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The phonon transport mechanisms and ultralow lattice thermal conductivities (k1) in silver halide
AgX (X=Cl, Br, I) compounds are yet to be better understood. Herein, we study the lattice dynam-
ics and thermal property of AgX under the framework of perturbation theory and the two-channel
Wigner thermal transport model based on accurate machine learning potentials. We find that an
accurate extraction of the third-order atomic force constants from largely displaced configurations
is significant for the calculation of the ki, of AgX, and the coherence thermal transport is also
non-negligible. While in Agl, the calculated kL still considerably overestimates the experimental
values even including four-phonon scatterings. Molecular dynamics (MD) simulations using machine
learning potential suggest an important role of the higher-than-fourth-order lattice anharmonicity
in the low-frequency phonon linewidths of Agl at room temperature, which can be related to the
simultaneous restrictions of the three- and four-phonon phase spaces. The k1, of Agl calculated us-
ing MD phonon lifetimes including full-order lattice anharmonicity shows a better agreement with

experiments.

I. INTRODUCTION

Recently, silver halide AgX (X=Cl, Br, I) compounds
exhibit promising photoelectrochemical and photocat-
alytic properties, which make them attractive for use in
photovoltaic devices [1, 2]. Efficient thermal transport is
crucial in such devices to prevent the buildup of heat and
ensure optimal performance. Additionally, the thermal
transport properties of AgX are also relevant in their po-
tential use as solid-state electrolytes [3], which are crucial
components in advanced energy storage and conversion
systems, such as solid-state batteries and fuel cells. Un-
derstanding the heat transfer characteristics of AgX can
help optimize their use as electrolytes and minimize en-
ergy losses due to thermal inefficiencies. Moreover, AgX
have also been demonstrated as high-performance ther-
moelectric materials due to the ultralow intrinsic lattice
thermal conductivities (kr,) [4]. However, a better under-
standing of the phonon thermal transport mechanisms of
AgX is still in its infancy. Therefore, studying the ther-
mal transport properties of silver halide AgX is necessary
for the development and optimization of various techno-
logical applications, including photovoltaic devices, solid-
state electrolytes, and thermal management systems.

Yang et al. [4] reported ultralow s, of 0.20 and 0.18
Wm~'K~! for AgCl and AgBr at 300 K based on the
conventional phonon gas model and first-principles calcu-
lations. Xia et al. [5] also calculated the k1, of AgCl (0.6
Wm—tK~! at 300 K) by further including four-phonon
scatterings and coherence contribution in the unified the-
ory (UT) of thermal transport [6]. However, these theo-
retical studies still underestimate the experimental values
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of 1.10 (AgCl) and 1.05 Wm1K~! (AgBr) [7]. In addi-
tion, Goetz et al. [8] reported an ultralow experimental
kr, of 0.42 Wm~'K~! at 300 K for Agl. Although Yan
et al. [9] revealed that the fourth-order lattice anhar-
monicity is significant for the calculation of ki, of Agl,
the roles of higher-than-fourth-order phonon scatterings
and the coherence thermal transport are not yet ascer-
tained.

Atomic-level understanding of phonon-phonon scat-
terings plays a vital role in lattice thermal transport.
Generally, three-phonon scattering is adequate to de-
scribe the lattice dynamics of the majority of crystals,
while the four-phonon process has recently been demon-
strated to play a significant role in strongly anharmonic
materials with ultralow sp, [10-12] and materials such
as BAs [13] and TaN [14] that have severely restricted
three-phonon phase space (P3). Moreover, the consid-
erable role of higher-than-fourth-order phonon scatter-
ings was reported in Tl3VSey [15] and zinc-blende ITI-V
compounds [16] such as InP, BN and InAs. Phonon
frequency renormalization was also demonstrated in re-
cent studies to be significant to predict the thermal
property of strongly anharmonic materials, such as per-
ovskites SrTiO3 [17] and CsaPbl2Cly [18], and clathrate
BagGawGegjo [19]

In this work, using accurate machine learning neu-
roevolution potentials (NEP) [20], we systematically in-
vestigate the lattice dynamics and thermal transport of
AgX based on perturbation theory (PT) and the two-
channel UT including both the population and coherence
contributions [6, 21]. We show that the accurate extrac-
tion of the third-order interatomic force constants (IFCs)
and the coherence contribution are of great importance
to calculate the xy, of AgX. For Agl, however, we find
that the calculated xp, significantly overestimates the ex-
perimental values [8] even after considering the renor-



malizations of the third- and fourth-order IFCs and the
UT. The phonon linewidths calculated using the normal-
mode-decomposition technique [22] based on molecular
dynamics (MD) simulations [23] and NEP [20] indicate
an important role of the higher-than-fourth-order phonon
scatterings in Agl, which can be ascribed to the restric-
tions of the three- (P3) and four-phonon phase spaces
(P4). Consequently, k1, computed using MD phonon life-
times within the UT shows a better agreement with the
experimental results of Agl.

II. METHODS

Density functional theory (DFT) calculations of AgX
are performed using the Vienna ab initio Simulation
Package (VASP) [24] with the projector augmented
wave (PAW) [25] method. The PBEsol [26] exchange-
correlation functional is applied for all VASP calcula-
tions because the lattice parameters that it predicts well
compare with the experiments, as shown in Table S1
of Supplementary Information (SI). We did not consider
the effect of the thermal expansion since the lattice pa-
rameters of AgX undergo a minor change (<0.5%) over
a temperature range of 300 K [27]. A plane wave en-
ergy cutoff of 500 eV and an energy convergence crite-
rion of 10~® eV are used in the self-consistent electronic
calculations. Born effective charges and dielectric con-
stants are included in our calculations. We construct the
machine learning NEP [20] based on the accurate DFT
calculations of structures generated from ab-initio MD
simulations with a 250-atom supercell at temperatures
up to 400 K under NVT ensemble. The renormalized
second-order IFCs (IFCs2 . TDEP) are extracted using
the temperature-dependent effective potential (TDEP)
scheme as implemented in the hiPhive package [28], fol-
lowing the work of Hellman et al. [29, 30]. GPUMD sim-
ulations [31] based on the NEP are performed at differ-
ent temperatures, and 40 configurations at each tempera-
ture are extracted to fit the temperature-dependent cubic
(IFCs3_MD) and quartic IFCs (IFCs4_MD). IFCs2_FDM
and IFCs2_RDM are extracted using the finite displace-
ment method (FDM) and rattle-displacement method
(RDM), respectively. We also fit the third-order IFCs
(IFCs3_RDM) via the RDM from a normal distribution
with a standard deviation of 0.025 A. It is noted that we
subtract the harmonic contributions (0 K) from the total
forces prior to fitting anharmonic IFCs [32]. The neigh-
bouring cutoff distances for pairs, triplets, and quadru-
plets of AgX are 8.0, 7.0, and 6.0 A, respectively. A ¢-
mesh of 12x12x12 and a scalebroad of 0.5 are found to
be adequate to obtain accurate phonon lifetimes of AgX.
We use ¢ meshes of 18x18x18 and 16x16x16 for the
calculation of the weighted phase space (WPS) for AgCl
and Agl, respectively. The WPS is defined as the sum
of frequency-containing factors in the expression of three

phonon transition probabilities and is expressed [33]:
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where N is the number of uniformly spaced q points in
the Brillouin zone, W/\i represents the absorption (+) and
emission (-) processes.

Phonon power spectra are obtained by projecting the
atomic velocities from MD simulations with NEP onto
the temperature-dependent phonon eigenvectors using
the normal-mode-decomposition technique [22]. Lattice
thermal conductivity (kP7°) is contributed by diagonal
(population ) and off-diagonal (coherence kf) terms
following the UT proposed by Simoncelli et al. [6]. The
kf, which originates from the wave-like tunnelling of
phonons, can be expressed as:
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where V' is the volume of the unit cell, T" is the tempera-
ture, N is the total number of sampled wave vectors and
kg is the Boltzmann constant. n(q);, w(q); and y(q); are
the equilibrium Bose—Einstein distribution, phonon fre-
quency and phonon linewidth for branch j at wave vector
g, respectively. U(q ) .+ is the off-diagonal terms of the
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velocity matrix when j 7& j . We note that ] can be cal-
culated from equation (1) based on the phonon gas model
when j = j/. Additionally, the temperature-dependent
k1, of Agl is also calculated from the homogeneous non-
equilibrium molecular dynamics (HNEMD) simulations
[34, 35].

III. RESULTS AND DISCUSSION

To understand the discrepancy between experiments
[36-38] and the existing first-principles calculation [4]
for the ry, of AgCl, we first compute the s} using the
IFCs2_FDM and IFCs3_RDM with PBE functional. It is
seen from Figure 1(a) that our result is close to that of
Yang et al. [4]. Note that the third-order IFCs of Yang et
al. were extracted using the Phono3py package [43] with
an atomic displacement of 0.03 A. Similar to the results
of Yang et al. [4], our x{ also significantly underestimates
the experiments [36-38]. Despite the coherence term be-
ing included, the /<;p+c is still lower than the experimental
values. After usmg PBEsol functional rather than PBE
functional, the i largely increases from 0.187 to 0.425
WK1 at 300 K, as displayed in Figure S4(a,b). De-
spite a considerable improvement being achieved for the
calculated s of AgCl when PBEsol functional is used
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FIG. 1. (a, b) temperature-dependent k1, of AgCl calculated using different sets of IFCs with PBE and PBEsol functional
under the UT [6]. IFCs2, IFCs3, and IFCs4 stand for the second-, third-, and fourth-order IFCs, respectively. Configurations
used for fitting the IFCs are generated by performing MD simulations [31] based on our NEP, and via the RDM from a normal
distribution with a standard deviation of 0.025 A. IFCs2_.FDM and IFCs2_TDEP are extracted using the FDM and TDEP
methods, respectively. The black solid symbols represent the experimental results taken from Refs. [36-38]. The purple square

symbols stand for the theoretical data reported in Ref. [4].
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FIG. 2. (a) temperature-dependent xP™°

of AgBr calculated using different sets of IFCs under the UT [6].

Temperature (K)

The black solid

symbols represent the experimental results from Refs. [7, 39-41]. The mallow purple hollow symbols stand for the theoretical
data reported in Ref. [4]. (b) xP7° of Agl computed using the different sets of IFCs. 1, calculated using the phonon lifetimes
(mp) extracted from MD simulations and that from HNEMD simulations [34, 42] based on NEP are also shown for comparisons.
The black solid symbols represent the experimental results from Ref. [8].

instead of PBE functional, the xP " still significantly un-
derestimates the experimental values.

We then study the phonon frequency renormalization
of AgCl using the TDEP method [29, 30] based on NEP
from 150 to 300 K, as displayed in Figure S3(a), where
experimental values [44] of AgCl at 78 K are also in-
cluded, showing a good agreement with our calculations.
The phonon frequencies of AgCl generally show a weak
temperature dependence, suggesting that the phonon fre-
quency renormalization plays a minor role in predicting
the kp, of AgCl. This is different from Agl, as shown
in Figure S3(b), or other strongly anharmonic materi-
als such as perovskites SrTiO3 [17] and CsyPblIyCly [18],
and clathrate BagGajsGesg [19], where the frequencies
of low-frequency phonons show significant temperature
dependence. Therefore, when we replace IFCs2_FDM

with the temperature-renormalized IFCs2_TDEP, xP*°
only changes slightly, confirming that phonon frequency
renormalization is insignificant to computing the kr, of
AgCl, as displayed in Figure 1(a,b).

A recent study has demonstrated that largely displaced
configurations are necessary to accurately extract the
third-order IFCs for group-III phosphides [45]. Thus,
we further investigate a different method for calculating
the third-order IFCs and the effect on the xr, of AgClL.
The calculated k] increases significantly when we use
IFCs3_-MD, as shown in Figure S4(c,d), illustrating that
an accurate calculation of the third-order IFCs is of great
significance to predicting the k1, of AgCl. Once the coher-
ence contribution is also considered, a good agreement is
obtained with the experimental results [36-38], as shown
in Figure 1(b). The third-order IFCs calculated based on
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FIG. 3. Phonon linewidths of AgCl (a) and Agl (b) calcu-
lated from PT and MD simulations at 300 K. PT_3ph and
PT_(344)ph represent the phonon linewidths computed using
only the third-order and both of the third- and fourth-order
IFCs, respectively. MD_NEP denotes the phonon linewidths
calculated from MD simulations using our NEP.

MD configurations can decrease the phonon linewidths,
as shown in Figure S5(b), and thus increase the x}. The
atomic displacements of Ag and Cl atoms increase signif-
icantly with elevating temperature, as described by the
comparably large mean square displacements in Figure
S9. Therefore, extracting the third-order IFCs of AgCl
from configurations generated by MD simulations is more
reasonable.

We further extend our calculations to silver halides
AgBr and Agl, and the results are shown in Figure 2. We
find that the kP of AgBr computed using IFCs2 TDEP
and IFCs3_MD with PBEsol functional agrees well with
the experimental results [39-41], while for Agl, the cal-
culated KE+C apparently overestimates the experiments
[8]. When the four-phonon scatterings are also consid-
ered, the f{“ significantly decreases from 4.88 to 1.21
Wm—K~! at 300 K, but it still overestimates the ex-
perimental value (0.42 Wm~!K~1), as shown in Figure
2(b). We further compute the phonon linewidths from
PT using the IFCs fitted to MD configurations at 300
K, as shown in Figure 3(b). It is seen that the four-
phonon linewidths are non-negligible, especially for the
low-frequency modes, which usually contribute most to

the thermal transport. In addition, we have calculated
the temperature-dependent xp, of Agl from HNEMD sim-
ulations with our NEP, and a good agreement with the
experiment [8] is observed, as shown in Figure 2(b).

The overestimated s of Agl obtained from UT may
be related to the inaccurate phonon linewidths; thus, we
compare the phonon linewidths obtained from PT with
that obtained from MD simulations using the normal-
mode-decomposition technique [22], as displayed in Fig-
ure 3(b). We find that the MD phonon linewidths,
which include full-order lattice anharmonicity, are signif-
icantly larger than those obtained from PT, suggesting
that the higher-than-fourth-order lattice anharmonicity
can be crucial for calculating the phonon linewidths and
thus the ki, of Agl. Therefore, we further compute the
xPT using the MD phonon lifetimes myp, and it shows
a better agreement with the experimental values [8] and
the HNEMD simulations over a temperature range from
150 to 300 K, as shown in Figure 2(b). We also find that
the population term (0.21 Wm~'K~1) of Agl is compa-
rable with the coherence’s contribution (0.23 Wm 1K)
at 300 K, as displayed in Figure S8, indicating that the
coherence channel is of great importance to describing
the thermal transport. On the other hand, we find that
the difference of the phonon linewidths of AgCl between
PT_3ph, PT_(3+4)ph, and MD_NEP is much smaller, as
shown in Figure 3(a), suggesting that the higher-than-
third-order lattice anharmonicity is insignificant to the
lattice thermal transport.

To further reveal the different thermal transport mech-
anisms between AgCl and Agl, we calculate the three-
and four-phonon WPS, as shown in Figure 4(a,b). From
the phonon dispersions of Agl given in Figure S3(b), we
can observe that the transverse acoustic (TA) branches
(~ 0.7 THz) are almost non-dispersive near the high sym-
metry X-point, and the energy of the longitudinal acous-
tic (LA) branch is higher than double of the energy of
the TA branches. Moreover, as pictorially drawn in Fig-
ure S11 (b), the combination of one TA phonons (TA1 or
TA2) and one LA phonons can easily create one new LA
phonons and one TA phonons (TA1 or TA2) through the
four-phonon recombination process due to the automatic
satisfaction of energy and momentum conservation. In
comparison, the absorption of three-phonon scattering is
limited by the energy conservation, as depicted in Figure
S11 (a). Therefore, due to the conservations of phonon
energy and momentum, three-phonon channels involving
the low-frequency phonons are restricted, as indicated by
the highlighted dip in Figure 4(a) for Agl. In contrast, no
restriction on the three-phonon phase space is observed
for AgCl. In addition, for the four-phonon WPS shown
in Figure 4(b), we see that the redistribution channel is
also restricted for the low-frequency phonons (below 0.5
THz) in Agl. Thus, the simultaneous restrictions of the
three- and four-phonon WPS at low-frequency regions
can lead to a more important role of the higher-order
lattice anharmonicity in the thermal transport of Agl.

Although the significant role of the higher-than-fourth-
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FIG. 4. Three- (a) and four-phonon (b) WPS of AgCl and Agl at 300 K. Mode-resolved three- (c¢) and four-phonon (d) WPS

of Agl calculated at 300 K. Restricted phase space is observed

order lattice anharmonicity in the specific optical phonon
modes at the zone-center has been demonstrated in zinc-
blende IIT-V compounds [16] such as InP and BN, a
study over the entire Brillouin zone is challenging due
to the complex PT framework. Herein, we take Agl as
an example and further calculate the phonon linewidths
using the normal-mode-decomposition technique [22] and
MD simulations based on a Taylor expansion force con-
stant potential (FCP) [46] at 100 K, as shown in Fig-
ure S6(b). Results are obtained only at low tempera-
tures because the MD simulations based on the FCP of
Agl become unstable over 100 K. We observe that the
phonon linewidths computed using NEP and the sixth-
order FCP at 100 K are comparable, especially those of
the low-frequency phonons, indicating that the seventh-
or higher-order lattice anharmonicity plays a minor role
in the phonon scattering of Agl at low temperatures.
However, the phonon linewidths calculated based on the
fourth-order FCP are much smaller than those from the
sixth-order FCP at the low-frequency (~ 0.2-0.8 THz)
region, suggesting the importance of the fifth- and sixth-
order lattice anharmonicity in the accurate calculation
of the phonon linewidths and the xp, of Agl. In other
words, it is necessary to consider the higher-than-fourth-
order lattice anharmonicity when calculating the ki, of
Agl even at low temperatures.

inside the circled areas.

IV. CONCLUSION

In summary, using accurate machine learning NEP, we
systematically study the phonon thermal transport of
AgX under the framework of UT and MD simulations.
Our results show that an accurate calculation of the
third-order IFCs is important to predict the xp, of AgX,
and we also demonstrate that coherence contribution is
considerable in these materials. Our MD simulations
with NEP explicitly demonstrate the important contri-
bution of the higher-than-fourth-order phonon scattering
to the phonon linewidths and the kp, of Agl. Our theo-
retical analysis suggests that this can be attributed to
the simultaneous restrictions of P35 and P4. Thus, the xy,
calculated using the MD phonon linewidths agree bet-
ter with the experiments and the HNEMD simulations
of Agl.
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