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Crystalline solids exhibiting inherently low lattice thermal conductivity (k1) are of great importance in

applications such as thermoelectrics and thermal barrier coatings. However, k1, cannot be arbitrarily low and
is limited by the minimum thermal conductivity related to phonon dispersions. In this work, we report the
liquid-like thermal transport in a well-ordered crystalline CsAgsTe;, which exhibits an extremely low «1,
value of ~0.18 Wm™'K~'. On the basis of first-principles calculations and inelastic neutron scattering

measurements, we find that there are lots of low-lying optical phonon modes at ~3.1 meV hosting the

avoided-crossing behavior with acoustic phonons. These strongly localized modes are accompanied by
weakly bound rattling Ag atoms with thermally induced large amplitudes of vibrations. Using the
two-channel model, we demonstrate that coupling of the particle-like phonon modes and the heat-carrying
wave-like phonons is essential for understanding the low «1,, which is heavily deviated from the 1/T

temperature dependence of the standard Peierls theory. In addition, our analysis indicates that the soft

structural framework with liquid-like motions of the fluctuating Ag atoms is the underlying cause that leads
to the suppression of the heat conduction in CsAgsTe;. These factors synergistically account for the ultralow
k1, value. Our results demonstrate that the liquid-like heat transfer could indeed exist in a well-ordered

crystal.
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INTRODUCTION

The exploration of solid materials with ultralow
lattice thermal conductivity (k1) is of great inter-
est due to their important applications as thermal
insulators [1], thermal barrier coatings [2] and
thermoelectric materials [3,4]. Strategies for sup-
pressing phonon propagation and reducing thermal
conductivity include the introduction of multi-
dimensional defects into the material matrix [5],
atomic ordering [6], high-entropy engineering [7]
and others [8]. However, many strategies require the
property of low thermal conductivity. As a result,
screening low k', materials has become an important
step [9-11]. In insulators, the thermal conductivity
can be controlled mainly by the lattice compo-
nent, k1, while, in doped semiconductors used as

thermoelectrics, both the lattice and the electronic
components contribute to thermal conductivity.
Controlling the lattice portion is crucial for high
thermoelectric performance, especially in low- and
medium-temperature zones.

In crystalline materials, both the transverse and
longitudinal acoustic phonons contribute to the
k1 [12,13]. In liquids, if we do not consider the
convection, the thermal transport is mainly gov-
erned through longitudinal vibrations [14]. There-
fore, solids are usually more conductive than non-
convective liquids. Liquids can also exhibit a lower
heat capacity than solids due to the absence of stable
transverse modes, reducing their thermal conduc-
tivity. As a result, solids that have liquid-like vibra-
tional spectra will exhibit low thermal conductivity,
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due to both reductions in specific heat and propagat-
ing transverse modes [15-17]. This has guided the
design and experimental demonstration of ultralow-
k1 crystalline compounds [18], such as Cu,Se
[19,20], AgCrSe, [21], Cu,TiSes [22], CusPSes
[23], AgsSnSes [24,25] and AgyGaSes [26]. Some
of these crystals have liquid-like mobile ions, which
significantly reduce the thermal conductivity. Gener-
ally, the so-called phonon-liquid electron-crystal ma-
terials have large unit cells, with highly disordered
atoms and complex structures [8,10,27]. These ma-
terials commonly exhibit low «y. Although many
ultralow-x1, crystalline compounds have been ex-
plored, the liquid-like «, in well-ordered crystals is
rarely explored both in theoretical predictions and
experiments.

CsAgsTe; [28], a well-ordered single-phase
material, was recently reported to achieve a high
figure of merit (ZT) of about 1.5 at 727 K, without
any extrinsic doping [29], making it a promising
mid-temperature thermoelectric single-phase bulk
material [30,31]. This is especially important
considering that the optimization of the carrier con-
centration could yield an even higher ZT. The key
feature of CsAgsTe; was found to be its exceedingly
low k1, of ~0.18 Wm~! K~! at 300 K [29]. This
value is even lower than those of the phonon-liquid
electron—crystal materials [13,18] and is within a
factor of only seven times the thermal conductivity
of air (~0.025 W m™! K~! at 300 K). Meanwhile,
with increasing temperature, the ky, of CsAgsTe;
shows nearly temperature-independent behavior,
which is different from the expectations of a semi-
conductor with propagating phonons governed by
the Peierls-Boltzmann equation [31-33].

In this work, we used inelastic neutron scattering
(INS) and first-principles calculations, supple-
mented with transport measurements, to elucidate
the relationship between the phonon picture of
atomic vibrations and the extremely low-k, behav-
ior of a well-ordered crystalline CsAgsTes. Our INS
experiments show that there exist strongly local-
ized low-lying phonon bands at ~3.1 meV. When
combined with calculations, we found that they are
mainly dominated by the rattling Ag atoms with
the avoided-crossing feature of acoustic and optical
phonon branches. These Ag atoms have liquid-like
motions as melted sublattices in CsAgsTe;, which
is connected with the ultralow k1. Based on the
two-channel thermal conductivity calculations, we
corroborated the predominant role of the wave-like
phonons, as well as the important role of the cou-
pling between the coherent wave-like modes and the
localized particle-like modes. Our study provided
an overall understanding of the liquid-like heat
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transport in a well-ordered crystal, which would
facilitate the designing of low-«, materials.

RESULTS

Experimental and theoretical phonons

CsAgsTe; crystallizes in the tetragonal space group,
P4,/mnm, and its Zintl-type structure has two
open tunnels and two infinite parallel [AgSTe3]71
chains along the c-axis [29] (see Fig. S1). In the
chains, the Ag atoms are tetrahedrally or triangularly
coordinated with the Te atoms to form a structural
framework with weak chemical bonds [34]. The
large-radius Cs™ ions (1.74 A) have a large atomic
mass fill in the tunnels at the center (0.5, 0.5, 0.5)
and the origin (0, 0, 0) of the unit cell, stabilizing
the structure. The pure polycrystalline sample is
verified by the neutron diffraction data at 300 K,
which are analysed by using the method of Rietveld
refinement with the two strongest peaks of (550)
and (552) marked in Fig. S2.

We first plot in Fig. 1a and Fig. S3 the dynamic
structure factor S(Q, E) at different temperatures
with INS on the powder samples to analyse the
lattice dynamics. As shown on the left side of Fig. 1a,
our INS measurements of the orientation averaged
S(Q, E) at 295 K reveal a striking mushroom-like
scattering pattern, near the quasi-Brillouin-zone cen-
ter at Q = 2.7 A~! and around a phonon frequency
of 3.1 meV. The computed S(Q, E) at 300 K based on
first-principles methods is plotted on the right side
of Fig. 1a, which shows excellent agreement with the
INS data in both phonon energies and intensities.
To rationally understand these mushroom-like low-
energy modes, we calculate the S(Q, E)-weighted
phonon dispersion in the first Brillouin zone along
the high-symmetry lines in Fig. 1b and Fig. S4 at
300 K using the same parameters as shown in Fig. 1a.
This could serve as a powerful method to probe the
single-crystal S(Q, E) based on the polycrystalline
samples. As shown in Fig. 1b and Fig. S4, only the
longitudinal vibrations of the acoustic phonons
propagate along I'-X-M-I"-Z and are cut off
starting at ~2 meV by numerous optical branches
and typically accompanied by the rattling modes
[35]. One low-energy optical mode is observed
along X-M. In the case of the other directions, there
are only a few optical modes evident at <10 meV,
with one flat mode at 15 meV along Z-R-A-Z.
More specifically, most modes do not appear visibly
in the spectrum while the longitudinal acoustic
vibrations survive. Usually, phonon dispersions
should be measured by INS using different regions
of reciprocal space for a single crystal [36]. The
simulations only in the first Brillouin zone cannot
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Figure 1. Experimental and calculated phonons of CsAgsles. (a) The contour plots
of the dynamic structure factor SQ, E) obtained by INS with an incident neutron
energy of £ = 15.15 meV at 295 K from the AMATERAS measurements (left) and
the corresponding powder-averaged coherent SlQ, E) at 300 K generated by the
temperature-dependent force constants from MD via first-principles calculations
(right). These results clearly show that there were low-lying phonon modes at
~3.1 meV. (b) Corresponding SlQ, E) weighted phonon dispersion relationship in the
first Brillouin zone at 300 K calculated by Euphonic. To facilitate comparison between
experiments and theory, we have normalized SQ, E) in these figures.

capture the whole picture of the phonons. Since the
high-resolution neutron diffraction data show that
there are two strong peaks at (550) and (552) (see
Fig. S2), we calculate the S(Q, E)-weighted spectra
for the Brillouin zones centered at the (550) and
(552) zones and present them in Fig. SS. It clearly
shows that all the acoustic phonons participate in the
propagation. This is different from the superionic
conductors [20], in which the structurally dynamic
disorder damages the transverse acoustic phonons.
Most notably, the powder INS data presented here
provide an average density of states for all directions
and regions of reciprocal space, while Fig. 1b and
Fig. S2 only correspond to the two zones along
specific directions. Beyond that, our theoretical and
experimental results indeed demonstrate the ex-
istence of low-lying phonon modes. From first-
principles calculations, we see that there exist the
avoided crossings of optical-acoustic branches with
the emerging concerted rattling modes [29] in
Fig. S6. These in turn modulate the group velocities
and scattering process, and also suppress the x1.
In addition, we have calculated the participation
ratio (PR) and spatial distribution of the phonon
modes in Fig. S7. Clearly, the PR values in Fig. S7 of
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the low-lying optical modes at ~3.1 meV are close
to ~0.2, which means that these modes are likely
localized [37]. The spatial distribution shows that
the localized phonons with energy of <4 meV are
mostly in the Ag atoms. The existence of abundant
localized phonons often occurs in non-crystalline
materials, quasicrystals and nanostructured materi-
als, which would cause a transition from propagative
to diffusive-like energy transport [37,38]. For our
system, it brings about the abnormal ultralow two-
channel heat transport mechanism in CsAgsTes, as
discussed below.

The temperature-dependent behavior of the low-
energy phonons is analysed by integrating the S(Q,
E) data over 1.5 < Q < 3.5 A, as shown in Fig. 2a.
At 8 and 100 K, we observe one prominent peak,
as marked by the stars, as well as several less intense
peaks. Upon heating from 295 to 655 K, there is
only one intense peak in the indicated region. This
big peak is far away from the intense elastic line
and corresponds to the low-lying phonon modes at
around Q = 2.7 A™?, as shown in Fig. 1 and Fig. S4.
The scattering is further analysed in real space by
Fourier-transforming the static structure factor into
the pair distribution functions (PDFs). Figure 2b
shows the PDFs for the pair distances from 2.5 to
11.5 A at selected temperatures. Figs S8 and S9 show
the first peak located at ~2.83 A. The superposition
of the nearest neighboring Ag-Te and Ag-Ag bonds,
which correspond to the structural tunnels in the
crystal structure without local structural distortions,
induces the absence of the shoulder peak at ~2.83 A
[39].

When the temperature is increased, the ampli-
tude of the first peak in Fig. 2b is monotonically de-
creased, while other peaks of >3.5 A are significantly
affected and smoothed out. This clearly indicates
that the structural framework is preserved well upon
heating but exhibits substantial atomic motions. The
long-distance pairs gradually lose their correlation
upon heating. This fact is further confirmed by our
simulated trajectories of the atoms in the x—y plane
at 300, 500 and 700 K by the molecular dynamics
(MD) simulations, as presented in Figs S10 and S11.
In Fig. S12, the self-part of the van Hove correlation
function G,(r, t) calculated from the MD simula-
tions depicts the probability of atoms diffusing away
from the initial positions by a distance r after a pe-
riod t. As time goes on, the G,(r, t) fluctuate at a fixed
value for all atoms. There are no jump diffusions for
all atoms in CsAgsTe;. Meanwhile, our calculated
Lindemann parameter, § = ADP'? /Ry (where
Rxn is the nearest neighbor distance and ADP
is the atom displacement parameters), is 0.0415,
0.0494/0.050 and 0.061/0.076/0.079 for Cs, Te and
Ag atoms, respectively. Clearly, the values of Ag
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Figure 2. Temperature-dependent vibrational properties and local structures of CsAgsles. (a) The cuts of S|Q, E) at £ =
15.15 meV integrated over the range of 1.5 < Q < 3.5 A~" under all measured temperatures. (b) Neutron PDF data at the
indicated temperatures, where the room-temperature neutron PDF data are refined using the P4,/mnm space group (ambient
crystal structure) with all atom positions and thermal parameters refined. (c) (Left) Neutron-weighted phonon DOS from the
AMATERAS measurements at the indicated temperatures with phonon softening. The DOS at lower phonon frequencies (<1
meV) are fitted to the Debye model. (Middle) Calculated generalized phonon DOS from DFT lattice dynamics and neutron-
weighted phonon DOS from INS at 8 K. (Right) The partial phonon DOSs on Cs, Ag and Te from DFT.

atoms exceed or approach to the criterion of melt-
ing (>0.07) as in liquids [40]. This indicates that
the oscillation amplitudes of the Ag atoms are much
larger than those of the Cs/Te atoms and they have
liquid-like motions as a melting sublattice in the crys-
tal with weak chemical binding. Nonetheless, the
complete structural skeleton is preserved with the
coexisting crystal-liquid duality [41], unlike mate-
rials with liquid-like states characterized by atomic
diffusions [40].

To investigate the temperature effect on phonons,
we resolve the phonon density of states (PhDOSs)
from the temperature-dependent INS measure-
ments. As shown in Fig. 2¢, the PhDOS at 8 K
presents several pronounced peaks at 3.5, 4.2, 5.4,
6.9 and 9.1 meV. These positions are related to the
flat branches in Fig. S4. Consistently with S(Q, E) in
Fig. 2a, upon heating, the peak in Fig. 2c at ~3.5 meV
is broadened and softened, while the other features
eventually disappear into a broad bulge. Meanwhile,
the density functional theory (DFT)-based simula-
tions yield a total PhDOS with low-energy peaks at
3.0,3.5,4.9,5.8, 6.4, 7.3 and 9.3 meV. Although there
are differences in the intensity, number and position
of phonons obtained from theory and experiment,
the overall trend from theory is very close to that
of the INS PhDOS at 8 K. In fact, we should be
aware that theoretical calculations depend on the
pseudopotential and some settings, while there must
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be errors between experimental measurements and
true values. All these factors can lead to differences
between theoretical and experimental values. The
partial PhDOSs can be given by:

g(@) =Y |e (o )[*8 (@ — w0 (j, q)).

Jj-4q

where w and ¢; denote the phonon energies and
eigenvectors, respectively, and i is the atom in-
dex. The partial PhDOSs clearly show that the
low-energy peaks ranging from 2 to 4 meV are over-
whelmingly contributed by the structural tunnels
dominated by the soft Ag-Te bonds [34]. The exis-
tence of soft bonds is also evaluated by elastic prop-
erties in Table S1. Importantly, this soft bonding is
correlated with the strong lattice anharmonicity
measured by the phonon softening with increasing
temperature, as indicated in Fig. 2c.

Two-channel thermal conductivity

As discussed above, CsAgsTe; has a well-ordered
crystalline atomic structure, but features the liquid-
like motions of Ag atoms. To accurately predict the
k1, we solve the Wigner transport equation by si-
multaneously considering the particle-like and the
wave-like conduction mechanisms from both the
population and coherence contributions [41,42]. In
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Figure 3. Thermal conductivity of CsAgsles. (a) Measured temperature-dependent lattice thermal conductivity (KEXP

p
(ko = kp + ) from first-principles simulations, where KEXE,;'P"’ indicate the values parallel and perpendicular to the pressing directions with the SPS

method, Kg('; represents the values of the hot-pressed sample, ¢y, are values extracted from our previous work [29], «;, and « account for the heat
transfer associated with the diagonal (populations) and the off-diagonal (coherences) Wigner distribution elements, respectively, and «; is the total
lattice conductivity. The results of /ch‘” and Kgff are nearly the same, indicating the good reliability of our results. (b) Phonon-mode-resolved thermal
conductivities of populations () and coherences (k) at 300 K. Inset: the cumulative total thermal conductivity (k) as a sum of the population
contribution (i) and coherences contribution (k) at 300 K. (c and d) Phonon lifetimes z(q) = [T'(q)]~" as a function of the energy w(q) at 50 (left) and
300 K (right), respectively, where the area of each circle is proportional to the contribution to the «| and the colors indicate the origin of the contribution
by ¢ = ZS;ZZ ¢ =1 for particle-like propagation of the populations, ¢ = —1 for wave-like tunneling of coherences and the intermediate values for
phonons contributed from bath mechanisms.

Fer.Per) and the calculated values

our transport experiment, the measured «, value is
~0.19-0.25 W m~! K}, based on subtracting k.
in Fig. S13 from the total « in Fig. S14. To com-
pare experimental data with theory, the calculated k&
of the sample is averaged along the three crystallo-
graphic axes. The calculated anisotropic « is shown
in Fig. S15. As shown in Fig. 3a, the calculated pop-
ulation contribution k, is equal to 0.09 Wm ™' K™
at 300 K, which is much lower than our measured
values and the reported result (0.18 W m~! K1)
[29]. This means that, for CsAgsTes, the Peierls pic-
ture breaks down in predicting k', when considering
only the propagating vibrational waves as heat carri-
ers. Thus, the coherence lattice thermal conductiv-
ity i, from the wave-like interband (Zener) tunnel-
ing of phonons, is also considered and is calculated
as 0.14 Wm ™' K™! at 300 K (see Fig. 3a). The con-
vergent k1, value in Fig. S16, as a sum of both «, and
K, is ~023 Wm™! K~ ! at 300 K, which coincides
well with the experimental results. With increasing
temperature, the «, decreases inversely with temper-
ature, following the Peierls theory. This is in contrast
to the observed temperature dependence of the k..
The contribution of the k  is almost unchanged and
is dominant in the range of the measured tempera-
tures. This contribution offsets the incorrect Peierls—
Boltzmann conductivity and leads to our prediction
of ky (ky, = Kp + K.) in good agreement with the
experimental values. This is also consistent with the
hypothesis of the well-ordered crystallized CsAgsTe;
containing ultralow k|, with liquid-like vibrational
properties [43,44]. Figure 3b shows the contribu-
tions of k, (pink) and k. (olive), as well as the
cumulative conductivity at 300 K. The diagonal pop-
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ulation contribution «, mainly comes from the low-
lying modes of the overall crystal framework, as these
modes having the largest group velocities, while all
phonons that contribute to the coherence term are
in a random distribution. To analyse the strength of
the particle-like and the wave-like conduction, we
classify the phonon lifetime 7(q); into three regimes
in Fig. 3¢ by using the Ioffe-Regel limit (1/) and
the Wigner limit (1/ Aw,y,) [41,42]. Here, the av-
erage phonon interband spacing is calculated by us-
ing Aw.y = Wmax/3N,, where W,y is the maxi-
mum phonon frequency and 3N, is the number of
phonon bands. These regimes operate under differ-
ent mechanisms. At 50 K, as indicated in Fig. 3c,
most phonons are >1/Aw,y, and the particle-like
phonons (red) propagate 87.4% of the total x1. In
medium- and high-temperature regions, for exam-
ple at 300 K as shown in Fig. 3d, the largest num-
ber of phonons are in the intermediate region be-
tween the Wigner limit and the Ioffe-Regel limit,
where the heat mainly diffuses in a wave-like fashion
(kp=009Wm 'K ;k.=014Wm™' K ') with
the major contributors to « . located near the diago-
nal of the frequency plane between quasi-degenerate
vibrational frequencies shown in Fig. S17. Note that,
within the temperature range of 50-700 K, as in-
dicated in Fig. 3 and Fig. S18, almost all phonons
are above the Ioffe—Regel limit and still exhibit the
well-defined quasiparticle excitations [45], despite
containing the liquid-like features [43,44]. Typically,
carriers exhibit wave-like behavior and diffuse via
Zener-like tunneling between such quasi-degenerate
vibrational eigenstates in non-crystal-like materials
such as amorphous solids, glasses or liquids. Thus,
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the quasiparticle excitations in CsAgsTes;, which
manifest liquid-like features, give rise to the abnor-
mal ultralow two-channel thermal conductivity.

DISCUSSION

Generally, a nonmetallic solid will always have a
higher 1, when compared with a non-convective
liquid. However, the Ag and Te atoms in CsAgsTe;
have soft bonds [34]. As a result, the structural
[AgsTe;] ™! tunnels undergo strong motion upon
heating and the Ag atoms are almost melted in the
crystal. Simultaneously, the isolated Cs™ cations, ac-
commodated in the tunnels, stabilize the structure
and largely suppress the disorder of the Ag atoms
[46]. This is very different when compared with
other materials involving structural-disorder-driven
liquid-like features, such as Cu,Se [15], AgCrSe,
[21] and argyrodites [25]. In these solids, the site
disorder of the ions allows thermally induced ionic
diffusion, which is connected to their liquid-like be-
havior and the reduced k.. In the well-ordered crys-
tal of CsAgsTes, although the Ag atoms exhibit large
vibrational amplitudes and liquid-like motions like
melting, they are still constrained and remain around
their equilibrium positions due to the intrinsic struc-
ture. Instead, the special structural tunnels with soft
bonds strongly scatter the phonons. The low-energy
phonons range from 2 to 4 meV, are mainly con-
tributed by the vibrations of such Ag-Te structured
tunnels, exhibit large values of ¥4, (as shown in
Fig. $19) and contribute to ~70% of the total k, (see
Fig. 3b). Meanwhile, this structure also leads to nu-
merous low-lying optical phonons that cut the longi-
tudinal acoustic mode, starting at ~2 meV in Fig. S4,
which can be associated with the presence of the con-
certed rattling modes [35], as described in our pre-
vious work [29]. These traits, together with strong
lattice anharmonicity () = 1.52 in Fig. S19), ef-
fectively disrupt the heat propagation, which accord-
ingly gives rise to the extremely low two-channel
k1, and almost temperature independence of the k7,
from 300 to 700 K in CsAgsTes. The liquid-like fea-
tures in this well-ordered crystal indicate a promis-
ing general strategy for obtaining high-performance
energy conversion materials with ultralow «1.. Struc-
turally, materials with rattling-atom-based tunnels
(such as Cu, Ag atoms) occupied by heavy atoms
as well as having a well-ordered structure and hi-
erarchical soft bonds [34,35,46-50] could be used
to achieve ultralow thermal conduction. Differ-
ently from the general phonon-glass electron-crystal
strategy that disrupts phonon transport by introduc-
ing disorder through alloying, nanostructuring and
defect, our studies provide a useful way for realizing
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ultralow « in materials with a low-energy strong scat-
tering pattern from rattling modes as a signature.

CONCLUSIONS

In this study, we found that crystalline CsAgsTes,
despite lacking disorder, has a liquid-like ultralow
Kk, value of ~0.18 Wm™! K~! in the temperature
range of 300-700 K. Based on experimental and
theoretical evidence, we verified that there are
abundant low-lying phonon modes propagated at
~3.1 meV dominated by the liquid-like motions of
the Ag atoms. In the two-channel model, the coher-
ence contributions toward the x| come from wave-
like phonon tunneling, dominated by the process of
heat transport. By solving the Wigner formulation
of thermal transport, our calculated k|, offers sub-
stantially good agreement with the measured data.
Our results attest to the liquid-like heat transfer in a
well-ordered crystal as a paradigm-shifting approach
beyond the classic ‘phonon-glass electron-crystal’
paradigm in the design of low-k1, materials. We
believe that our work can significantly promote the
development of thermoelectrics, thermal manage-
ment, thermal barrier coatings, thermal insulators,
materials science and energy conservation.

MATERIALS AND METHODS
Synthesis

All synthesizing manipulations were conducted in a
glove box (moisture and oxygen levels of <0.1 ppm)
or under a vacuum. Polycrystalline CsAgsTe; sam-
ples were prepared from a mixture of Ag (shot,
99.999%, Alfa Aesar), Te (shot, 99.9999%, Alfa Ae-
sar) and Cs, Tej at a stoichiometric ratio of 10: 3 : 1.
The reactants were loaded into a fused-silica tube
under a vacuum and heated to 1073 K, maintained
at this temperature for 2 h and then cooled to room
temperature. The obtained ingot was ground into
fine powder using agate mortar to reduce the grains
to <4 mm in diameter. The powdered compounds
were obtained as pure phases.

Thermal conductivity

The obtained powders were then placed inside a
12.7-mm-diameter graphite die and densified by
using spark plasma sintering (SPS, SPS-211LX, Fuji
Electronic Industrial Co., Ltd.) at 723 K for 10 min
under an axial compressive stress of 50 MPa in a
vacuum. After this treatment, we obtained highly
dense disk-shaped pellets, with densities of >97% of
the theoretical value (7.117 g/cm?). The pellets were
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12.7 mm in diameter and 12 mm thick. Some of the
obtained products were ground into fine powders
that were subsequently condensed to a high density
of >97% using a hot-pressed-only process at 500 K
under a pressure of 60 MPa for 1 h (denoted as
the hot-pressed sample). The electrical resistivity
was measured in a low-pressure helium atmosphere
using a ULVAC-RIKO ZEM-3 instrument system.
The thermal diffusivity (D) was measured on a sam-
ple disk with a diameter of 12.7 mm and a thickness
of 1.0 mm under an argon atmosphere in the range
of 296-773 K by the laser flash diffusivity method
using a commercial Netzsch LFA457 instrument.
The heat capacity (C,) was obtained by using a
Netzsch DTA 404 PC instrument. Prior to test-
ing, a uniform graphite layer needed to be sprayed
onto the surface of the material to achieve thermal
conductivity. During the testing process, the Cape
Lehman+ pulse model was selected for correction.
The total thermal conductivity was calculated by
using the following formula:

k=D xGC, xd,

where d is the sample density, determined by using
the dimensions and mass of the sample and then re-
confirmed by measurements using a gas pycnome-
ter (Micromeritics AccuPyc 1340). According to
ke =LoT =k — K, thelattice thermal conductivity
k1, could be obtained by subtracting « . from k with
a Lorenz number (L) of 1.5 x 1078 V2 K2,

Neutron diffraction measurements

Neutron powder diffraction measurements were
performed using a multi-physics instrument [51] at
the China Spallation Neutron Source (CSNS) [52],
in China. The data were collected at 200, 300, 400
and 500 K for the CsAgsTe; sample. The Rietveld
refinements of the neutron diffraction data at 300 K
for the crystal structures of the compound were
conducted using the general structure analysis sys-
tem (GSAS-II) package. The real-space refinement
of the experimental G(r) was performed by using
the PDFgui [53] program. In the refinement, the
positions of all atoms in the unit cell were written
and refined, and the symmetry constraints were
generated by the symmetry of the space group.

INS measurements

The INS measurements were performed by using
a cold neutron disc chopper spectrometer BL14
AMATERAS [54] with a beam power of ~830 kW
at the Materials and Life Science Experimental
Facility (MLF), J-PARC in Japan. The chopper
configurations were set with incident energies E; of
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15.15 and 41.98 meV, and corresponding energy res-
olutions of 0.56 and 2.44 meV (full width at the half
maximum of the elastic peaks). A 5.97-g CsAgsTe;
powder sample was encased in a double cylindrical
aluminum cell (14 mm in diameter, 1 mm thick)
and the neutron beam size was ~20 mm wide and
~40 mm high. Thus, the sample was completely
immersed in the neutron beam. A top-loading
closed cycle refrigerator (TL-CCR) was used for
the temperature-dependent measurements at 8, 100,
295, 395,490, 585 and 655 K. The average data col-
lection time at high temperatures was ~3 h, which
was doubled at 295 K. Data reduction was completed
using the Utsusemi software suite [S5]. The back-
ground, contributed by the TL-CCR with the same
double cylindrical aluminum cell, was measured
at the same temperatures with the same instru-
ment configurations and was subtracted properly.
The resulting dynamic structure factor S(Q, E)
was defined as a function of the neutron energy
transfer E = E; — E; and the momentum transfer
Q =k; — k¢ = q 4 7, where Es is the scattered neu-
tron energy, ki(k¢) denotes the incident (scattered)
neutron wave-vector, q is the phonon wave-vector
and 7 is the reciprocal lattice vector. S(Q, E) was fur-
ther visualized in the Mslice of the data analysis and
visualization environment (DAVE) [56]. Neutron
absorption correction was conducted by consid-
ering both the coherent and incoherent scattering
cross sections and the absorption cross section was
corrected by utilizing the Mslice/DAVE. The gener-
alized Q-dependent phonon density of states (GP-
DOSs), G(Q, E), were related to the dynamic struc-
ture factor, S(Q, E), by the following equation [57]:

G(Q E) = [1—e ] %s«z, E),

where [1 — e_kf]s;T] indicates the Bose-Einstein
statistics, ¢ describes the Debye-Waller factor,
u is the atomic thermal displacement, kg is the
Boltzmann constant and T is the temperature. The
Debye-Waller factor was ignored by setting u = 0 for
the Q-integrated GPDOS calculation. The impact
was minimal, as we integrating a short Q range of
1.5-3.5 A" for E; = 15.15 meV and 3.0-5.5 A for
E; = 41.98 meV, with the data shown in arbitrary
units.

Computational details

First-principles calculations were performed within
the framework of the Perdew-Burke-Ernzerhof
[58] generalized gradient approximation (PBE-
GGA) [59,60], as implemented in the Vienna ab
initio simulation package (VASP) [61]. The cut-off
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energy for the plane-wave expansion was set as
500 eV on a 3 x 3 x 11 I'-centered k-mesh. All
structures were fully relaxed until the residual
forces on each atom were <0.01 eV/A and the
high-symmetry lines of the tetragonal lattices
were used according to previous calculations [62].
The second-order force constants were calculated
within the harmonic approximation using the finite-
displacement method [63] ona § X § x S k-mesh
for CsAgsTe;, witha 1 x 1 x 3 supercell (containing
108 atoms) using Phonopy code [64] bundled with
VASP. The MD calculations were performed with a
1 x 1 x 3 supercell via a canonical ensemble and a
Nose-Hoover thermostat. At temperatures of 200,
300, 400, 500, 600, 700 and 800 K, the MD simu-
lations were calculated using a plane-wave cut-oft of
500 eV and a total time of 50 ps, setting 1 fs as the
time step. The corrections to the second-order force
constants due to the finite-temperature anharmonic
effects were applied using the DynaPhoPy code
[65] from MD at different temperatures.

The third-order force constants were computed
ona3 x 3 x 3 k-mesh and interactions up to the
third-nearest neighbors were considered, using
the Phono3py [66] package. The temperature-
dependent second-order force constants and third-
order force constants were Fourier-interpolated on
a convergent (8 x 8 x 8) grid for thermal conduc-
tivity calculations and then generalized to an expres-
sion including both the population and coherence
contributions [41,42], k. =k, + k., with «, =
G I8 22.C@)V (). V(). 7y 4

_ 1 o(q)+o(q)y 1 C(g), Clq)y
K. = (27_[_);‘[8 ZS;&S/ T[m + w(q)S,]Va

1
8 5T (q)+T(q)/] 3
(@), V7 (), o) —a(@, T+ ) T@ 7 O

where Kk, is the standard Peierls contribution to con-

and

ductivity and the additional tensor, «, is derived
from the coherence equation. The k of the poly-
crystalline sample was further averaged along the
three principal crystallographic axes [67]. Besides,
we also calculated the k1, ', and « at 300 K for
CsAgsTe; with force constants being extracted by
using temperature dependent effective potential
technique [68,69] as contrasts in Table S2.

To compare with the experimental data from
the multi-E; time-of-flight INS, the GPDOS of
CsAgsTe; was calculated by summing the partial
PhDOS values weighted by the atomic scattering
cross sections and masses:

GPpOs = 3 Zphpos,

T M
where 0; and PhDOS; represent the atomic scatter-
ing cross section and the PhDOS projected into the
individual atoms, respectively. The two-dimensional
S(Q, E) patterns, as shown in Fig. 1, were calculated
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from the second-order force constants with the
Euphonic package [70]:

s(@B) = Y [F@ v

1 1
X nqv+£:|:£ 8(6()—:':60‘11;),

where the upper and lower signs refer to the phonon
creation and annihilation, respectively, nq, is the
Bose population function and F(Q,v) is the coher-
ent one-phonon scattering structure factor.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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