cut-ion dynamics from NMR spectroscopy,
static lineshape analysis, and spin-lattice relaxometry experi-
ments were performed on the isotopes ®*Cu and ®Cu between
323 and 441 K.[¥’! Consequently, the ion dynamics in the high-
temperature phase with space group F43m were evaluated.

The T,-relaxation rates for both isotopes, as obtained from
spin-lattice relaxometry are shown in Figure 3a. Only the high
temperature flank of the relaxation rate curve is observed, al-
lowing a straightforward determination of the activation barrier
for Cu* diffusion (0.173 + 0.001 and 0.169 + 0.001 eV for *Cu
and ®Cu, respectively). The analysis of the static temperature-
dependent linewidth broadening confirms the results of the T;-
relaxation experiments (presented in Figure S9 in the Support-
ing Information). With that, the determined activation barri-
ers are in good agreement with literature reports of 0.15 eV
for the high-temperature ionic conductivity of Cu,PSe, (litera-
ture values illustrated in Figure 3b).[28] The Cu* transport char-
acterization by NMR is limited to the high-temperature phase
(F43m space group), beyond 320 K, in this study. The correspond-
ing characterization for the lower temperature phases could not
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Figure 3. a) Arrhenius plots of the spin—lattice relaxation rates T;~" for ¢*Cu and  Cu determined from NMR spectroscopy. b) Comparison of activation
energy barrier of Cu,PSeg in different temperature regions. Literature datal?®] of the high temperature ionic conductivities are linearly extrapolated (green
dashed line) to the lower temperature, where the slope of the line represents the activation barrier determined by NMR spectroscopy. This extrapolation
aligns with the highest conductivity value measured experimentally via impedance spectroscopy (represented by black data points) confirming the

coherence of the results.

be conducted due to strong quadrupolar broadening hindering
the evaluation of the ®*Cu/®Cu NMR signals.[?’! Additionally,
temperature-dependent 3! P magic angle-spinning and 7’ Se static
NMR experiments were performed, corroborating the observed
high-temperature phase transition in Cu,PSe, as discussed in
Section S9 (Supporting Information). To overcome the limita-
tion of NMR experiments for the lower temperature phases,
impedance spectroscopy experiments were conducted on the in-
termediate temperature phase (space group P2,3, between 253
and 298 K). Analyses of the impedance data (Figure S13, Sup-
porting Information) demonstrate that the fast ionic transport
of the high-temperature phase, shown in literature and con-
firmed by NMR experiments, persists to the intermediate tem-
perature phase with a room-temperature conductivity of 127 + 23
mS cm™! (+18%, standard deviation from four measurements).
The structural transition to the intermediate temperature phase
(Figure S1, Supporting Information) leads to an increase in the
activation energy to 0.31 + 0.02 eV. Details of the experimen-
tal procedure can be found in Section S10 (Supporting Infor-
mation). Analogous characterization of the lowest temperature
phase (space group Pna2,) was not possible due to experimental
constraints; below 250 K, Cu,PSe, undergoes a phase transition,
causing the impedance spectrum to become highly scattered and
impossible to analyze reliably.

To compare the ionic conductivities obtained from impedance
spectroscopy with diffusion coefficients reported in the
literature,/??! the Nernst-Einstein equation is used with a
Haven ratio of unity and the number density of Cut in the
structure as carrier density in the first approximation. With
that, the room-temperature Cu* diffusivity can be approximated
as 0.81 X 107° cm? s7! in good agreement with the results
of machine-learned molecular dynamics simulations reported
by Gupta et al. (0.8 x 107¢ cm? s7! at 300 K),[??] thereby cor-
roborating our experimental findings. Further confirmation of
the consistency of the experimental results can be shown by
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the good agreement of all data when extrapolating the reported
high-temperature conductivities to lower temperatures using
the activation energy determined by NMR spectroscopy (green
dashed line in Figure 3b).

Fast Cu‘-ionic transport is found in both, the high- and
intermediate-temperature phases. While structural changes dur-
ing the phase transition lead to a change of the activation energy
for ionic transport, the weak overall bonding, also present in the
lowest temperature phase as indicated by COHP analysis, per-
sists and allows for fast Cu* diffusion. With that, Cu* can be
considered at least partially mobile in all phases of Cu,PSe.

2.3. Density of States and Heat Capacity

Following the investigation of the structure- and temperature-
dependent ionic transport, the lattice dynamics are characterized
to understand the origin of the reported low thermal conductivity
of Cu,PSe;. In a recent study by Gupta et al.,[??] the temperature-
dependent phonon density of states in Cu,PSe, was investigated
using both inelastic neutron scattering and machine-learned
molecular dynamics simulations.[??] The reported computational
results are presented again in Figure 4a. Analyzing the atom-
specific contributions to the calculated total phonon density of
states, it becomes evident that most phonon modes within the
low-frequency spectrum (<3 THz), are associated with Cu* vi-
brations. This is in line with the weak bonding of Cu* shown by
our COHP analysis suggesting low force constants (low frequen-
cies) and in agreement with results of our own quasiharmonic
lattice dynamics calculations on the low-temperature orthorhom-
bic (Pna2,) phase (details in Section S11 in the Supporting Infor-
mation). The densities of state exhibit significant peak broaden-
ing with increasing temperature that can partly be explained by
the phase transitions that increase the number of phonon modes
and thus lead to a higher density of modes in energy space, and
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Figure 4. a) Calculated total and Cu atom projected phonon density of states of Cu;PSeg at three different temperatures: 100, 300, and 500 K.
b) Representation of Griineisen parameter as a function of frequency. c) Comparison of measured heat capacity (black data points) with the theo-
retical heat capacity at constant volume (C,) calculated from the phonon density of states (red line). In addition, a dilation term was introduced to

calculate (C,) values and fit the experimental results (green line).

with increased scattering that smears out the phonon branches in
energy.

To gain a further understanding of this trend with tempera-
ture, spectral Griineisen parameters were calculated based on
our quasiharmonic calculations (details in Section S11 in the
Supporting Information). The spectral Griineisen parameters
demonstrate highly anharmonic vibrations (i.e., high Griineisen
parameters), especially pronounced by a large peak in the
low frequency (~1.3 THz), Cu* vibration dominated, regime
(Figure 4b). This strong anharmonicity is expected to substan-
tially contribute to phonon linewidth broadening (i.e., linewidths
of phonon branches become large enough to overlap the phonon
modes in energy space) with increasing temperature, thus facil-
itating the observed merging of peaks in the density of states.[?!
The large anharmonicity in the ion-conducting Cu, PSe; is in line
with prior works on superionic conductors such as Na,PS, %!
AgCrSe, Il CuCrSe,,?% and Ag,MSe, (M = Si, Ge, Sn),l®] where
similar low-frequency peaks in anharmonicity, corresponding to
mobile ion vibrations, were observed. This indicates that anhar-
monicity plays an overarching, general role in achieving high
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ionic conductivities. Moreover, from a thermal transport perspec-
tive, anharmonicities are known to induce strong phonon scatter-
ing, thereby suppressing phonon-gas transport. Dominated by
the peak at low frequency, a high macroscopic Griineisen pa-
rameter of 3.18 at 300 K is estimated for Cu,PSe,. This analysis
does not only confirm the dominance of mobile ion vibrations
at very low frequencies but also the presence of pronounced an-
harmonicity in Cu,PSe, in agreement with the results for their
Ag* conducting counterparts.*!! The strong anharmonicity of
the Cu* vibrations can be understood by considering the high
fraction of occupied, antibonding states (Figure 2a), emphasiz-
ing the weak bonding situation of Cut within the structure,!?”]
that in turn leads to fast transport and anharmonic vibrations.3!!

In addition to the computational study of the phonon dis-
tribution and anharmonicity, the isobaric heat capacity (C,) of
Cu,PSe, was determined experimentally within the temperature
range of 2-500 K (Figure 4c). In agreement with our temperature-
dependent X-ray diffraction analysis, two-phase transitions are
observed in the heat capacity measurements (peaks at 250 and
320 K).

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U017 SUOWIIOD BATE8.D 3|t jdde au Aq peussnob e ssjone VO ‘88N Jo sejni 1oy Ariq1T8UlUO AB]1/W UO (SUOIIPUOD-PUe-SLLBY/WOD"AB| 1M Ale1q | |Bul [Uo//:Sdny) SUOnIpUoD pue swie 1 8y} 88s *[1Z0z/80/22] Uo ARiqiauljuo /8|1 ‘uileg weg - Yed Aq 680201202 WUSe/Z00T 0T /10p/Wod A8 | Afeiq 1 jeuljuo//Sdiy wolj pspeojumod ‘0 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

a
O Kexpleriment _IKtotaI

- Kiffuson Kphonon-gas
1 | . -1 ]
‘_! 1 o« T % o T

1

£

<

¥_|

I

10 100
T/K

www.advenergymat.de

T
O Kexperiment Ktotal

Ky K g
0.8} diffuson phonon-gas |

0.0

0 100 200 300 400 500
T/IK

Figure 5. Representation of lattice thermal conductivity with temperature in Cu;PSeg. a) A logarithmic plot that emphasizes specific relationships within
the thermal conductivity data, providing insights into the complex interplay of transport mechanisms. b) Two-channel analytical model of experimental
lattice thermal conductivity from 2 to 500 K. This plot illustrates the distinct contributions to total lattice thermal conductivity, with the phonon-gas
contributions depicted in the green shade and the diffuson-type thermal transport highlighted in the orange shade.

The increase in heat capacity at the phase transition temper-
atures signifies a change in the entropy of the system, driving
the transformation between two different crystal structures.3?!
To corroborate our experimental results, first, the heat capacity
at a constant volume (C,) is calculated based on the calculated
phonon density of states as follows!?3!

cv=3nkB/ooo <‘¥> (Iz—wT>Z<ek§?> (eké““r - 1)_2dcu (1)

where n denotes the number density of atoms, (‘%) represents
the normalized density of states, and  is the angular phonon
frequency (0 = 2zv).

At low temperatures (<200 K), the isobaric experimental data
show good agreement with the calculated isochoric values. How-
ever, at higher temperatures (>200 K), there is a noticeable dif-
ference between both. This difference can generally be assigned
to the dilation term, relating the isochoric to the isobaric heat ca-

pacity, following!*!

C,=C, +Ba, T 2)

where Bis the isothermal bulk modulus, «, is the volumetric ther-
mal expansion coefficient, and T is the absolute temperature. By
fitting the experimental data, excluding the peaks at phase tran-
sition temperatures with Equation (2), @, = 17.5 % 107% K~! as
determined from temperature-dependent Bragg diffraction, and
B as avariable for fitting, the linear increase at high temperatures
can be described accurately. The best fit to the experimental re-
sults is achieved for B ~4 GPa. To easily assess the fitting of the
experimental data at low-temperature regions (<50 K) a lin-log
plot is shown in Figure S20b (Supporting Information).

Having explored the phonon density of states, heat capacity,
and inherent anharmonicity of the system, it is essential to con-
sider how these characteristics influence thermal transport. Es-
pecially, strong anharmonicity can play a crucial role as a driving
force for phonon—phonon scattering and by enabling diffuson-
type mode coupling and diffuson transport.[6834]

Adv. Energy Mater. 2024, 2402039 2402039 (7 of 9)

2.4. Thermal Transport

The lattice thermal conductivity of Cu,PSe, is assessed across
a large temperature range to gain insights into the underlying
mechanisms of heat conduction. The lattice thermal conductiv-
ity () is obtained by subtracting the partial electronic thermal
conductivity (k,) from the total measured thermal conductivity
(kor)-2°! Seebeck coefficient (S) values were utilized to calculate
Lorenz number (L, Equation (S4), Supporting Information). De-
tails and depictions of both, the total and electronic thermal con-
ductivity can be found in Section S14 (Supporting Information).

The obtained lattice thermal conductivity of Cu,PSe, from 2
to 500 K is shown in Figure 5a. At the lowest temperatures,
from 2 to 12 K, the thermal conductivity follows a « T? depen-
dence, indicating the presence of frequency-dependent bound-
ary scattering.['”) With increasing temperature (12-100 K), the
conductivity starts to decrease inversely proportional to the tem-
perature (x T°!), a signature of Umklapp (phonon-phonon)
scattering.['% The transition between the dominant boundary
and phonon—phonon scattering around 12 K concludes a char-
acteristic thermal conductivity peak.*! At elevated temperatures
(between 100 and 300 K), the thermal conductivity remains rela-
tively unchanged with temperature.

Generally, this can be related to the high temperature limit
of propagon transport or by considering diffuson transport, as
tested later.'*!®] In this regime (>100 K), the experimentally
obtained lattice thermal conductivity falls below the theoretical
“minimum” thermal conductivity (k,;,, = 0.49 W m™ K1) ex-
pected from a phonon-gas model perspective (calculated accord-
ing to Cahill et al.).l"3 This “minimum” conductivity represents
the Ioffe-Regel limit given by the critical condition in which
the phonon mean-free path becomes comparable to the phonon
wavelength.['837] At this point, phonons are expected to lose their
wave-like properties, leading to a drastic change in the transport
properties.[18:21]

To evaluate if diffuson contributions arise as a consequence
of this mean-free path limit, an analytical two-channel model,
accounting for both transport mechanisms, is used to fit the
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experimental results. In the model, the total lattice thermal
conductivity is expressed as(®38]

KL = Kphonon—gas + Kiiffuson (3)

where a transition frequency is introduced and utilized to sep-
arate the phonon density of states into regimes that contribute
to each of the transport channels.['%! In this work, the cutoff fre-
quency of the acoustic phonons (~1.3 THz), coinciding with the
large peak in the Griineisen parameter, is utilized as transition
frequency, as it is expected that such large anharmonicity fa-
cilitates the breakdown of the phonon wave character (i.e., the
transition from classical phonon to diffuson transport of heat)
and given that most optical modes have negligible group ve-
locities (Figure S18, Supporting Information). After establish-
ing the transition frequency, the experimental data are fitted us-
ing phonon—phonon and boundary scattering rates to describe
Kphonon—gas Within the phonon gas model, and a coupling proba-
bility of diffusons to describe kyigcon- 1% In addition to these
fitting parameters, the calculated phonon density of states is uti-
lized to describe the frequency distribution and heat capacity evo-
lution within the model. A detailed discussion of the modeling
procedure and the obtained fit parameters can be found in Sec-
tion S15 (Supporting Information).

The resulting model describes the experimental lattice ther-
mal conductivities of Cu,PSe; with high accuracy (Figure 5b).
The model reveals that the thermal conductivity at the lowest
temperatures (<100 K) shows phonon-gas-like behavior with a
well-defined peak that gradually decreases with an increase in
temperature due to phonon—phonon scattering. With that, in the
temperature range from 5 to 100 K, phonon-gas-like heat trans-
port is predominant. However, above 100 K, diffuson-mediated
transport becomes dominant, accounting for ~80% of total ther-
mal conductivity at 300 K and being responsible for the over-
all low magnitude and temperature-independent conductivities.
The strong presence of diffuson-like transport at high tempera-
tures can be understood based on the large number of phonon
modes and their close energetic proximity (Figure S19, Sup-
porting Information), together with the strong anharmonicity
(Figure 4b), leading to spatial localization of phonons and their
coupling, meaning their overlap in energy space. Nonetheless,
at lower temperatures, where less phonons are occupied and
scattering is limited, phonon-gas transport prevails. This re-
sult is in agreement with two-channel considerations of the Ag
argyrodites,|®3# as well as other complex crystalline materials,
e.g., TLVSe, '] Yb,,MnSb, !l and CuBiSeCl,.['"]

2.5. Correlation between lonic and Thermal Transport

No direct relation between ionic and thermal transport was ob-
served in this study. On the one hand, the ionic conductivity ex-
hibits a strong increase with temperature from 15.8 mS cm™!
(determined here) to ~#1200 mS cm™! (taken from literature),[?®]
representing an absolute increase of about two orders of mag-
nitude (Figure 6). This increase is expected from the Arrhenius
relation for ionic transport, and emphasized by changes in the ac-
tivation energy from 0.31 to 0.15 eV as a consequence of the high-
temperature phase transition. On the other hand, the thermal
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Figure 6. Representation of the correlation between thermal (k) and ionic
(0ion) transport. For ion transport data, the measurements between 253
and 298 K are our experimental data, while the high-temperature data are
taken from the literature.[?8] As the temperature increases, thermal trans-
port remains almost constant, whereas ionic transport increases by orders
of magnitude.

conductivity of Cu,PSe, changes only marginally from 0.36 to
0.46 W m~! K1, reflecting a relative change of 27.8%, in the same
temperature range (Figure 6). Following the high-temperature
phase transition, the observed slight increase in lattice thermal
conductivity might be attributed to a convection mechanism as
suggested Dy literature,[?23%] though direct evidence is lacking
in this study. This suggests that the low thermal conductivity in
Cu,PSe; is not primarily governed by the actively mobile Cu*
ions, i.e., ionic conductivity, and additionally emphasizes the neg-
ligible influence of phase transitions on thermal transport in
Cu,PSe.

3. Conclusion

The found absence of a relationship between the ionic conduc-
tivity and thermal conductivity can be traced back to the sensi-
tivity of both transport properties to changes to the material it-
self, e.g., during the phase transitions. While changes to the local
atomic arrangement and connectivity between crystallographic
sites have a significant impact on the diffusion of Cu*, as shown
by the change in the activation energy and magnitude of the
ionic conductivity, the accompanied small changes to the gen-
eral lattice dynamics lead to a marginal impact on the heat trans-
port. This is further facilitated by the dominance of diffuson-
type transport, which, given its local nature, is less sensitive to
changes in the structure such as additional occurring point-defect
scattering centers.

As there is no direct influence of ion transport on the ther-
mal transport, it is possible to retain the sought-after low ther-
mal conductivity, while reducing the ionic conductivity to prevent
ion migration and increase stability, using an inverse of the typ-
ical design strategies from the field of solid-state ionics. Indeed,
this approach was recently demonstrated for Cu,Sel*°! and sug-
gested for the Ag argyrodites.[®! The present work advances the

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U017 SUOWIIOD BATE8.D 3|t jdde au Aq peussnob e ssjone VO ‘88N Jo sejni 1oy Ariq1T8UlUO AB]1/W UO (SUOIIPUOD-PUe-SLLBY/WOD"AB| 1M Ale1q | |Bul [Uo//:Sdny) SUOnIpUoD pue swie 1 8y} 88s *[1Z0z/80/22] Uo ARiqiauljuo /8|1 ‘uileg weg - Yed Aq 680201202 WUSe/Z00T 0T /10p/Wod A8 | Afeiq 1 jeuljuo//Sdiy wolj pspeojumod ‘0 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

fundamental understanding behind thermal transport in fast
ionic conductors and opens possibilities for further thermoelec-
tric design approaches.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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