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Abstract

Knowledge of lattice dynamics is essential for understanding the physical properties of materials and optimizing the
performance for applications. Alkali halides (MX, M=Na, K, Rb, and Cs; X=Cl, Br, and 1) have been widely recognized for their
simple crystal structures and low thermal conductivities. At room temperature, the thermal conductivity (k) of RbBr is nearly
twice as large as that of RbCl and Rbl, while the thermal conductivities of three compounds in CsX halides are comparable.
These thermal conductivity trends with increased atomic mass are significantly different from the common sense that the
thermal conductivity conventionally decreases with the increasing atomic mass and decreasing electronegativity difference.
However, little attention has been paid to the microscopic mechanism of these anomalous thermal conductions in RbX and
CsX. Here, we report a systematic investigation of the thermal transport properties in alkali halides by the Boltzmann
transport equation based on first-principles calculations. The results show that the anomalous thermal conductivity trends
of RbX and CsX mainly attribute to the disparity of optical phonons in each compound. The more dispersive the optical
phonons, the greater their contribution to the thermal conductivity, and thus the thermal conductivities of compounds with
heavier atoms are enhanced. The disparity of optical phonons originates from the mass difference in the compound. Our
work offers deeper insight into the unusual phonon thermal transport phenomenon in alkali halides, and provides
fundamental reference for rooting the thermal conductivities in related functional materials and finding novel materials with
thermal conduction beyond the conventional cognition.
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1. Introduction

Alkali halides are widely utilized in new opto-electronic
devices due to fascinating electro-optic properties,!'! electro-
mechanical properties,” and large electronegativity and
dielectric constants.! These prominent properties associate
closely with phonon thermal transport properties, such as
lattice vibrations ! and thermal conductivities.l*” For most
compounds in alkali halides, the thermal conductivities are
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relatively low, and the values at room temperature range from
1 to 7 W/mK.B® Previous works have been performed to
investigate the thermal properties of alkali halides using
classical theoretical methods.[*!'1 However, the underlying
mechanism of such low thermal conductivity has not been
fully understood. Modern computational techniques have been
successfully utilized to probe novel physical behaviors, such
as negative thermal expansion.['?l anisotropic thermal
conduction,!*¥ and ultralow thermal conductivity.['>-"]
Recent theoretical reports mainly take alkali halides as models
to verify the accuracy of the improved prediction of thermal
conductivity,['1 but the inherent thermal transport of alkali
halides is rarely concerned.?*221 Therefore, a systemic revisit
to the thermal transport properties in alkali halides by state-
of-art computational techniques is of urgent necessity.
According to Slack’s theory,?! four factors are needed for
low thermal conductivity: (1) large atomic mass, (2) weak
bonding, (3) complex crystal structure, and (4) strong
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anharmonicity. Recently, Lindsay et al reported that large
phonon bandgaps, low Debye temperature, and the acoustic
bunching will also induce low thermal conductivity.l?** These
effects have been successfully utilized to reveal the ultrahigh
thermal conductivities in BAs? and #-TaN.?”! However,
Alkali halides possess relatively simple crystal structures
(face-centered and simple cubic structures) with ionic bonds,
which are usually unexpected to hold low thermal conductivity.
Generally, the thermal conductivity decreases with the
increasing atomic mass and the electronegativity difference.*-
24281 In alkali halides, NaX and KX hold the thermal
conductivities following this common routine well from MCI
to MI (xNac1 > &NaBr > Knat and kkc1 > kkpr > kK1), but it is not
the case for RbX and CsX. In these two systems, RbBr holds
a larger thermal conductivity than RbCl and Rbl, and CsX
halides hold comparable lattice thermal conductivities for each
compound.®2%3% [n particular, a novel phonon heat conduction
mechanism (Phonon Coherence)'-*?) may unveil the origin of
abnormal x trends in MX compounds, which takes into
account phonon as a vibrational wave not the conventional
phonon gas model. Such the unusual behaviors are
significantly unconventional and are difficult to understand by
the theories introduced above. Thus, a further investigation of
the structure, bond features, and thermal transport is of urgent
need to elucidate the origin of these anomalous thermal
conductivity trends in RbX and CsX.

In this paper, the abnormal phonon thermal transport
mechanism in alkali halides is fully explored by using the
Boltzmann transport equation based on density functional
theory. Our calculated results are in good consistence with
previous experiments. In NaX and KX, the thermal
conductivity decreases with increasing atomic mass, which
follows the conventional theories well. The anomalous
thermal conductivity trends in RbX and CsX are revealed,
which attributes to the dispersive optical phonons,
contributing more on the thermal conductivity in the
compounds with heavier atomic mass. The disparity originates
from the atomic mass difference, i.e., the larger the mass
difference is, the more dispersive branch the optical phonon
behaves. This work offers a microscopic insight into
anomalous phonon transport mechanisms in alkali halides and
provides a fundamental guidance for other related systems
with unconventional low thermal conductivity trends, which
could further aid the design of functional materials.

2. Computational methods
All the calculation are performed by using the projector-
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augmented-wave (PAW)33] potentials as implemented in the
Vienna Ab Initio Simulation Package (VASP)P+3 within the
framework of density functional theory (DFT).1*¢! The device
studiol*”! program was used for visualization and modeling.
The local density approximation (LDA) functional was used
for exchange-correlation functional and the energy cutoff of
plane-wave basis was set as 550 eV. Monkhorst-Pack k-mesh
of 8x8x8 was applied to sample the irreducible first Brillouin
zone (BZ), and the energy convergence threshold was set as
10® eV for structural optimization. The all-primitive cells in
the work were fully optimized and all atoms were allowed to
relax until the maximal Hellmann-Feynman force acting on
each atom was no longer than 10° eV/A. The bonding
mechanism of different NaCl- and CsCl-type structures was
investigated using the standalone computer program Local
Orbital Basis  Suite  towards  Electronic-Structure
Reconstruction (LOBSTER).*81 Meanwhile, the strength of
ionic bonding is reflected by the mechanical characteristics of
materials. To deeply examine the mechanical stability of the
selected compounds, we calculated the elastic constants, as
shown in Table S1 in the supplementary information. Density-
derived electrostatic and chemical (DDEC6) method using the
packages named CHARGEMOLP*#! is used to calculate the
transferred and shared charges. The transferred electrons are
directly extracted from the net atomic charges file outputted
by CHARGEMOL package. The delocalization indices are
extracted from the file of overlap populations. The shared
charges are twice the delocalization index. Therefore, the
values extracted from the overlap populations are multiplied
by two to obtain the shared electrons in the materials.

The second-order interatomic force constants (IFCs) and
third-order IFCs were calculated by Phonopy™? and
ShengBTE codes!*! using a 4x4x4 supercell (containing 128
atoms) and 2x2x2 k-grid in the BZ, further obtaining the
related phonon properties and thermal conductivity. In
addition, the Born effective charge and dielectric constant
were computed to correct the dynamical matrix for
considering long-ranged electrostatic interactions based on
density functional perturbation theory (DFPT).* After our
convergence test, the cutoff distance of anharmonic IFCs for
the above compounds is set as the 9™ nearest neighbor.
Meanwhile, the x convergence of NaCl and CsCl crystals with
respect to the g-mesh has been calculated and plotted in Fig.
S1 in the supplementary information.

3. Results and discussions

Alkali halides are affiliated with the face-centered cubic
(NaCl-type, NaX, KX, and RbX) and simple cubic (CsCl-type,
CsX) crystal structures (Fig. le). Fully relaxed lattice
constants and bond lengths of each compound agree well with
experimental values,*! as listed in Table 1. Figs. la-d show
the calculated temperature-dependent thermal conductivity of
all studied compounds. Our calculations almost show good
agreement with previous measurements!®*") (Detailed
comparison is listed in Table S2). It is worth noticing that the
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Fig. 1 Calculated thermal conductivities of all studied compounds in alkali halides as a function of temperature. (a), (b), (c), and (d)
are the relaxation time approximation (RTA) and iteratively solving (ITE) results for NaX (X=ClI, Br, and 1), KX (X=Cl, Br, and I),
RbX (X=Cl, Br, and I), and CsX (X=Cl, Br and I), respectively, compared with previous measurements. Reproduced with permission

from [8], [4

71, [48] and [49]. Copyrights@IOP Publishing and @Spring Publishing. (¢) Comparison of the thermal conductivities in

alkali halides at 300 K. Arrows indicate the thermal conductivity trend with increasing atomic mass in each system.

relaxation time approximation (RTA) results are lower
compared to the iteratively solving (ITE) results because the
normal scattering processes is also taken into account by RTA
when blocking the heat transport,“ suggesting the dominant
role of the Umklapp processes in thermal conduction from 250
K to 300 K. It is clearly seen that xnaci calculated by the RTA
in Fig. la is largely deviated from the ITE results, while xnap:

© Engineered Science Publisher LLC 2021

and xwar are nearly the same. Therefore, in materials such as
NaCl, NaBr and Nal, the Umklapp scattering of the latter two
is stronger so the behavior of x is mainly determined in this
Umklapp scattering processes. For comparison, the values of
thermal conductivity of each compound at 300 K are shown in
Fig. le. It is obviously shown that the thermal conductivity
exhibits decreasing trend from MCI to MI in NaX and KX

ES Energy. Environ., 2021, ** **_%% |3



Research article

ES Energy & Environment

Table 1. Calculated average atomic mass (7.vg), mass difference (maqin), primitive cell lattice constant (a), bonding length (/) and
strength (Crystal orbital Hamilton population, COHP), a-o gap, electronegativity difference (yairr), acoustic and optical phonon
contribution to thermal conductivity (a, and o.), and Debye temperature (6p) for the selected alkali halide crystals. The ICOHP value
is assumed to be the additive inverse of the integral of a “~-COHP” curve to the whole energy range.

MX aA) 1A ICOHP (meV) Mave (amu)  mar(amu)  gap (THz)  yair  axc % ox % o (K)
NaCl 3.84 2.85 -5.37 29.22 12.46 — 2.1 85.36 14.64 280.92
NaBr 4.07 3.01 -3.48 51.45 56.91 0.796 1.9 93.37 6.63 193.48

Nal 441 3.27 -1.70 74.95 103.91 1.308 1.6 96.76 3.24 142.65
KCl1 4.33 3.20 -2.82 37.28 3.65 — 2.2 75.20 24.80 223.49
KBr 4.54 3.36 -2.51 59.50 40.81 0.417 2.0 92.35 7.65 162.10

KI 4.85 3.59 -1.51 83.00 87.80 0.966 1.7 96.47 3.53 121.60

RbCl 4.54 3.35 -3.37 60.46 50.02 0.436 2.2 94.56 5.44 165.60
RbBr 4.74 3.51 -4.67 82.69 5.56 — 2.0 80.50 19.50 130.09

RbI 5.05 3.74 -5.91 106.19 41.43 — 1.7 90.16 9.84 103.20
CsCl 3.98 3.65 -238.61 84.18 97.46 0.302 2.3 89.08 10.92 120.35
CsBr 4.15 3.80 -281.40 106.40 53.00 — 2.1 84.25 15.75 102.61

Csl 4.41 4.04 -304.51 129.90 6.01 — 1.8 67.15 32.85 88.55

(Nacl > KNaBr > KNar and xkcr > kxBr > kki), which is in
accordance with the common knowledge (thermal
conductivity generally decreases with increasing atomic mass)
mentioned above. Surprisingly, the thermal conductivity of
RbBr is higher than that of RbCl and RbI (krbpr > Krbcl > KRoi),
and the thermal conductivities in CsX are comparable with a
little increase trend from CsCl to Csl (kcs1 > kcsBr > kcscl),
although the atomic mass of the two systems gradually
increased from MCI to MI compounds.

In most insulators and semiconductors, thermal
conductivity is mainly dominated by phonons, which
determine the two primary factors: phonon group velocity and
scattering rate, in the following equation:

=1 a. B
Kap =322 VIV, T2

(1)

where ¢, is the specific heat capacity of phonon mode 4, vf 8

is the group velocity of phonon mode 4 along the a (f)
direction, andt,is relaxation time of phonon mode A. To
explore the anomalous thermal conductivities in RbX and CsX,
the phonon properties should be systemically investigated.
Fig. 2 shows the calculated phonon dispersions for all studied
compounds, which agree well with available experimental
data.l”247-5¢1 The general shape of phonon dispersions in NaCl-
type (Figs. 2a-1) and CsCl-type (Figs. 2j-1) compounds look
vastly similar. Intuitively, there exists some phonon band gap
between the acoustic (a) and optical (o) phonon branches in
specific NaCl-type (~0.796 THz for NaBr, ~1.308 THz for Nal,
~0.417 THz for KBr, ~0.966 THz for KI, and ~0.436 THz for
RbCI) and CsCl-type structures (~0.302 THz for CsCl) due to
larger atomic mass difference. They won’t give significant
impact on the three-phonon scattering processes because the
a-o gaps are not large enough to limit the aao (acoustic +
acoustic — optical) phonon scattering process.-%1 Such
effect is revealed by the comparable phonon lifetime of each
compound (Fig. S2), which inversely related to the scattering
rate, indicating the little impact of the a-o gap on the scattering
process.

4 | ES Energy Environ., 2022, **  #*_ %%

The related bond information (COHP in Fig. S3 and
electronic band structures in Fig. S4) and the 6p were also
calculated (Detailed calculation can be found in Note S1) to
recognize the main factors that cause the unconventional
thermal conductivity trends in RbX and CsX, as listed in Table
1 with average atomic mass, mass difference, electronegativity
difference, lattice constant, bond length, a-o gap, acoustic and
optical contributions to thermal conductivity. It can be found
that as the atomic number increased, the atomic mass, lattice
constant, and bond length are all increased, while the
electronegativity difference and the 8p are decreased for each
system. It is well known that a lower 6, means the smaller
phonon velocities and average lower phonon frequencies, and
a lower-frequency phonons further rise phonon populations,
leading to the increase of three-phonon scattering rates. These
factors, including the bond strength (ICOHP), perfectly follow
the conventional theory and agree well with the thermal
conductivity trends in NaX and KX but are not applicative in
RbX and CsX. For other factors, it is interesting that both the
change of the a-o gap and optical phonon contribution to
thermal conductivity are closely related to the change of mass
difference. To further analyze and quantify the unusual
behavior, we calculated the shared and transferred charges for
the selected alkali halide compounds in which the anomalous
lattice thermal conductivities occur (Detailed analysis in the
supplementary information), as illustrated in Table S3.
Meanwhile, we present calculations of the x and related to
phonon properties for selected alkali halides, including three-
phonon scattering processes, Griineisen parameter and the
Mgy effect, as depicted in Fig. S5.

Meanwhile, the cumulative phonon density of states
(PDOS) and weighted phase space (W) are plotted in Fig. S6.
It can be easily observed that the cumulative PDOS of Rbl
(Csl) are generally larger than that of RbC1 (CsCl) by a factor
1.65 and 1.82 respectively, which are more evident for PDOS.
The increased factors manifest the influence of the high-
frequency optical phonons for the thermal transport process.

© Engineered Science Publisher LLC 2022
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Fig. 2 Phonon dispersions for all studied compounds, compared with available experimental data. (a-1) are the dispersion curves of
NaCl, NaBr, Nal, KCl, KBr, KI, RbCl, RbBr, Rbl, CsCl, CsBr, and Csl, respectively. Reproduced with permission from [7], [29],

[47] and [56]. Copyright@American Physical Society.

Thus, an apparent gradual increase of W in RbI (Csl) is
expected. Obviously, we also observed that the W of RbX and
CsX compounds are similar in shape and magnitude. In CsX,
W for Csl is much larger, expected to be the cause of its
increased phonon scattering. Surprisingly, these results are not
consistent with phonon lifetime data as illustrated in Figs.
S2(c-d). Thus, we can conclude that the scattering rates are
roughly proportional to W, and it can mainly depend on the
atomic mass difference for some materials due to a relatively

© Engineered Science Publisher LLC 2021

heavier atom resulting in smaller atomic displacement further
suppressed the scattering.

The a-o gap increases with the increased mass difference,
while the optical phonon contribution to thermal conductivity
increases with the decreased mass difference. As discussed
above, the a-o gap has little impact on the thermal conductivity
due to the comparable scattering rates in RbX and CsX.
Therefore, the abnormal thermal conductivity trends in these
two systems can be traced to the optical phonons. Fig. 3 shows
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Fig. 3 Calculated phonon frequency-dependent cumulative thermal conductivity and their derivatives with respect to the frequency.

(a), (b), (c), and (d) are results for NaX (X=Cl, Br and I), KX (X=

Cl, Br and I), RbX (X=Cl, Br and I), and CsX (X=ClI, Br and 1),

respectively. The different dotted areas are the first-order derivatives of thermal conductivities for all studied compounds with respect

to the frequency.

the calculated frequency-dependent cumulative thermal
conductivity and their derivatives with respect to the
frequency for the studied compounds. It is obviously shown
that in the compounds with small mass difference (NaCl, KCl,
RbBr, and Csl), the peak areas (frequency contribution) are
more continuous with no gaps and have larger value than those
in other compounds in the higher frequency region. Such
higher peak height represents the optical phonon contribution,
which plays a significant role in thermal transport in NaCl,
KCI, RbBr, and Csl.

As shown in Fig. 4, the optical phonons possess larger
group velocities in these compounds, which cause the larger
thermal conductivities, and thus the unconventional thermal
conductivity trend with increasing atomic masses in RbBr and
Csl. It should be noted that the thermal conductivity trend in
NaX (KX) is seemingly consistent with the traditional theory
because the small mass difference between Na (K) and CI (Cl)
induces the largest optical phonon group velocity of NaCl
(KCI), making the largest thermal conductivity for NaCl (KCI),
similar for NaBr (KBr) and Nal (KI). As is known, the
steepness of a phonon branch determines the value of its group
velocity, i.e., the flatter the branch is, the smaller the group

6 | ES Energy Environ., 2022, **  #%_ %%

velocity it holds. Obviously, the longitudinal optical (LO)
branch (the highest frequency mode around I' point in the
phonon dispersion) behaves as the more dispersive branch in
NaCl, KCI, RbBr, and Csl, compared to the other two
transverse optical (TO) branches. Thus, finding out the
relationship between the dispersity of the phonon branches,
especially for the LO branch, and the mass difference is the
key to explore the origin of the high thermal conductivity in
compounds with small mass difference or the anomalous
thermal conductivity trend in RbX and CsX.

Due to the adopted cubic structure of alkali halides, the
dispersity of phonon branches can be briefly described by the
classical one-dimensional harmonic diatomic chain model
with the nearest neighbours combined by identical springs
with elastic constant . Here, we take RbX as an example to
reveal the origin of the dispersive behavior of the longitudinal
acoustic (LA) and LO branches modulated by the mass
difference. As shown in Fig. 5, the frequency of LA at zone
boundary (7/a) decreases slightly from the model with m; >
my to the model with m; < my, because the £ will be enhanced
by the stronger bond strength to some extent although the
average mass is increased, and thus the group velocity

© Engineered Science Publisher LLC 2022
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Fig. 4 Calculated acoustic and optical phonon group velocities for studied compounds. (a-1) are the results for NaCl, NaBr, Nal, KCI,
KBr, KI, RbCl, RbBr, Rbl, CsCl, CsBr, and Csl, respectively. The orange and blue dotted lines represent the largest group velocity

of the acoustic and optical phonons, respectively.

decreases slightly from Fig. 5b to Fig. 5d (Figs. 4g-i). For the
LO branch, the difference between the frequency at zone
boundary and that at zone center is larger in the model with m,
= my than in the models with m; > m, and m; < my due to the
smallest atomic mass difference, which provides larger group
velocity in Fig. 5c than in Fig. 5b and Fig. 5d (Figs. 4g-i),
making the highest thermal conductivity in Fig. Sc (Fig. le).
This model can also be analogized to CsX and Na(K)X. In

© Engineered Science Publisher LLC 2021

CsX, due to the increased bond strength from CsCl to Csl, the
LA group velocity also decreases slightly with a ratio of 0.77
(the largest acoustic velocity of MI over that of MCl) as the
case in RbX with a ratio of 0.75. For the LO branch, the group
velocity increases from CsCl to Csl due to the mass difference
decreased, and thus the increased thermal conductivity in CsX
from CsClI to Csl. In Na(K)X, due to the decreased bond
strength from Na(K)Cl to Na(K)I, the LA group velocity
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Fig. 5 Schematic change of phonon dispersion induced anomalous thermal conductivity trend in RbX. (a) one-dimensional harmonic
diatom chain (lattice constant a, spring constant f, atomic mass m). (b), (c), and (d) are the related phonon dispersion with in the
models with m1 > my, m1 = ma, and m; < my, respectively. (28/m1)"2, (2B"/m1)"2, and (2B"/m2)"? are the frequency of longitudinal
acoustic phonon at zone boundary (/a). [2(m1+m2)B/mima] "2, (487m1)"2, and [2(m1+m2)B"/mim2]"? are the frequency of longitudinal
optical phonon at zone center, while (28/m2)"2, (28"/m1)"?, and (28"/m1)"? are the frequency of longitudinal optical phonon at zone

boundary (7/a).

strongly decreases with a ratio of 0.59 (0.65). For the LO
branch, the group velocity decreases from Na(K)Cl to Na(K)I
due to the mass difference increased, and thus the decreased
thermal conductivity in Na(K)X from Na(K)CIl to Na(K)I
structures.

As discussed above, the thermal conductivity trend
difference between Na(K)X and Rb(Cs)X attributes to the
bond strength and the mass difference. Recently, the interlayer
rotation induced some changes in the bond strength and the
mass difference was reported with tuning anomalous phonon
behavior in a crystalline material.> The former causes the
larger decrease of the LA group velocity in Na(K)X than that
in Rb(Cs)X, and the latter cause the larger LO group velocity
in the compound with small mass difference. While in RbX
and CsX compounds, due to the slightly decreased LA group
velocity (having comparable impact on the «), the anomalous
thermal conductivity trend is mainly induced by the mass
difference.

4. Conclusion

In summary, the thermal transport properties were
systemically investigated in alkali halides by solving the
Boltzmann thermal equation based on first-principles
calculations. The origin of the anomalous thermal
conductivity trend in RbX and CsX was revealed by the
dispersity of the optical phonons. The smaller mass difference
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the compound holds, the more dispersive the optical phonon
behaves, and thus larger optical group velocity contributes to
the thermal conductivity. Such result is applicable in all the
studied systems in alkali halides, which is beyond the
conventional theories. The present work revisits the
thermodynamics of alkali halides by using the modern
computing techniques, reveals the new underlying mechanism
for the anomalous thermal conductivities in RbX and CsX. and
paves new path to explore the microscopic origin for related
systems with unconventional thermal conductivity trend.
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