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High-order phonon anharmonicity and thermal conductivity in GaN
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A comprehensive understanding of phonon transport is essential to develop effective solutions for heat
dissipation. Gallium nitride (GaN), a representative of third-generation power semiconductors, has been exten-
sively studied regarding its thermodynamics and lattice dynamics. However, the temperature-dependent phonon
properties, especially the anharmonicity at high temperatures, are poorly understood. Here, by combining in-
elastic neutron scattering (INS) experiments and calculations including the temperature effect based on machine
learning potentials, we report the high-order phonon anharmonicity in GaN over a wide temperature range.
Our calculations agree well with the experimental phonon dispersion, density of states and entropy, underlining
the significance of anharmonicity of GaN at elevated temperatures. Moreover, considering the four-phonon
processes, the calculated thermal conductivity is suppressed by 20%, and the anisotropy is also reduced gradually
with increasing temperature. Such behavior arises mainly from the large four-phonon scattering channels
between 20 and 30 meV, where the critical scattering rule for the three-phonon process is largely restricted at high
temperatures. Our study highlights the importance of high-order phonon anharmonicity for thermal transport in
GaN and provides a theoretical reference for thermal management in other related semiconductors.

DOI: 10.1103/PhysRevB.109.155204

I. INTRODUCTION

Gallium nitride (GaN) is one of the most important
third-generation power semiconductors, with excellent power
density, high thermal conductivity at room temperature, and
other attractive properties [1–3]. Due to the increase in power
density, operating frequency, and overall complexity of GaN-
based power electronics, the rapid increase in heat flux density
limits the development of electronic devices [4–7]. The self-
heating effect in AlGaN/GaN heterostructure [8–11] and the
uncontrollable thermal stress fields at high temperatures in
GaN have been found, guiding the maximization of the
functionality of GaN under such limited circumstances [12].
Therefore, a comprehensive understanding of its thermal char-
acteristics is vital for the design of heat dissipation solutions
[13]. This demand has greatly motivated research on the heat
transfer of semiconductors, where the phonon property is

*These authors contributed equally to this work.
†chenli@ucr.edu
‡hongjw@bit.edu.cn
§linyh@mail.tsinghua.edu.cn

an inevitable topic. For GaN, due to the artificial synthe-
sis technique induced defects and dislocations in the single
crystal, lattice dynamics experiments could not acquire the
pure phonon-phonon information [14,15]. In addition, thermal
conductivity measurement techniques, such as time-domain
thermoreflectance (TDTR), due to the insensitivity to heat
transfer along the in-plane direction, make it difficult to inves-
tigate the thermal conduction anisotropy [14–16]. Therefore,
a thorough understanding of the anisotropic phonon property
is of great benefit for regulating the thermal conductivity
of GaN.

Thermodynamics studies of GaN have attracted increas-
ing attention and have been extensively investigated over the
past decades [14–19]. Among them, simulations and thermal
conductivity measurements were in the majority, while the
experimental lattice dynamics were poorly involved, espe-
cially its temperature dependence [19,20]. Our previous work
reported a matryoshka phonon twinning behavior of GaN
using inelastic neutron (INS) and inelastic x-ray scattering,
revealing the origin of thermal conductivity anisotropy at
room temperature [19]. Considering that GaN usually op-
erates at high temperatures due to its properties, such as
high power density [17,18], a deep understanding of phonon
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anharmonicity at high temperatures becomes essential in this
system. At high temperatures, the anharmonic effect, espe-
cially the fourth-order term, is usually non-negligible and has
been reported in many systems, such as BAs [21,22], AgCrSe2

[23], Li2NaBi [24], and Na2TlSb [25]. Previous theoretical re-
search deemed the four-phonon interaction important in GaN
at high temperatures [14,16]. However, due to the absence
of experimental lattice dynamics evidence and the neglect
of temperature-induced anharmonicity and thermal expansion
in the calculations, the fundamental phonon properties and
thermal transport of GaN at high temperatures remain unclear.
Thus, state-of-the-art techniques, including simulation and
experiment, are urgently needed.

Here, we report the high-order phonon anharmonicity
and thermal conductivity of wurtzite structure GaN by the
combination of temperature-dependent INS experiments and
machine-learning interaction potential (MLIP) based calcula-
tion. The optical phonon modes of GaN soften with increasing
temperature, accompanied by the large mode Grüneisen pa-
rameter. Considering the temperature-induced anharmonicity,
the calculated vibrational entropy shows a better agreement
with experimental results at high temperatures than that under
the harmonic approximation or quasiharmonic approximation
framework. This observation underlines the significance of
large phonon anharmonicity at elevated temperatures. The
increased anharmonicity at higher temperatures also results
in more pronounced four-phonon scattering processes. The
predicted thermal conductivity of GaN, including the four-
phonon scattering process at high temperatures, is closer to
the experimental values reported in the literature, where κzz

(out of plane) is still larger than κxx (in plane). Particularly, the
four-phonon scattering channels are significantly enhanced
between 20 and 30 meV since the three-phonon channels are
largely limited by the critical selection rules, leading to the
obvious effect of four-phonon scattering processes on thermal
conductivity. Our work deepens the understanding of the tem-
perature dependence of phonon property in GaN.

II. EXPERIMENT AND CALCULATION

A. Inelastic neutron scattering measurement

Inelastic neutron scattering measurements of a single GaN
sample at 50, 300, and 600 K were conducted using the wide
angular-range chopper spectrometer (ARCS) at the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory.
The incident neutron energy is 150 meV. Detailed setup pa-
rameters for the dispersion measurement can be found in our
previous work [19]. A reciprocal space map of elastic scatter-
ing (−1.5 � E � 1.5 meV) measurements shows the excellent
quality of our single crystal (Fig. S1 of the Supplemental
Material [26]). Phonon density of states (DOS) measurements
were performed at 50, 150, 350, 540, and 640 K. The incident
neutron energies, Ei = 50 and 150 meV, were used at each
temperature to measure the low- and high-energy phonons,
respectively. The empty can was measured in identical condi-
tions at all temperatures and used for background substraction.
INS data shown in the present work are normalized by the in-
coherent scattering of vanadium and corrected for the sample
temperature to obtain the imaginary dynamical susceptibility,

χ ′′(Q, E ) = S(Q, E )/[nT(E ) + 1], where nT(E ) stands for
the Bose distribution, and S(Q, E) is the scattering dynamical
structure factor [19]:

S(Q, E ) ∝
∑

s

∑
τ

1

ωs
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∑

d

b̄d√
Md

exp(−W d ) exp(iQ · rd )

× (Q · eds)

∣∣∣∣
2

〈ns + 1〉δ(ω − ωs)δ(Q − q − τ )

(1)

where b̄d is neutron scattering length, Q = k−k′ is the wave
vector transfer, k′ and k are the final and incident wave vector
of the scattered particle, q is the phonon wave vector, ωs is the
eigenvalue of the phonon corresponding to the branch index s,
τ is the reciprocal lattice vector, d is the atom index in the unit
cell, rd is the atom position, Wd is the corresponding Debye-
Waller factor, and eds is the phonon eigenvectors.

B. Thermal transport calculation

The temperature-dependent phonon dispersion was calcu-
lated based on the temperature-dependent effective potential
(TDEP) method [27–29]. The moment tensor potential (MTP)
developed by Shapeev et al. [30], which is one of the machine
learning interaction potentials, was applied to conduct molec-
ular dynamics (MD) by LAMMPS to provide reliable forces and
displacements in order to extract force constants by TDEP.
The data used to train the MTP are obtained from ab initio
molecular dynamics (AIMD) simulations performed using
the Vienna Ab initio Simulation Package (VASP). [31] The
local density approximation (LDA) was used in the AIMD
simulation. The kinetic energy cutoff and electronic energy
tolerance were set as 500 and 10−5 eV, respectively. The K
points were chosen as � only. The cubiclike supercell with
208 atoms was utilized to efficiently reduce the computational
cost of acquiring phonon dispersions [32,33]. The experimen-
tal thermal expansion was applied to the calculation [34]. The
AIMD simulations were run for 1500 steps with a time step
of 1 fs/step at 300, 600, and 900 K. These simulations uti-
lized the canonical ensemble with a Nosé-Hoover thermostat.
Configurations for the training potential were selected every
ten steps at the above-mentioned three temperatures (a total
of 450 configurations). The MTP with a maximum level of 16
was applied. The minimum and maximum cutoff radius for
the MTP was chosen to be 1.6 and 10 Å. The fitting weights
of energies, forces, and stresses were set as 1, 0.1, and 0.01 in
the training processes, respectively. According to the valida-
tion set, the root mean square error (RMSE) of energies and
forces are 0.000 68 meV/atom and 0.021 meV/Å, respectively.
More validation data are shown in Fig. S2 [26], including the
validation of energy and force.

The force constants at 0 K were calculated by the finite
displacement method based on the density functional theory
(DFT) using VASP and PHONOPY packages. The primitive cell
was fully relaxed with the kinetic energy cutoff of 600 eV,
the electronic energy tolerance of 10−8 eV, and the force
tolerance of 10−6 eV/Å. The lattice constants after relaxed
are a = b = 3.16 Å, c = 5.15 Å, which are slightly smaller
than the experimental values a = b = 3.191 Å, c = 5.191 Å
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FIG. 1. Comparison between the measured χ ′′(Q, E) and the temperature-dependent calculated phonon dispersions. (a)–(c) are the results
along [0, 0, L] direction at 50, 300, and 600 K, respectively. (c)–(e) are the results along [H, −H, 0] direction at 50, 300, and 600 K, respectively.
The logarithmic color bar indicates the intensity. White lines are the calculated temperature-dependent phonon dispersions with MTP.

[19]. The K point was set as 12 × 12 × 9. The harmonic force
constants are acquired using the PHONOPY package [35] with
a 4 × 4 × 3 supercell of GaN. The quasiharmonic approxima-
tion (QHA) calculation was conducted with the help of the
PHONOPY package.

Then, the MD simulation with MTP by the LAMMPS

package [36] was utilized to acquire the converged phonon
dispersion. The 10 × 10 × 5 supercell was applied after the
convergence test at 300 K, as shown in Fig. S3 [26]. The
supercell was first relaxed 5 ps with the NVT ensemble and
was changed to run with the NVE ensemble to collect dis-
placements and forces for 2.44 ns at 50, 300, 600, and 900 K.
The cutoff distance of second-order, third-order, and fourth-
order force constants was set as 7, 7, and 3 Å, as shown in
the converged test in Fig. S4 [26]. The temperature-dependent
thermal conductivity was calculated with FOURPHONON [37],
which includes the four-phonon scattering processes by solv-
ing the Boltzmann transport equation. The converged q mesh
13 × 13 × 13 was chosen to calculate thermal conductivity.

III. RESULTS

Figure 1 shows the measured dynamical susceptibility,
χ ′′(Q, E), by INS of GaN with two-dimensional slices along
both in-plane ([H, −H, 0]) and out-of-plane ([0, 0, L])
directions at 50, 300, and 600 K, respectively, superim-
posed on the calculations with the corresponding temperature.
The temperature-dependent calculation of the low-energy
(<40 meV) phonon dispersion agrees well with the experi-
mental result, although that of the high-energy (>60 meV)

one has slightly more difference at each temperature. Such
discrepancy also exists compared to other harmonic phonon
calculations. It may be related to the little local density ap-
proximation potential inaccuracy [19,38,39], which reflects
the difference between experimental and calculated lattice
constants. The error may be transmitted to the training
database. However, on the whole, the calculation based on the
machine-learning potential can be regarded as a reproduction
of the experimental results, indicating that our calculation is
reliable.

Figure 2 illustrates the comparison between the mea-
sured and calculated temperature-dependent phonon DOS.
The neutron-weighted phonon DOS g(E) was calculated
by gNW (E ) = ( σGa

mGa
gGa(E ) + σN

mN
gGa(E ))/( σGa

mGa
+ σN

mN
), where

gGa(E ) and gN(E ) are partial phonon DOS of Ga and N,
respectively [40]. The σGa (σN) and mGa (mN) indicate the
neutron cross section of Ga(N) and the relative atomic mass of
Ga(N), respectively. It is found that there are four peaks in the
phonon DOS, and each peak contains several branches. With
increasing temperature, the low-energy peak 1 (P1) broadens
and gradually splits into a peak and a shoulder, while peaks
2, 3, and 4 (P2–P4) all exhibit an obvious softening. It is
well known that phonons and their linewidths will soften and
broaden respectively with increasing temperature when the
system has strong anharmonic effects [41]. Thus, due to differ-
ent degrees of anharmonicity of phonons, branches in a DOS
peak will show different degrees of softening, resulting in the
overall peak softening or broadening. With the presence of
phonon linewidths in the INS data, the shape changes of these
four DOS peaks indicate moderate anharmonicity of GaN
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FIG. 2. The temperature-dependent phonon density of state (DOS). Measured phonon DOS with incident energy of 50 (a) and 150 meV (b)
at different temperatures are normalized to unity. (c) Calculated neutron-weighted phonon DOS with 0 (dark blue), 300 (orange), 600 (green),
and 900 K (red). Numbers in (a) and (b) indicate the different peaks in the phonon DOS. Dashed lines are the eye guidance to identify the
phonon softening with increasing temperature.

[Figs. 2(a) and 2(b)]. The temperature-dependent calculation
reproduces the similar temperature-dependent DOS behavior
well. In Fig. 2(c), it can be seen that peaks 3 and 4 calculated
by DFT and MD soften gradually with temperature rises from
0 to 900 K, indicating the significance of the anharmonicity.

To clearly show its temperature dependence, the Gaussian
function is utilized to extract the centers of P2–P4, as shown
in Fig. 3(a). It should be noted that P1 has little change with
temperature due to relatively weak anharmonicity, which is
also predicted by Herriman et al. [25]. P3 and P4, which
correspond to the high energy optical phonon modes, soften
faster than the low-energy P2 at high temperature. The mode
Grüneisen parameter, γi = − ∂ ln εi

∂ ln V , is used here to evaluate
the anharmonicity of these DOS peaks by taking the deriva-
tive of phonon mode energy (εi) and crystal volume (V) at
finite temperature [42]. With the temperature-dependent V
[34], the experimental γP3−P4 with γP3 = 2.96 ± 1.23 and
γP4 = 3.09 ± 0.97 were acquired, similar to the calculated

γP3_cal = 3.56 ± 0.20 and γP4_cal = 3.80 ± 0.03. This result
confirms the high sensitivity of the high-energy optical modes
to temperature, indicating strong anharmonicity of P3 and P4,
which is in good agreement with the prediction of Herriman
et al. [43].

Although the anharmonicity of the phonon DOS peaks is
well evaluated by the calculated and experimental Grüneisen
parameters, the high (third and fourth)-order contributions are
difficult to be distinguished. The vibrational entropy based
on the phonon DOS was introduced to further explore the
anharmonic effect, defined as [42,44]

Svib = 3kB

∫
dεg(ε){[n(ε) + 1] ln[n(ε) + 1] − n(ε)

× ln[n(ε)]}, (2)

where g(ε) is the phonon DOS normalized to 1, n(ε) is
the Plack distribution, and kB is the Boltzmann constant. As

FIG. 3. (a) Temperature-dependent fitting results of Gaussian function for three DOS peaks in Fig. 2. (b) Temperature-dependent
vibrational entropy of GaN from experimental phonon DOS (circles), harmonic (blue lines), QHA (orange squares), and anharmonic calculation
(stars). Dashed spline curve shows the trend of the experimental results at high temperatures.
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FIG. 4. Temperature-dependent thermal conductivity of GaN.
The dashed and solid lines indicate the fitting of calculations,
including three-phonon scattering processes and both three- and four-
phonon scattering processes, respectively. The dots are experimental
results [14,48–51].

shown in Fig. 3(b), the calculated vibrational entropy with the
harmonic approximation has a growing difference with the
experimental results as the temperature increases. It should
be noted that over the whole temperature range, the exper-
imental result is slightly larger than the calculation, which
may result from the imperfect exchange-potential function in
the calculation. Besides, the imperfection of GaN is unavoid-
able, which may include some dislocation-induced strain or
impurity to affect the vibrational entropy [45,46]. At 50 K, the
difference between calculation with harmonic approximation
and experiment is ∼ 0.13 kB/atom. When the temperature
increases to 640 K, the difference between the calculation
with harmonic approximation and the experiment increases
to ∼ 0.37 kB/atom. The difference between quasiharmonic
approximation (QHA) and the experiment is ∼ 0.36 kB/atom
at 640 K, which indicates the QHA is insufficient to describe
the temperature-dependent entropy. However, when includ-
ing the anharmonicity, the difference between the calculation
and experiment decreases to ∼ 0.28 kB/atom, representing
a decrease of ∼ 22% compared to the difference between
the calculation with harmonic approximation and the exper-
iment. The temperature-dependent calculation can effectively
decrease the difference between the calculation with harmonic
approximation and the experiment, further underlining the
significance of the anharmonic effect at high temperatures in
GaN [inset picture in Fig. 3(b)].

Therefore, the INS measurement indicates the non-
negligible anharmonicity in GaN at high temperatures. Such
change of phonon modes with temperature will lead to the
evolution of lattice thermal conductivity, closely related to
the high-order phonon scattering processes. As shown in
Fig. 4, the calculated thermal conductivity with three- and
four-phonon (3+4ph) scattering processes agrees better with
previous measurements than that only with three-phonon
(3ph) scattering processes at high temperatures. The inclu-
sion of four-phonon scattering processes further decreases
the thermal conductivity closer to the experimental result,
especially at high temperatures. Besides, the temperature-
dependent thermal conductivity along the zz direction changes

from κ ∼ T −1 to κ∼ T −1.12 after including the four-phonon
scattering processes, much closer to the ∼ T −1.2 reported by
Slack et al. [47] and Jezowski et al. [48]. Notably, the ther-
mal conductivity still shows a difference between our 3+4ph
results and the experiment at around 800 K. The emergence
of such difference may be due to the limitation of TDTR
experiment, where the GaN sample with dislocations was used
for the thermal conductivity measurement in Ref. [14]. For
example, with a relatively large laser spot size, the TDTR
measurement is insensitive to heat transfer in the in-plane
direction [14]. Nevertheless, our calculation, including the
four-phonon interaction, at least appears to be more consistent
with experimental values. Thus, the four-phonon scattering
plays a vital role in correcting the thermal conductivity of GaN
at high temperatures, which further indicates the failure of the
description of anharmonicity by low-order phonon interaction
at high temperatures.

The temperature-dependent calculation of thermal conduc-
tivity in Fig. 4 also indicates that the anisotropy of thermal
conductivity in GaN decreases obviously with the tempera-
ture increases. The ratio of the thermal conductivity along
the zz and xx directions, κzz/κxx, decreases from 1.098 at
300 K to 1.059 at 900 K when only considering three-
phonon scattering processes. However, when including the
four-phonon scattering processes, the ratio of κzz/κxx de-
creases from 1.097 at 300 K to 1.048 at 900 K, which indicates
that the four-phonon scattering process contributes to the re-
duced anisotropy. The ratio of lattice constants c/a decreases
from 1.628 to 1.627 as the temperature increases from ap-
proximately 300 K to around 900 K. This suggests that a
decreased thermal conductivity anisotropy in GaN at elevated
temperatures is reasonable [32]. Notably, the lower κxx is
well revealed by the in-plane Matryoshka phonon twining
behavior at 300 K, which enriches the three-phonon scattering
channels [19].

Figure 5 further illustrates the effect of four-phonon scat-
tering processes on thermal conductivity along the xx and
zz directions at 900 K in detail. The cumulative thermal
conductivity in Figs. 5(a) and 5(c) indicates that the phonon
modes below 30 meV contribute to the most thermal con-
ductivity, mainly from the acoustic phonon modes. The
energy-dependent thermal conductivity in Figs. 5(b) and 5(d)
illustrate that the phonon modes between 20 and 30 meV have
the non-negligible contribution of four-phonon interaction.
This energy region corresponds to the significantly wider area
of P1 in DOS, as shown in Fig. 2(a). Only considering three-
phonon scattering processes leads to the overestimation of
thermal conductivity of GaN as κxx = 75.89 W/mK and κzz =
80.41 W/mK at 900 K. The inclusion of the four-phonon
scattering process well corrects the thermal conductivity
of GaN as κxx = 62.26 W/mK and κzz = 65.27 W/mK
at 900 K.

To further understand the contribution of four-phonon scat-
tering processes between 20 and 30 meV, the phonon from
three- and four-phonon scattering processes are shown in
Fig. 6(a). It is found that the linewidths from four-phonon
scattering processes become comparable with those from
three-phonon scattering processes between 20 and 30 meV,
which is mainly attributed to the big four-phonon scatter-
ing phase space in this energy region [Fig. 6(b)]. Thus, the
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FIG. 5. Cumulative thermal conductivity along xx (a) and zz (c) direction at 900 K. Blue and red lines indicate the results including only
three-phonon and both three- and four-phonon scattering processes, respectively. Energy-dependent thermal conductivity of GaN along xx (b)
and zz (d) direction at 900 K. Blue bars indicate the energy-dependent thermal conductivity from three-phonon interaction κ3ph while red bars
indicate the effect of four-phonon scattering processes, which is described as � = |κ3+4ph − κ3ph|.

three-phonon scattering processes are strongly suppressed
here, but the four-phonon scattering processes are enhanced.
As shown in Fig. S5 [26], the acoustic (A) phonon bands
become bunched together when the q vector approaches the
zone boundary in GaN [16,52]. Besides, there is a phonon
band gap �ωA−O =∼ 25 meV, related to the relatively large
Ga-to-N mass ratio ∼ 5. This gap will also lead to the dip of
AAA processes around 20 meV. The AAO (O is optical phonon
mode) process will be prohibited if one of the participating
acoustic phonons has a frequency below the frequency gap.
Such behavior leads to the small phase space for AAO around
20 meV [Fig. 6(c)]. For the AOO process, as the acoustic
phonon modes approach the optical phonon bandwidth, the
available AOO scattering channels decrease. This decrease
occurs because the AOO process cannot take place when they

involve acoustic phonons with frequencies exceeding the optic
phonon bandwidth, which is the main reason that there is a
dip of AOO between 20 and 30 meV, as marked in Fig. 6(c).
Therefore, these critical three-phonon selection rules lead to
the small scattering phase space between 20 and 30 meV.
However, the acoustic bunching and phonon band gap have
little influence on the four-phonon scattering processes [52].
As a result, four-phonon scattering processes become more
important at high temperatures due to anharmonicity, which
greatly affects thermal conductivity.

IV. CONCLUSION

In summary, we explore the high-order phonon anhar-
monicity and thermal conductivity of GaN, especially at

FIG. 6. (a) Energy-dependent phonon linewidth of GaN. (b) Energy-dependent phonon scattering phase space. The circles and stars in (a)
and (b) indicate the contribution from three-phonon and four-phonon scattering processes, respectively. (c) Detailed three-phonon scattering
processes. The A and O indicate the acoustic and optical phonon modes, respectively.
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high temperatures. The inelastic neutron scattering exper-
iment and MLIP-based calculation confirm the softened
phonon modes at high temperatures. The high-energy opti-
cal phonon modes possess large Grüneisen parameters. The
vibrational entropy calculation, which considers temperature-
induced anharmonicity, matches the experimental results
better than the calculation based on harmonic approxi-
mation at high temperatures. The larger anharmonicity at
high temperatures also leads to the more obvious four-
phonon scattering processes. The inclusion of four-phonon
scattering processes aligns well with the calculated and ex-
perimentally observed thermal conductivity. Along with the
critical selection rule limited three-phonon scattering, the
four-phonon scattering processes, especially between 20 and
30 meV, play more essential roles in the total lattice ther-
mal conductivity at high temperature. Our work deepens the
understanding of phonon property and its temperature de-
pendence in GaN and highlights the role of the high-order

phonon process in studying the thermal conductivity at high
temperatures.
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