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ABSTRACT

Thermal conductivity (i) plays a critical role in thermal management applications. Usually, crystals with simpler structures exhibit higher
K1, due to fewer phonon scatterings. However, cesium chloride (CsCl) presents an anomaly, demonstrating an unexpectedly low x; of 1.0 W
m~ ' K™ at 300K, as observed in Professor Iversen’s experimental measurement despite its simple structure. This prompts a need for
understanding anomalous low x;, and matching theory with experimental observations. Our study brings forth several findings for CsCl: (i)
relying solely on three-phonon scattering inadequately captures x;. (i) Anharmonic phonon renormalization significantly contributes to
increased k. (iii) Coherent phonons align temperature-dependent «;, closely with the experiment. This work not only enhances understand-
ing of anomalous #; in CsCl but also provides an approach to bridge the gap between experiment and theory in other crystals.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0201393

Tracing the roots of extreme semiconductor thermal conductivity
is an undertaking fraught with challenges. Materials with intrinsically
low thermal conductivity are of significance in technological applica-
tions such as thermal management in heat-insulating coatings, ther-
mal barrier coatings,’w’4 and thermoelectric (TE) devices™® for waste
heat recovery. Therefore, a fundamental understanding of the micro-
scopic mechanisms of heat transport in low lattice thermal conductiv-
ity (k) and related materials is very beneficial in exploring the
complex nature of material physics”* and designing efficient thermal
management devices.”

Cesium halides CsX (X=Cl, Br, I) are renowned for their
photoelectric properties and large dielectric constants, rendering them
promising candidates for applications in optical devices”'’ and photo-
electric fields."" Cesium chloride (CsCl), for instance, finds application
as a scintillation crystal in electromagnetic calorimeters and positron
emission tomography.'” "

CsCl, with its simple AB-type cubic crystal structure, has drawn
attention due to unexpected findings in its ultralow x;. Typically, low
K1, is associated with factors such as large atomic mass, complex crystal

structures, and loosely bonded atoms.”” " However, CsCl has simple
crystal structure, raising questions about anomalous «;. Despite its
crystalline nature and only two atoms in the primitive cell,'®'” experi-
mental results indicate an unusually low thermal conductivity of CsCl
at room temperature, measuring only 1.0 W m~ ' K~ '.* This value is
even lower than that of single-crystal Bi,Te; nanowires, which records
147Wm 'K 'at 300K

For 1, of CsCl, in comparison with experimental measurements,
there appears to be a significant mismatch of thermal conductivity
between experimental and theoretical calculations,”” with an underesti-
mation of the optical phonon modes, especially near the zone center."”
This discrepancy is evident in the latest experimental measurements,
which remain largely unexplored and pose an open question.”’ We
speculate that this discrepancy may stem from overlooking self-
consistent phonons, high-order phonon scattering, coherent phonons,
and variations in lattice constants.

To minimize the gap between the theory and the experiment, an
ab initio calculation performed by VASP”’ based on the Boltzmann
transport equation”” is an effective way to calculate thermal transport
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phenomena in CsCl. We consider more accurate quartic anharmonic-
ity, concluding higher-order interatomic interactions”> "’ and temper-
ature renormalization.’”” In addition, conventional x; calculations,
rooted in the Peierls-Boltzmann transport equation, tend to overlook
the off diagonal term in the heat flux operator of the Wigner distribu-
tion element. This oversight also may create a gap between theoretical
predictions and experimental measurements.”**” "

CsCl crystallizes in the cubic structure (space group pm3m
[221]) as depicted in Fig. 1(a), where Cs and Cl occupy the la and 1b
sites, totaling two atoms in the primitive cell, as shown in the top right
sketch of Fig. 1(a). Based on the three-phonon (3ph) scattering, we cal-
culate x, for CsCl in the temperature range from 50 to 300 K, shown
in the brown line in Fig. 1(b). Interestingly, there exists a gap between
this result from the 3ph calculation and the experiment in black five-
pointed stars”’ and purple cubes.”® Note that we use the full iterative
solution to Boltzmann transport equation’ instead of bare relaxation
time approximation (RTA) in the previous work."” In addition, our
optimized lattice constant from the local-density approximation
(LDA) is 3.974 A rather than the 4.039 A in their report. More lattice
constant details are shown in the supplementary material Table L.

In comparison with harmonic approximation (HA) considering
3ph scattering (HA + 3ph), x; based on HA + 3,4ph decreases due to
the additional four-phonon (4ph) scattering. Furthermore, the gap
between the 3ph and 4ph denoted as Ax (A= KZ’: — KZ"ZP ") increases
with temperature. This can be attributed to the fact that the scattering
rate of the 4ph (t;!) is inversely proportional to the square of the tem-
perature T2, whereas only the scattering rate of the 3ph (t3!) is
inversely proportional to the temperature T.""** Consequently, 4ph is
more strongly affected as the temperature increases. Nevertheless, the
thermal conductivity of Kfq’ff " s significantly lower than the experi-
mental result.”’

As shown in Fig. 1(b), when compared to HA + 3ph, the thermal
conductivity of SCPH+ 3ph (KIS,P " in green triangle solid line)
increases significantly. This notable change is primarily attributed to
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the temperature effect. Consequently, the anharmonic phonon
renormalization (APRN) effect tends to enhance x; of CsCl at various
temperatures.”” However, we find that the slope of the temperature-
dependent x;, curve of sz "isa slightly different from the experiment.
Therefore, we further calculate coherent phonon contribution (k.),
represented by the green diamond solid line in Fig. 1(b). We find the
absolute value of k. only contributes 5% to k;, but it changes the slope
of the curve, resulting in the final x; alignment well with the
experiment.”’

Based on the general relationship of the power law between the
thermal conductivity and the temperature x o 7, we fit the computa-
tional temperature-dependent lattice thermal conductivity. In the the-
ory, o is somewhere between 0 and 2, reflecting the competition
between scattering processes generated by the phonon-phonon scat-
tering such as the cubic and quartic anharmonic terms.” In compari-
son with w7t oc T-081, j 4P o 7088, K;Ph o T7%%, and K;‘Aph
oc T, considering x. of x;* " 4 ke o< T-101 relatively aligns with
the latest experimental value T~°'.” Typically, the contribution of
coherent phonons from the coherent Wigner distributions is relatively
large only in complex materials.”*’

We were pleasantly surprised, for simple crystals, even if the
absolute value of x, from coherent phonons is much smaller than x,
from the population phonons, x, will change the relationship of slope
between x, and the temperature. Therefore, . contributes a vital role
in the strong phonon anharmonicity of CsCL.

We illustrate the atomic displacement parameter (ADP), repre-
senting the mean square displacement of an atom about its equilib-
rium position in CsCl, at different temperatures in Fig. 2(a). Cs and Cl
exhibit similar displacement curves with a large isotropic, especially at
low temperatures, where they almost overlap, with a slight separation
occurring at 150K as the temperature increases. This observation
aligns well with experimental measurement.”’ Both Cs and Cl atoms
exhibit a large thermal vibration (ADP = 0.025 A* at 300 K) with dis-
placement predominantly along the c-axis. Notably, the interatomic
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FIG. 1. (a) The crystal structure of body-centered cubic CsCl, with the primitive cell at the top right containing two atoms represented by purple (Cs) and orange (Cl) colors.
(b) . for CsCl with various scenarios. “KZ’X’” represents the harmonic approximation (HA) considering three-phonon (3ph) interactions. “xf;:”"" illustrates harmonic approxima-

tion containing both three-phonon (3ph) and four-phonon (4ph) interactions. “K,s,”"" denotes the self-consistent phonon (SCPH) theory considering 3ph interactions. “x;,

« 3.4phy

stands for SCPH, 3ph, and 4ph scatterings. “x;" represents the thermal conductivity of off diagonal terms. The black five-pointed stars and purple squares both regresent the

experiment data in 2017 Reproduced with permission from Sist et al., Angew. Chem. Int. Ed. 129, 36793683 (2017). Copyright 2017 German Chemical Society”

and 1982

Reproduced with permission from Gerlich and Andersson, J. Phys. C: Solid State Phys. 15, 5211 (1982). Copyright 1982 IOP Science,” while orange hollow triangles represent
the theoretical data from first-principles calculations only considering 3ph scattering Reproduced with permission from Li et al., Phys. Chem. Chem. Phys. 24, 29961-29965

(2022). Copyright 2022 Royal Society of Chemistry.””
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FIG. 2. (a) The atomic displacement parameters (ADP) of Cs and Cl in the direction of the z-axis (0 0 1). Solid dots and cubes represent the data we calculated, while the hol-
low points are experimental data. Reproduced with permission from Sist ef al., Angew. Chem. Int. Ed. 129, 3679-3683 (2017). Copyright 2017 German Chemical Society.”’
(b) Phonon dispersions of CsCl with/without the longitudinal optical-transversal optical (LO-TO) splitting at 0, 150, and 300K, respectively. The red points describe the experi-
mental outcomes from the reference. Reproduced with permission from Ahmad et al., Phys. Rev. B 6, 3956 (1972). Copyright 1972 AIP Publishing LLC."® (c) The calculated
temperature-dependent energy of zone-center transversal optical (TO) mode compared with the SCPH method at various temperatures and experiment. Reproduced with per-

mission from Ahmad et al., Phys. Rev. B 6, 3956 (1972). Copyright 1972 AIP Publishing LLC."®

distance of Cs and Cl is significantly influenced by temperature.
Extrapolating for the CsCl system, it is crucial to consider the impact
of temperature on k. We calculate this temperature effect using the
self-consistent phonon theory.”*** >

The significance of longitudinal optical-transversal optical (LO-
TO) splitting by harmonic approximation phonon dispersion is
depicted in Fig. 2(b). To provide a clearer understanding of the effect
of APRN, we present the calculated phonon dispersion considering
LO-TO phonon splitting from 0 to 300 K, compared with experimen-
tal data.'® By employing the density functional perturbation theory, we
obtain Born effective charges and dielectric tensors for CsCl, resulting
in Z*(Cs) = Z*(Cl) = 1.33, e = 3.00.

Subsequently, we conduct a thermodynamic analysis of the tem-
perature impact on the phonon spectrum at various temperatures, as
depicted in Fig. 2(b). The illustration shows that both the acoustic and
optical phonon branches experience stiffening as the temperature rises
from 0 to 300K. As the temperature increases, there is a noteworthy
enhancement in the frequency of the phonon dispersion, particularly
observed at the I point within the transversal optical branch around
3 THz. This enhancement is a result of considering anharmonic pho-
non renormalization. The phonon dispersion aligns well with experi-
mental results,”’ emphasizing the significance of APRN and LO-TO
splitting in the CsCl.

According to Fig. 2(c), the energy linked to the primary peak of
the zone-center TO mode demonstrates variation with temperature. It
is noteworthy that APRN effectively reproduces the energy of the
zone-center TO mode across different temperatures.'® A notable out-
come of our investigation is the ability to accurately capture the tem-
perature dependence of the zone-center TO mode, achieved by
considering quartic anharmonicity.

To elucidate the physical mechanisms behind the ultralow
thermal conductivity and anharmonicity of CsCl, Fig. 3(a) presents
the cumulative lattice thermal conductivity and frequency-
resolved cumulative x; plotted against phonon frequency across
different calculation methods. According to frequency-resolved
cumulative x;, in the frequency around 1THz, all three models
show a maximum value. It means that the phonons vibrate most
vigorously and intensively around this frequency. The acoustic

phonon frequency (Fre=1THz) is considered representative of
the frequency of dominating heat-carrying phonons in bulk CsCl
crystal at 300 K. Figure 3(b) shows the phase space of phonon scat-
tering, and Fig. 3(c) is the total scattering rates of 3ph and 4ph, tak-
ing into account temperature effects at 300 K. Across the 1 THz
range, it becomes evident that 4ph and temperature effects signifi-
cantly influence heat transport for the CsCl material.

Phase space refers to the availability of phonon-phonon scatter-
ing channels. The strength of scattering in each accessible channel
determines the phonon relaxation time, further influencing x;. As
shown in Fig. 3(b), the phase space of 3ph surrounding 1 THz is larger
than other frequencies, and the phase space of 4ph near 1THz is
roughly equivalent to other frequencies. However, in terms of phase
space, SCPH does not appear to have a significant impact. Therefore,
the scattering channels of 4ph are essential to heat transport, and x, is
smaller than when considering only 3ph scattering. Consequently, it is
considered that 4ph increases the scattering phase space, thus enhanc-
ing the phonon scattering.

Scattering rates are depicted in Fig. 3(c). Scattering rates of 3ph
(SR3,,) show a slightly more significant impact than 4ph (SRy),
SR, > SRyyp but it is undeniable that 4ph plays a significant role as
well. Therefore, by including 4ph scattering, x; is generally smaller
than when considering only 3ph scattering, resulting in lower x; with
increasing temperature, shown in Fig. 1(b). However, the temperature-
dependent APRN reduces the scattering rates, leading to a slight rise in
k1. Figure 3(d) demonstrates the temperature effect on v2. We observe
a distinct frequency shift, an increase in v originating from the temper-
ature effect, as declared by the renormalized phonon dispersions in
Fig. 2(b).

We evaluate the 3ph scattering channels involving three acoustic
phonons (AAA), two acoustic phonons combining with one optical
phonon (AAO), and one acoustic phonon combining with two optical
phonons (AOO), as shown in Fig. 4(a). The scattering process of the
AAO mode is found to be much stronger than others at frequencies
below 2 THz, meaning the entanglement in AAO phonons plays a
dominant role in heat transport. However, spanning the range from
2THz to 5THz of the optical phonons, the AOO mode is the major
scattering channel.
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FIG. 3. (a) Cumulative x; and frequency-resolved cumulative x; computed at different levels of approximation [see legend in Fig. 1(b)] with frequency at 300 K. The blue, black,
and red lines represent SCPH + 3,4ph, HA + 3ph, and HA + 3,4ph, respectively. (b) Investigation of the influence of phonon scattering phase space in SCPH effect, 3ph, and
4ph at 300 K. The blue, green, black, and red points represent HA + 3ph, HA + 4ph, SCPH + 3ph, and SCPH + 4ph, respectively. (c) Phonon-phonon scattering rates by com-
paring SCPH effect, 3ph, and 4ph at 300 K with the same color meaning as (b). The solid purple lines in (c) indicate the loffe-Regel limit in time (1/t = w/2 7).** (d) The square
of the phonon group velocity v2 in the harmonic approximation (black cubes) and self-consistent phonon renormalization methods (red circles) at 300 K.

The calculated total Griineisen parameter (y) is 2.40 for CsCl, as the anharmonicity of CsCl. In the frequency-dominant heat transport
illustrated in Fig. 4(b), indicating more anharmonicity compared to range of 1 THz, y is primarily affected by the transverse acoustic (TA)
0.73, 0.78, and 1.93 for GeSe, SnSe, and PbSe with the same crystal modes, which exhibit large phonon vibrations and stronger heat trans-
symmetry.”* We calculate 7 for various phonon branches to evaluate port operators.
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FIG. 4. (a) Calculated three-phonon scattering rates for different scattering channels (AAA, AAO, and AOO) at 300K. A and O stand for the acoustic and optical phonons.
(b) The Griineisen parameter for various phonon modes [transversal acoustic (TA), longitudinal acoustic (LA), transversal optical (TO), and longitudinal optical (LO)] at 300 K.
The total Griineisen parameter of CsCl is 2.40.
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In summary, the anharmonicity (y=2.40) of CsCl is strong
entanglement in AAO phonons and obvious four-phonon scattering.
Our study reveals that 4ph scattering, phonon renormalization, and
the off diagonal terms of the heat flux operators cannot be neglected,
even in the simple body-centered cubic crystal. Particularly, we made
an unexpected discovery in simple crystals, although the absolute value
of the lattice thermal conductivity corresponding to coherent phonons
is small, it corrects the function relationship between thermal conduc-
tivity and temperature, thus being mildly consistent with the experi-
mental measurement results.

See the supplementary material for the details of the calculation
method, comparison of lattice constants, functionals, and lattice ther-
mal conductivity from computational and experimental references for
CsClL
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