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Revisiting thermal transport in CuCl: First-principles calculations
and machine learning force fields
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Accurate prediction of lattice thermal conductivity (x;) in strongly anharmonic materials requires renormalized
interatomic force constants (IFCs) and appropriate incorporation of diagonal and off-diagonal contributions and
higher-order scattering. We investigate CuCl, a highly anharmonic system with a simple zincblende structure
and ultralow k;. Our calculations, including IFC renormalization and four-phonon scattering, show excellent
agreement with the experiment, underscoring the critical role of both effects in the accurate estimation of «;.
Furthermore, the unusual pressure dependence of «; is explored using a rigorously validated machine-learned
force field, with the predicted values showing good agreement with the experimentally observed trend of
monotonic decrease. This behavior is primarily driven by a significant increase in four-phonon scattering and a
reduction in the group velocity of transverse acoustic modes. Overall, this study establishes a robust framework
for modeling thermal transport in strongly anharmonic materials.
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I. INTRODUCTION

Understanding and an accurate evaluation of lattice ther-
mal conductivity in highly anharmonic materials is essential
for thermoelectric [1,2] and thermal barrier coatings [3.4],
as these materials typically have low thermal conductivity.
Binary semiconductors generally tend to have high thermal
conductivity due to their simple crystal structures and phonon
characteristics, which stem from large atomic mass differ-
ences that favor weak phonon scattering [5—8]. However,
some compounds exhibit strong anharmonicity despite their
simple structures and significant mass difference, leading to
ultralow thermal conductivity [8]. One such example is CuCl,
a metal halide with a zincblende crystal structure, which has
been experimentally reported to exhibit a thermal conductivity
of approximately 0.7 to 0.85Wm~!K~! at room tempera-
ture [9,10]. Previous theoretical studies have attempted to
explain this unusually low value and attributed it to ex-
treme anharmonicity caused by strong orbital hybridization
[11-13]. However, the calculated thermal conductivity varies,
with some studies overestimating [11,12] while others un-
derestimating [13] the experimental result. This discrepancy
highlights the need for a more accurate assessment of anhar-
monicity and the lattice thermal conductivity.

Another peculiar aspect of the thermal conductivity
of CuCl is its pressure dependence. Typically, thermal
conductivity increases with pressure due to phonon harden-
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ing unless a structural phase transition occurs [14]. However,
recent studies have reported anomalous behavior in some ma-
terials, where thermal conductivity initially increases and then
decreases with pressure [15-20]. This behavior results from
the interplay between harmonic and anharmonic interactions
or competition among different anharmonic scattering mecha-
nisms. In the case of CuCl, thermal conductivity continuously
decreases with pressure before the phase transition [9]. This
open question requires further investigation.

In this work, we study the lattice thermal conductivity
of CuCl theoretically using temperature dependent effective
potential (TDEP) method [21,22] accurately incorporating
anharmonic effects, which results in excellent agreement
with the experiment. Our findings highlight the importance of
both temperature-dependence of interatomic force constants
(IFCs) and four-phonon interactions. Moreover, we study
the significant role of selection of the exchange-correlation
functional in the density functional theory (DFT) calculations
of CuCl. To study pressure-dependent thermal conductivity,
we employ a machine-learning force field (MLFF) to
reduce computational costs while ensuring reliability. The
accuracy of MLFF is verified at multiple levels, and our
calculated thermal conductivity across temperatures and
pressures matches well with experimental results. Thus, our
work provides a robust framework for estimating thermal
conductivity in highly anharmonic systems.

II. METHODOLOGY

To compute the lattice thermal conductivity tensor,
we employ the mode-coupling theory of anharmonic
lattice dynamics [23,24], which provides a nonperturbative
framework that incorporates phonon correlation functions
and captures both collective and coherent contributions to
thermal transport, as implemented in the TDEP package [25].
The total thermal conductivity («) is the sum of the diagonal
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and off-diagonal (coherent) contributions, derived from the
respective heat flux operators, and is expressed as

k=4 4 ", (1

The diagonal contribution to the thermal conductivity ten-
sor is expressed as

1 - /
Kap = 3 2 W00, (@)
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where V is the volume of the primitive cell, and « and
are Cartesian axes. The phonon mode A = (q, s) is labeled
by the phonon wave vector q and the branch index s. vy is
the group velocity of mode A, and ¢, = n; (1, + l)a)i /kBT2
is the heat capacity, where w, is the phonon frequency, n; is
the Bose-Einstein occupation number, kg is the Boltzmann
constant, and T is the temperature. The matrix X denotes
the phonon scattering matrix, whose diagonal elements cor-
respond to the phonon scattering rates I';, that incorporates
contributions from three-phonon, four-phonon, and phonon-
isotope scattering. The off-diagonal elements of ¥ describe
coupling between modes that gives collective phonon contri-
butions to heat transport. The calculation of Kgﬁ in this form is
computationally demanding, as it requires the diagonalization
of the scattering matrix. This difficulty is alleviated using an
iterative solution approach, as detailed in Ref. [24].

The off-diagonal (coherent) contribution to thermal con-
ductivity tensor is expressed as [26,27]
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where v}, is the off-diagonal group velocity. The off-diagonal
scattering rate I";;/ is defined as

T, + T
(w5, — 0 )2 + (T + T2’

where T, is the scattering rate of phonon mode A and the
detailed expression for different scattering processes can be
found in Ref. [24].

The key requirement to evaluate both the diagonal and
off-diagonal contributions is the harmonic and anharmonic
interatomic force constants (IFCs). To obtain these, we em-
ploy TDEP with efficient stochastic phase-space sampling
scheme [28]. This method iteratively refines the force con-
stants by approximating atomic displacement distributions
in the canonical ensemble and improving the approximation
with actual forces. These forces are calculated using density
functional theory (DFT) as implemented in the VASP package
[29,30]. The exchange-correlation functional used for the final
results is PBESol [31], with additional comparisons made
using the LDA [32] and PBE [33] functionals.

All DFT calculations were performed using a plane-wave
energy cutoff of 500 eV and I'-point sampling for the
Brillouin zone. The convergence criteria for the electronic
self-consistent cycle was set to 1078eV. A 5 x 5 x 5 super-
cell containing 250 atoms was used to construct the second-,
third-, and fourth-order IFCs. Cutoff radii of 6 and 4 A were
used for the third- and fourth-order IFCs, respectively. A de-
tailed convergence analysis of the cutoff values for IFCs and
the grid density used in the thermal conductivity calculations
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FIG. 1. Calculated phonon dispersion and phonon density of
states (PDOS) of CuCl: (a) Phonon dispersion at 0 K calculated using
different exchange-correlation functionals, compared with experi-
mental data measured at 4.2 K (Ref. [36]). (b) Phonon dispersion at
300 K without and with thermal expansion (TE), showing its minimal
effect. The dispersion obtained using IFCs at 0 K is also shown for
direct comparison. (c) Phonon dispersion at different temperatures,
showing mode hardening with increasing temperature. The results in
panels (b) and (c) were obtained using the PBEsol functional.

is provided in the Supplemental Material [34]. For the pres-
sure dependence study, the same workflow as described above
was followed, except that forces were calculated using VASP’s
on-the-fly machine learning force field (MLFF) [35]. Details
of the MLFF generation are provided in the Supplemental
Material [34].

III. RESULTS AND DISCUSSIONS

We begin by analyzing the phonon dispersion across vari-
ous cases. Next, we examine the lattice thermal conductivity
(«1), emphasizing the importance of temperature-dependent
IFCs and higher-order phonon-phonon interactions. Finally,
we investigate the unusual pressure dependence of ;.

A. Lattice dynamics

k; strongly depends on the features of phonon disper-
sion. We first compare the phonon dispersion calculated at
0K using various exchange-correlation functionals with ex-
perimental data measured at 4.2K [36], shown in Fig. 1.
The corresponding lattice parameters are summarized in the
Supplemental Material [34]. PBE shows the best agreement
with experiment for the lattice parameter (a = 5.43A vs
experimental a = 5.424 10\), while PBEsol (¢ = 5.30 10\) and
LDA (a = 5.22 A) underestimate it by approximately 2.2%
and 3.7%, respectively. However, among the functionals,
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FIG. 2. Calculated lattice thermal conductivity of CuCl as a func-
tion of temperature using IFCs obtained at selected temperatures
and fully temperature-dependent IFCs. Results are presented for
(a) three-phonon (3ph) interactions only, and (b) combined three- and
four-phonon (3ph + 4ph) interactions. Experimental ; data are taken
from Slack et al. [9], where the ambient-pressure values are obtained
by extrapolating measurements in the range 0.5-2.8 GPa.

PBEsol provides reasonably good agreement with the phonon
dispersion, particularly in the acoustic region, which typi-
cally dominates the heat transport. Based on this agreement,
we choose PBEsol for all subsequent calculations and later
confirmed its reliability by comparing «; across different func-
tionals. Since CuCl is highly anharmonic [37], a significant
temperature effect on its phonon dispersion is expected, and
we observe that the phonon modes hardens with increasing
temperature, specifically near the high-symmetry X and T’
points [Fig. 1(c)]. Furthermore, lattice thermal expansion at
300K has a minor effect on the phonon dispersion. Over-
all, these results highlight the importance of incorporating
temperature-dependent interatomic force constants (IFCs) for
accurate predictions of ;. Another notable observation is the
flat nature of the acoustic modes around the high-symmetry X
and L points, as reflected by the localized phonon density of
states. This flatness suggests significant four-phonon scatter-
ing and its subsequent impact on «; [38].

B. Impact of temperature-dependent IFCs on «;

We analyze «; using IFCs obtained at different tempera-
tures. Figure 2 presents the calculated x; considering only
three-phonon scattering and both three- and four-phonon scat-
tering. At 300 K, «; increases when IFCs at O K are substituted
with those at 300 K, for both the scattering cases. A similar
increase is also observed at other temperatures, consistent
with trends reported in other materials [40,41]. Using OK
IFCs, «; at 300K decreases from 2.24 to 0.27 Wm~! K~!
upon inclusion of four-phonon scattering. Similarly, using
300K IFCs, it decreases from 4.75 to 0.77 W m~! K~!. This
corresponds to approximately 88% and 84% reductions in
k; with the inclusion of four-phonon scattering when using
0 and 300K IFCs, respectively. Thus, regardless of whether
temperature-dependent IFCs are used, «; exhibits a signifi-
cant decrease compared to other binary compounds with the
zincblende structure [7,8]. Note that the coherent contribu-
tion to «; is negligible (approximately 0.04 Wm~!K~! for
three-phonon and 0.06 Wm~! K~! for combined three- and
four-phonon scattering). This behavior arises from the simple
crystal structure of CuCl, which has only a few well-separated
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FIG. 3. Comparison of CuCl lattice thermal conductivity for dif-
ferent exchange-correlation functionals and computational methods.
In all our cases, IFC renormalization and four-phonon scattering are
included. ‘TE’ denotes the correction for lattice thermal expansion.
Literature data are also presented, including experimental results
[9], BTE calculations without IFC renormalization and four-phonon
scattering [11,12], calculations with IFC renormalization on second-
order terms only (without four-phonon scattering) [13], and MD
simulations [39].

phonon branches. As a result, the large phonon interband
spacing across the Brillouin zone limits interband coupling,
unlike in materials with many atoms per unit cell and complex
phonon dispersion, where strong interband mixing leads to
notable coherent contributions [26,42]. Overall, the calculated
k; shows excellent agreement with experimental values across
all temperatures [Fig. 2].

To quantify the effect of IFC renormalization, we calcu-
late k; using various combinations of second-, third-, and
fourth-order IFCs obtained at 0 and 300 K. The results reveal
that temperature-induced renormalization affects all orders of
IFCs and is crucial for the accurate estimation of «;, with
particularly pronounced effects observed for the second- and
fourth-order interactions (see Supplemental Material [34]).

Another important aspect is the temperature dependence of
k7. When only three-phonon scattering is considered, k; fol-
lows a weak temperature dependence, approximately ~7 ~03
[Fig. 2(a)], deviating from the conventional ~7 ~! behavior.
Inclusion of four-phonon scattering strengthens temperature
dependence to about ~7 ~!16 [Fig. 2(b)], closer to the typical
~T~! trend observed in most materials. This change upon
inclusion of four-phonon scattering is consistent with earlier
reports on other low-k; systems [43,44], also emphasizing the
essential role of four-phonon interactions in lattice thermal
transport.

We employed the PBEsol functional for calculating «,
based on its better agreement with experimental phonon
dispersion compared to PBE and LDA, which exhibit consid-
erable mismatches. This choice is supported by the computed
k; discussed earlier. However, for further validation, we cal-
culate «; using different exchange-correlation functionals and
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TABLE I. Calculated lattice thermal conductivity «; at 300 K.
‘TE’ denotes the case where lattice thermal expansion is taken into
account.

SyStem K3ph K3ph+4ph K3Tpﬁ+4ph Kexpt.

CuCl 4.75 0.76 0.88 0.75[9] 0.84 [10]
CuBr 7.38 1.35 1.35 1.25 [10]
Cul 10.92 3.94 3.55 1.68 [10]

compared it with previously reported theoretical and exper-
imental results, as displayed in Fig. 3. Both PBE and LDA
significantly overestimate k;. This observation is consistent
with earlier reports on other materials, where PBEsol shows
smaller deviations from experiment than other functionals
[45]. Furthermore, incorporating thermal expansion results in
an approximately 17% higher «; than the experimental value
[Fig. 3]. Overall, the good agreement between our results and
experiment, in contrast to significant discrepancies in earlier
theoretical predictions that neglected phonon renormalization
and four-phonon scattering, highlights the essential role of
temperature-dependent IFCs and higher-order phonon inter-
actions in accurately modeling lattice thermal conductivity.

To further validate the reliability of our approach, we com-
puted «; for CuBr and Cul, with results presented in Table 1.
For CuBr, the calculated k; agrees well with experimental
value, and the effect of thermal expansion is found to be
minimal. In the case of Cul, however, our predicted «; is
somewhat higher than the reported experimental value, likely
due to defects present in the measured samples, as noted previ-
ously [39]. These findings further emphasize that the excellent
agreement of our calculated «; results from a thorough and ac-
curate assessment, confirming the robustness of our approach
for low-k; systems.

To elucidate the microscopic mechanisms underlying the
ultralow «; of CuCl, we analyze mode-resolved three- and
four-phonon scattering rates, along with the mode-resolved
spectral contributions to k;, as shown in Fig. 4. Notably,
the four-phonon scattering rates for the transverse acoustic
(TA) modes are nearly a few orders of magnitude higher
than the corresponding three-phonon scattering rates. This
pronounced scattering by TA phonons occurs because of the
large phonon population and the flat, nondispersive nature of
the TA and longitudinal acoustic (LA) phonon branches near
the high-symmetry X and L points, which favors resonance
in four-phonon scattering processes [38,46]. From the mode-
resolved spectral contributions, we find that low-frequency
phonons below 1.5 THz dominate «;. The contribution of TA
modes to the total «; is approximately 51% when only three-
phonon scattering is included, but it decreases to 36% when
both three-phonon and four-phonon processes are considered.
Since phonons in this frequency range dominate the heat
transport, the strong four-phonon scattering of TA phonons
plays a significant role in reducing «;.

Another notable observation is the significant contribution
of LA modes to «;, accounting for nearly 50%, with approx-
imately 20% of the contribution arising from modes above
1.5 THz. This stems from competing scattering between three-
phonon and four-phonon processes, which reduce the overall

Spectral k (W m~1 K™1 THz™1)

Frequency (THz)

FIG. 4. (a) Calculated three-phonon (3ph) and four-phonon
(4ph) scattering rates for acoustic modes at 300 K. (b) Spectral
thermal conductivity and its cumulative sum, with percentage con-
tributions of each mode to the total thermal conductivity.

scattering rates near their crossover frequency region just be-
low 2THz and above 3 THz. Consequently, pronounced LA
contributions to x; emerge in these frequency ranges. This
competition arises from energy and momentum conservation
constraints associated with different scattering processes [7].
For instance, the peak around 2.5 THz in the three-phonon
LA scattering originates from the sizable gap between TA
and LA modes, which forbids many three-phonon processes
and restricts three-phonon processes to a narrow frequency
range (2—3 THz) (see Supplemental Material [34]). Similarly,
four-phonon processes become dominant at higher frequen-
cies, producing a peak in the LA four-phonon scattering rate
between 3—4 THz. Thus, strong LA phonon scattering also
plays a role in suppressing «;.

C. Pressure dependence of «;

In this section, we investigate the unusual pressure depen-
dence of «; for CuCl. Computing k; requires both harmonic
and anharmonic IFCs, which are typically obtained from nu-
merous first-principles DFT calculations. To overcome this
challenge and substantially reduce the computational cost, we
employ a machine learning force field (MLFF) approach. In
the following, we provide a detailed validation of the MLFF
prior to calculating «; under various pressures.
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FIG. 5. Comparison of total energies and atomic forces predicted
by DFT and MLFF. The accuracy of the MLFF is quantified using
RMSE, MAE, and R? metrics, as given in the plot.

Figure 5 compares the energies and forces computed using
DFT and those calculated using the MLFF on a test set. This
test set comprises structures sampled across various temper-
atures, generated by emulating a canonical ensemble using
TDEP under different pressures. The low root-mean-square
errors (RMSEs) in both energies and forces demonstrate the
accuracy and reliability of the MLFF. Furthermore, Fig. 6(a)
shows that the phonon dispersion calculated using MLFF
closely reproduces the DFT results, confirming the capabil-
ity of MLFF to accurately describe atomic motion in CuCl.
Although energy and force comparisons are commonly used
to validate MLFF, we extend our validation by comparing «;
at ambient pressure, calculated using IFCs obtained from both
DFT and MLFF, as illustrated in Fig. 6(b). The deviation in «;
between the two methods remains within 6% across different
temperatures, regardless of the order of scattering processes
considered. This close agreement in k; values demonstrates
the robustness and transferability of the MLFF, confirming its
reliability for accurate estimation of «; under pressure.

Figure 7(a) shows the phonon dispersion of CuCl under
applied pressure. Typically, pressure leads to phonon mode
hardening due to shortened bond lengths. However, in CuCl,
a softening of the transverse acoustic (TA) modes at the X
and L points is observed. At the same time, the remaining
phonon modes exhibit the expected hardening behavior under
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FIG. 6. (a) Comparison of the phonon dispersion of CuCl
at 300 K obtained from DFT and MLFFE. (b) Temperature-
dependent lattice thermal conductivity calculated using IFCs from
DFT and MLFF, considering both three-phonon (3ph) and four-
phonon (3ph + 4ph) interactions. The inset shows the relative error
(% x 100%) in thermal conductivity between DFT and

MLFF results.
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FIG. 7. (a) Calculated phonon dispersion and phonon density of
states (PDOS) of CuCl at 300 K under different pressures. (b) Calcu-
lated lattice thermal conductivity as a function of pressure at different
temperatures, shown in comparison with experimental results from
Ref. [9]. (c) Scaled lattice thermal conductivity relative to the 0 GPa
value, considering both three-phonon (3ph) and four-phonon (4ph)
scattering.

pressure, as also reflected in the phonon density of states. This
softening behavior of TA modes arises from the unusual na-
ture of the out-of-phase vibrations at those points (see Supple-
mental Material [34]). Under pressure, these vibrations induce
shear distortions rather than directly compressing the bonds,
indicating weaker interatomic interactions. A similar soften-
ing behavior under pressure has been reported in other binary
compounds with the zincblende structure, such as BAs [18],
BP [19], and HgTe [16]. However, the softening occurs at
much higher applied pressures in those materials. Moreover,
the latter compounds are characterized by relatively strong
bonding, leading to moderate to very high thermal conductiv-
ity, unlike CuCl, which exhibits an ultralow thermal conduc-
tivity. Interestingly, the pressure dependence of thermal con-
ductivity in these materials shows anomalous trends, different
from the traditional belief that thermal conductivity increases
with pressure. In contrast, CuCl is highly anharmonic, and the
pressure-induced softening of its TA mode appears to play a
significant role in its «;, as experimental observations show a
continuous decrease in k; with increasing pressure [9].

The prediction of pressure dependence of x; can vary
significantly depending on the order of phonon scatter-
ing processes included in the BTE calculation [18,19]. For
example, in the case of BAs [18], previous studies have shown
that including four-phonon scattering significantly alters the
pressure-dependent trend of k;. Instead of a continuous de-
crease, the trend becomes anomalous, where «; initially
increases at low pressures and then decreases after reach-
ing a critical pressure. This anomaly is further supported by
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experimental measurements [47], highlighting the importance
of considering four-phonon scattering. However, a few recent
measurements have reported unexpectedly large values of «;
for BAs at ambient pressure, indicating the need for further
detailed investigations under both ambient and high-pressure
conditions. [48,49].

Given this, we have computed «; by including all relevant
and plausible phonon-phonon interactions to ensure an ac-
curate estimation. Figure 7(b) presents our calculated «; as
a function of pressure at various temperatures. Our results
show good agreement with previously reported experimental
data. To highlight the importance of four-phonon scattering,
we present the normalized «; considering only three-phonon
scattering and both three-, and four-phonon scattering in
Fig. 7(c). As expected, using only three-phonon scattering
yields a trend that deviates from experimental observations,
while the inclusion of four-phonon scattering captures the
proper pressure-dependent behavior. Notably, k; exhibits a
stronger pressure dependence at lower temperatures, which
gradually weakens as the temperature increases. This behav-
ior can be attributed to the faster weakening of four-phonon
scattering under pressure [20]. It is driven by the intrinsically
larger weighted phase space of four-phonon processes, which
are more sensitive to «; in CuCl than three-phonon processes.
Note that thermal expansion is not included in the calculations
of «; under pressure, as its effect is found to be small at ambi-
ent pressure and becomes negligible with increasing pressure
(see Supplemental Material [34]).

To further investigate the underlying mechanisms, we an-
alyze harmonic and anharmonic quantities to identify the
factors driving the continuous decrease of «; under pressure.
An increase in the harmonic contribution, proportional to the
product of the specific heat capacity C, and the square of the
phonon group velocity vé, enhances k;, while an increase in
anharmonicity reduces it. Under pressure, the group veloci-
ties v, of the LA and optical modes increase, whereas those
of the low-frequency TA modes decrease (see Supplemental
Material [34]), resulting in a mixed effect on «;. Similarly,
the Griineisen parameter, which reflects anharmonicity, de-
creases significantly for the TA modes while remaining nearly
constant for the LA mode (see Supplemental Material [34]).
Furthermore, the four-phonon scattering rates of TA modes
increase under pressure (see Supplemental Material [34]),
while those of LA modes show mixed behavior, with both
increases and decreases at different frequencies. From the
mode-projected «; at 0 GPa, it has been seen that the LA
modes contribute nearly 50%, which remains largely un-
changed under pressure. Therefore, the decrease in v, and
increase in four-phonon scattering for TA modes alone cannot
fully explain the reduction in «;. To elucidate further, we
analyze the mode-projected «; under pressure, which reveals
that four-phonon scattering rates for both TA and LA modes
increase significantly in the frequency range most relevant
to k;. Overall, the effect of increasing scattering rates, i.e.,
anharmonicity, is evident. However, the group velocity of TA
modes decreases while it increases for LA modes.

To quantify the impact of harmonic and anharmonic con-
tributions under pressure, we perform cross calculations of x;
by separately fixing harmonic (second-order) and anharmonic
(third- and fourth-order) IFCs across pressures, as shown in

(a) -— - (b)
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FIG. 8. (a) Scaled lattice thermal conductivity at 300K as a
function of pressure, normalized to its value at 0 GPa. ‘Fixed-second
IFCs’ refers to calculations where harmonic IFCs are fixed at 0 GPa,
while anharmonic IFCs vary with pressure. Conversely, ‘Fixed-
third/fourth IFCs’ denotes calculations where anharmonic IFCs are
fixed at 0 GPa, and harmonic IFCs vary with pressure. (b) Group
velocity (v,) and (c) four-phonon scattering rates of TA modes at
300 K, both of which increase under pressure.

Fig. 8(a). When the third- and fourth-order IFCs are fixed at
0 GPa, «; decreases more slowly compared to the case where
the second-order IFCs are fixed at 0 GPa. This implies that
changes in the harmonic contribution have a greater impact
on k; under pressure than changes in the anharmonic con-
tribution, although both are essential for capturing the actual
trend. The reduction in group velocity and the increase in four-
phonon scattering in the low-frequency regime [Figs. 8(b)
and 8(c)] primarily drive the trend. These observations further
emphasize the importance of phonon renormalization and in-
clusion of four-phonon interactions in accurately determining
the pressure dependence of ;.

D. Electronic DOS and COHP

So far, we have explored the factors that directly influence
the estimation of «; and explained the origins of its ultralow
value as well as its unusual pressure dependence. Among
these factors, the interatomic force constants are fundamental
parameters, as they serve as the primary inputs for thermal
conductivity calculations and reflect the strength and nature of
atomic bonding. Weak bonding typically leads to low thermal
conductivity. Thus, to gain insight into the bonding charac-
teristics, we present the electronic density of states (DOS)
and crystal orbital Hamilton population (COHP) [50], shown
in Fig. 9. The Cu-d orbitals largely contribute to the top
of the valence band, while the Cl-p orbitals dominate the
lower energy region. A weak overlap between Cu-d and Cl-p
states is observed just below the Fermi energy. This weak
hybridization typically results in the formation of bonding
and antibonding states, consistent with observations in other
materials [51,52]. However, in the case of CuCl, the weak
p-d hybridization results predominantly in antibonding states.
These antibonding states located just below the Fermi level in-
dicate a dominant ionic character, resulting in overall weaker
bonding. Also, the large mean square displacements (MSD)
of Cu atoms further confirm the weak bonding characteristics
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FIG. 9. Calculated electronic density of states (DOS) and crys-
tal orbital Hamilton population (COHP) of CuCl at ambient and
applied pressures. Er denotes the Fermi energy. (inset) Calculated
mean square displacements (MSD) of Cu and CI along the bond
direction at 0 GPa. The integrated COHP for antibonding occupied
states (ICOHP*B) increases with pressure.

in the system. This observation aligns with trends seen in
other materials exhibiting ultralow k;. Under pressure, the
antibonding states slightly extend to lower energies, and the
calculated integrated value of antibonding states (ICOHPAE)
increases, which describes the weakening of bonding. This
weakening of bonding can be linked to the softening of the
transverse acoustic modes under pressure, which subsequently
reduces k.

IV. CONCLUSIONS

In summary, we have investigated the x; of CuCl us-
ing a comprehensive framework that incorporates interatomic
force constants (IFC) renormalization, four-phonon scatter-

ing, thermal expansion, and full iterative solutions of the
Boltzmann transport equation. Our calculated «; shows good
agreement with reported experimental results, highlighting
the significance of including four-phonon scattering and IFC
renormalization to resolve discrepancies found in earlier
studies. The effects of exchange-correlation functionals and
thermal expansion on k; are also highlighted. We have fur-
ther investigated the unusual pressure dependence of ;. Our
calculated «; not only matches the experimental results at am-
bient pressure but also reproduces its trend under pressure at
different temperatures. Microscopic analysis reveals that both
the weakening of harmonic quantities (group velocity) and the
increase in anharmonic quantities, notably the four-phonon
scattering, reduces «; under pressure. However, the weaken-
ing in harmonic quantities plays the dominant role, though
both effects are essential for reproducing the experimentally
observed trends under pressure. From a methodological view-
point, we provide a clear workflow to compute «; using MLFF
combined with the TDEP. The reliability of the MLFF method
has been thoroughly validated. Overall, our accurate calcula-
tions and their agreement with experimental results provide
valuable insights into thermal transport in CuCl and other
strongly anharmonic materials.
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