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Diamond is a wide-bandgap semiconductor with a variety of crystal configurations, and has the potential applications
in the field of high-frequency, radiation-hardened, and high-power devices. There are several important polytypes of dia-
monds, such as cubic diamond, lonsdaleite, and nanotwinned diamond (NTD). The thermal conductivities of semiconduc-
tors in high-power devices at different temperatures should be calculated. However, there has been no reports about thermal
conductivities of cubic diamond and its polytypes both efficiently and accurately based on molecular dynamics (MD). Here,
using interatomic potential of neural networks can provide obvious advantages. For example, comparing with the use of
density functional theory (DFT), the calculation time is reduced, while maintaining high accuracy in predicting the thermal
conductivities of the above-mentioned three diamond polytypes. Based on the neuroevolution potential (NEP), the thermal
conductivities of cubic diamond, lonsdaleite, and NTD at 300 K are respectively 2507.3 W-m~!.K~!, 1557.2 W-m~1.K~!,
and 985.6 W-m~!'-K~!, which are higher than the calculation results based on Tersoff-1989 potential (1508 W-m~!.K~!,
1178 W-m~1-K~!, and 794 W-m~1.K 1, respectively). The thermal conductivities of cubic diamond and lonsdaleite, ob-
tained by using the NEP, are closer to the experimental data or DFT data than those from Tersoff-potential. The molecular
dynamics simulations are performed by using NEP to calculate the phonon dispersions, in order to explain the possible
reasons for discrepancies among the cubic diamond, lonsdaleite, and NTD. In this work, we propose a scheme to predict
the thermal conductivity of cubic diamond, lonsdaleite, and NTD precisely and efficiently, and explain the differences in
thermal conductivity among cubic diamond, lonsdaleite, and NTD.

Keywords: diamond, neuroevolution potential, molecular dynamics, thermal conductivity, phonon transport

PACS: 81.05.ug, 02.70.Ns, 65.40.-b, 63.20.D-

1. Introduction

Diamond is a highly valuable material due to its optimal
properties such as the wide bandgap, the high breakdown field
strength, the remarkable mechanical properties, and the out-

r.[1=4 Diamond has

standing thermal conductivity in particula
some polytypes such as cubic diamond, lonsdaleite (hexago-
nal diamond), and nanotwinned diamond (NTD), which have
different lattice structures. Among them, the lonsdaleite and
the NTD both have important research values because of their
special thermodynamic and mechanical properties. The direct
synthesis of NTD typically involves with the use of a precur-
sor of onion carbon nanoparticles at high-pressure and high-
temperature, resulting in an average twin thickness of 5 nm.5!
The lonsdaleite can usually be regarded as a special type of

NTD with a minimum twin thickness of 0.206 nm.[®! The twin
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boundaries (TBs) are interfaces that separate regions of a crys-
tal with different crystallographic orientations. In the case of
NTD, the presence of TBs can be attributed to the crystal’s
formation, where the cubic and hexagonal diamond crystals
grow in a partially misaligned fashion, resulting in distinct re-
gions with different orientations. The formation of lonsdaleite
through the emergence of crystal dislocations in the cubic di-
amond can be recognized as the existence of TBs to some
extent. The TBs play a crucial role in optimizing mechani-
cal properties in nanotwinned structures like lonsdaleite and
NTD.!"!

Previous studies show that NTD has a Vickers hardness
as high as 200 GPa, which has unprecedented hardness, and
also has excellent thermal stability and an in-air oxidization
temperature which exceeds 200 K higher than that of the
cubic diamond." Additionally, the mechanical and thermal

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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properties exhibited by NTD are also basically evident in
lonsdaleite.[®®) The lonsdaleite is famous for its extraordinary
hardness, exceeding the hardness of NTD, which is expected
to exceed 200 GPa.[% Based on the excellent properties of the
NTD and lonsdaleite, such as the mechanical and thermody-
namic properties, the NTD and lonsdaleite structures can ex-
hibit promising potential applications in semiconductor field,
such as the semiconductor devices in the high-temperature
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and high-pressure environment. However, the presence of
TBs has a negative influence on the thermal conductivity of
the NTD and lonsdaleite because of the rising possibility of
phonon scattering, which is not conducive to their applications
in semiconductor fields . Thus, the thermal conductivity evolu-
tions of the NTD and lonsdaleite at different temperatures are
worth further exploring for the application of the mentioned

diamond structures in semiconductor fields.

Twin thickness
0.619 nm

|
|

1000
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Twin boundaries (TBs) ~—

Fig. 1. Lattice structures of (a) cubic diamond (111), (b) lonsdaleite, and (c) NTD, studied in this work.

The density functional theory (DFT) and the molecu-
lar dynamics (MD) with empirical potentials and machine-
learned (ML) potentials can both provide approaches to
calculating the thermal conductivities of the diamond
structures.[” 1% The DFT method can precisely calculate the
thermal conductivity and phonon dispersion but it is only a
time-consuming method for complex crystal structures.[!!-1%]
The Tersoff potential (Tersoff-1989!"3!) is a commonly-used
empirical potential for the MD simulations of semiconduc-
tors such as diamond and silicon. Compared with the DFT
calculations, the MD calculations based on the Tersoff po-
tential are advantageous in terms of the simulation scale and
speed. However, since it is based on empirical potential,
there are limitations in accurately describing the energy and
atomic forces, leading to inaccuracy in depicting the structural
properties. [!415]

In previous studies,[1%17] the thermal conductivities and
phonon transport mechanisms of the three diamond struc-
tures have been explored based on other potentials. The
thermal conductivities, phonon spectra, and other character-
istics that describe the differences among their thermal prop-
erties have been well explored based on the molecular dy-
namics (MD) approach.['82%1 In order to better understand
the thermal conductivities of three structures and save com-
puting time, a machine-learned method and ab initio calcu-
lation method (from first principles) have been used to ob-
tain a high-precision potential named neuroevolution poten-
tial (NEP).[?!] The NEP method based on MD method outper-
forms the DFT approach in terms of the computational speed
and simulation scale while providing greater accuracy than the
empirical potentials.*?! In this paper, the NEP is trained in a

neural network and adopted in calculating thermal properties
in cubic diamond, lonsdaleite and NTD. The thermal conduc-
tivities of the mentioned three structures are obtained and the
phonon dispersions are revealed based on the Tersoff-1989,
DFT, and NEP.

2. Method

In this paper, the NEP of cubic diamond, lonsdaleite, and
NTD are obtained by combining machine-learned potentials
(MLPs) with the density functional theory (DFT). The datasets
in the NEP training process are obtained through the DFT cal-
culations. The thermal conductivities of the three diamond
structures are calculated based on the equilibrium molecular

dynamics (EMD).

2.1. Density functional theory

The DFT from ab initio calculations has been car-
ried out by using the VASP method.!?*! For the exchange-
correlation functional, the generalized gradient approximation
with Perdew—Burke—Ernzerhof parametrization is applied.>*!
The plane wave cutoff is set to be 520 eV. The optimized lat-
tice parameters of the unit cell of diamond, lonsdaleite, and
NTD are 2.53 Ax4.38 Ax6.19 A, 2.51 Ax4.35 Ax4.18 A,
and 2.52 Ax4.37 Ax12.44 A with 12, 8, and 24 atoms, re-
spectively. During the cell optimization, the convergence cri-
teria are 107> eV for the energy difference in electronic self-
consistent calculation and 0.01 eV/A for the residual forces on
atoms. The k-point grids for the unit cell of diamond, lons-
daleite, and NTD are employed to be 11x7x5, 11x7x7, and
11x7x2, respectively. The structure of the diamond, lons-
daleite, and NTD in the DFT simulation are 10x6x6, 4x3x3,

128101-2



Chin. Phys. B 32, 128101 (2023)

and 4 x3x 1 supercells, respectively. The k-point grids for the
supercells of diamond, lonsdaleite, and NTD are employed as
the Gamma point. The three structures are first equilibrated
for 0.2 ps in time steps of 0.5 fs, and then the snapshots are
collected each step during production runs for 0.3 ps at 800 K.
Each structure has 500 snapshots generated in the training pro-
cess, and the total number of snapshots used for the training
process is 1500. Each structure has 100 snapshots generated
in the testing process, and the total number of snapshots used
for the testing process is 300. After the calculations in DFT,
we have had a training set and testing set, which are to be ap-
plied to the training of NEP.

2.2. Neuroevolution potential (NEP)

In graphics processing units molecular dynamics
(GPUMD), the NEP3 has been adopted as the method of cal-

21.25] Various molecular

culating the potential energy function.!
descriptors need setting and defining for the acquisition of the
NEP. The NEP uses a simple feedforward neural network to
represent the energy and force of atoms. The DFT method has
been used to obtain precise atomic force and energy data.[>*]
All generated data in the DFT method, which are divided
into the training set and the testing set, involve with nearly
3 x 10* configurations and 9.5 x 10° atoms. The training
set has 8.43 x 107 atoms and the testing set has 1.164 x 10
atoms, which account for 88% and 12% of the total data,
respectively. After obtaining the training set and the testing
set, it is meant that the training process is completed in the

GPUMD package. 26?71

2.3. Equilibrium molecular dynamics (EMD)

The EMD is mainly based on the Green—Kubo method.
The Green—Kubo method relies on the fact that the heat flow
in a particle system in equilibrium fluctuates around zero
and heat flux vectors and their dependencies are obtained by
simulation.[?8) The thermal conductivity is then predicted via
the Green—Kubo relationship based on the time which takes
for the thermal autocorrelation function to decay to zero.

In the Green-Kubo method,?%39 the running thermal
conductivity along the x direction can be expressed as an in-
tegral of the heat current autocorrelation function (similar ex-
pressions are applied to the other directions):

k(1) = ]CB% /0 ()Y, 0

where kg is the Boltzmann’s constant, V is the volume of the
cubic diamond system or lonsdaleite systemor NTD system, T
is the absolute temperature, and ¢ is the correlation time, J,(0)
and J,(r) are the total heat current of the system at two time
points separated by an interval of ¢. The heat current at a given
time depends on the location and velocities of the particles in
the system.

The thermal conductivities in cubic diamond, lonsdaleite,
and NTD are calculated by using the EMD method. The
three directions of the three crystal lattices are established
as [112] (X), [110] (Y), and [111] (Z), respectively, which
correspond to three structures in Fig. 1. For the EMD
calculation, a 30.32 Ax30.63 Ax30.94 A supercell con-
sisting of 6408 atoms for the cubic diamond unit cell, a
30.32 Ax30.63 Ax28.88 A supercell containing 4704 atoms
for the lonsdaleite unit cell, and a 30.32 A x30.63 Ax37.13 A
supercell composed of 5040 atoms for the NTD unit cell are
utilized in the simulation.
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Fig. 2. Plots of the thermal conductivity versus atom number per cell
for the cubic diamond (red line), lonsdaleite (orange line), and NTD
(blue line).

It can be indicated from previous study that such a scale
is large enough to neglect the finite size in the Green—Kubo
method.*!) Additionally, we also calculate the thermal con-
ductivities on different atomic scales at 300 K, such as the
cubic diamond with 5080 atoms and 7300 atoms, the lons-
daleite with 3696 and 5824 atoms, and the NTD with 4034
and 6048 atoms, to exclude the size effect. It can be found
that the differences in thermal conductivity among cubic dia-
mond structure, lonsdaleite structure, and NTD structure for
different cell sizes are within 5% as shown in Fig. 2. Thus,
it can be further conducted that the size effect on the thermal
conductivity calculation for each of cubic diamond structure,
lonsdaleite structure, and NTD structure in this work could be
ignored.

The thermal conductivities of the three structures all have
been calculated in the z direction at 300 K, 400 K, 500 K,
600 K, and 700 K, respectively. In the thermal conductivity
calculations, the diamond structure should first reach the pre-
set temperature in the NPT ensemble, and then the heat con-
duction is simulated in the NVT ensemble at a maximum cor-
relation time of #,ox = 0.5 ps. The elastic constant or inverse
compressibility parameter needed in the barostat is set to be
1050 GPa. In the NVT ensemble, we have a total of 8 x 10°
steps and output the thermodynamic information every 8 x 10*
steps.
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3. Results and discussion
3.1. NEP model training and validating

After training the NEP, we calculate the root mean square
error (RMSE) of the energy and atomic force by comparing
the data in the testing set and the predictions from NEP. The
comparison of the energy and atomic force between the NEP
and DFT calculations are shown in Fig. 3. In Fig. 3(a), the
RMSE of energy per atom is 0.24 meV/atom. In Fig. 3(b), the

MLPs are recognized to have excellent performance when the
RMSE of energy and atomic force falls in the range of several
meV/atom and several hundred meV/A, respectively.3%33]
The small RMSE value obtained for energy and atomic force
can illustrate the high accuracy of the NEP model, comparable
to the accuracy of the DFT calculations. The linear approxi-
mation of the DFT data and NEP predictions also suggest that
the potential has been satisfactorily trained. It has been shown

that such a high accuracy can ensure high-precision predic-

RMSE of atomic force is 51.8 meV/A in the NEP model. The  tions of the physical properties of materials.
—~ —8.70 10 100
g _875° Train (a) - « Train (b) p (C)
% ’ Test i Test - - »
< —8.80 [ RMSE = 0.24 meV /atoin > 57 RMSE=51.8 meV/ 10
> [ v
o 8.85 = y ”
>, —8.90 / g o 2 102
5 —8.95} / &
=t [ _o| — Force-train
© —9.00¢ / = —5r 1073f — L2-regularization
% —9.05} Z — L1-regularization
— Energy-train
Z —9.10 TR S S —10 : : : 104 - : -
—9.10 —9.00 —8.90 —8.80 —8.70 —10 -5 0 5 10 102 103 104 10°

DFT energy (eV/atom)

DFT force (eV/A)

Generation

Fig. 3. (a) NEP energy versus DFT energy and (b) NEP force versus DFT force, with comparison of between the training set and testing set based on the
DFT calculated data. The RMSE is obtained by comparing the data between NEP and DFT calculations in training process, and yellow solid line represents

fitting curve for the training set. (c) Loss function of the training process.

Figure 3(c) shows the evolutions of the various loss func-
tions with generation. With the increase of generation, the
RMSE of energy and force are reduced and converged, al-
though with some oscillations in the beginning. In contrast,
the loss functions for L1 and L2 regularizations exhibit a trend
of first increase and subsequent decrease, reflecting the influ-
ence of regularization on magnitude of weight and bias param-
eters in the neural network and highlighting its effectiveness.
Without the regularization (setting A; and A, to zero or very
small values), the weight and bias parameter in the neural net-
work would increase, which can easily lead to overfitting. The
final hyper-parameters obtained from the training process are
listed in Table 1.

Table 1. Hyper-parameters in NEP model training process.

Hyper-parameter

Radial cutoff 7} (A) 45
Angular cutoff r? A) 4
Size of radial basis 1, 10
Size of angular basis n2,, 8
Imax 4

Neuron 100

NR, 10
N 8

Generation 100000

In Table 1, r® (r2) is the cutoff radius for the radial (an-
gular) component of the descriptor, nX . (n%,,) is Chebyshev
polynomial expansion order for the radial (angular) compo-
nents, /nmax is the Legendre polynomial expansion order for the
angular components, neuron is the number of neurons in the

hidden layer of the neural network, N} (N,) number of ra-
dial and angular basis functions, and generation is the maxi-

mum number of generations to be evolved.

3.2. Thermal conductivity of cubic diamond, lonsdaleite,
and NTD

In the EMD method, the thermal conductivities (from
300 K to 700 K) are calculated as an integral of the heat cur-
rent autocorrelation function. Owing to the well-known per-
sistent noise in the autocorrelation function, 50 independent
integrals often drift away in only 50 ps, and finally converge
to obviously different values at 200 ps, which poses a great
challenge to accurately deduce the thermal conductivity from
such calculations.*>! As shown in Fig. 4, the optimized ther-
mal conductivity value could be achieved by carrying out 50
independent simulations and averaging the thermal conductiv-
ities from the simulation results. Based on the above method,
the thermal conductivities of the cubic diamond, lonsdaleite,
and NTD at 300 K are obtained. The differences in thermal
conductivity among the three diamond structures are partially
due to the existence of the TBs in NTD and lonsdaleite, which
can increase the thermal resistance of material. It can be seen
from Fig. 5 that the thermal conductivities of the three dia-
mond structures decrease in a similar trend with the increase
of temperature. As the temperature increases from 300 K to
700 K, the phonon scattering will be enhanced, especially for
the Umklapp (U) scattering, which will lead to the decrease in
the phonon relaxation time, thus resulting in the decrease of

thermal conductivity. 3!
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Fig. 4. Correlation-time-dependent thermal conductivities of (a) cubic diamond, (b) lonsdaleite, and (c) NTD at 300 K, obtained by EMD method, with blue
dashed line denoting the result of each independent simulation, red dashed line representing the average curve of 50 independent simulations, and orange

area referring to the 95% confidence interval band.
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Fig. 5. (a) Variations of thermal conductivities with temperature for cu-
bic diamond, lonsdaleite, and NTD based on NEP, with green solid line
representing experimental data of cubic diamond cited from Ref. [37],
and dashed line denoting DFT results of cubic diamond cited from
Ref. [38]. (b) Thermal conductivities of lonsdaleite based on DFT (from
Ref. [1]), NEP, and Tersoff-1989.

In the DFT method, the calculation of thermal conduc-
tivity first involves computing the interatomic force constants,
and then solving the Boltzmann transport equation (BTE). As
shown in Fig. 5, the full iterated solution in BTE (BTE_Full)
mainly considers the normal (N) scattering, so the calculated
thermal conductivity is higher than the experimental value.
The relaxation transport equation in BTE (BTE_RTA) inde-
pendently considers the Umklapp (U) scattering and normal
(N) scattering, and the calculated thermal conductivity is lower
than the experimental values. The thermal conductivity of the
cubic diamond at 300 K based on the NEP and Tersoff-1989

are respectively 2507.3 W-m~'-K~! and 1508 W-m~'.K~!,
which are about 18% and 51% lower than the DFT data
(3086 W-m~!.K~!, BTE_Full), respectively. The thermal
conductivity of the lonsdaleite at 300 K based on the NEP
and Tersoff-1989 are respectively 1557.2 W-m~'-K~! and
1178 W-m~!.K~!, which are 13% and 34% lower than the
DFT result (1790 W-m~'-K~!). Anharmonic force constants
have not been calculated by using DFT , because the calcu-
lation cost for NTD is too high. Therefore, it is difficult to
obtain reliable DFT results for NTD in current researches. By
using the NEP, the thermal conductivity of NTD at 300 K is
obtained to be 985.6 W-m~!-K~!, which is 24% higher than
that obtained by using Tersoff-1989 (794 W-m~!-K~!). The
thermal conductivity of NTD at 300 K based on the NEP
(985.6 W-m~'-K~!) is lower than that of the cubic diamond
based on the NEP (2507.3 W-m~1.K~1).

Previous study!'® has shown that the thermal conductiv-
ity of NTD, evaluated via using an advanced potential with
EMD, is lower than that of cubic diamond evaluated by using
the same advanced potential with EMD, which is still higher
than that of NTD evaluated by using an empirical potential
with EMD at 300 K. Therefore, the thermal conductivity of
NTD based on the NEP proposed in this paper is credible
to some extent. Based on the NEP, the thermal conductivity
of the cubic diamond and lonsdaleite derived from the EMD
method are closer to the calculation results from DFT than
the results based on the Tersoff potential. Thus, the MD sim-
ulations by utilizing the NEP can exhibit satisfactory accu-
racy and remarkable computational efficiency. The compu-
tational efficiency for the MD simulations based on the NEP
can exceed that of the DFT method by nearly two or three or-
ders of magnitude, while the thermal conductivity calculation
based on the NEP will take more time than that based on the
empirical Tersoff potential, usually differing by an order of

magnitude. 2239
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4. Phonon transport in cubic diamond, lons-
daleite, and NTD

When the temperature is higher than 300 K, the phonon
scattering plays a more important role in thermal conductiv-
ity than the electron scattering.[*?! Thus, the influence of the
phonon dispersion on the thermal conductivity in the cubic
diamond, lonsdaleite, and NTD are discussed in this subsec-
tion. The differences in thermal conductivity among the three
diamond structures can be clarified by analyzing the phonon
The NEP
and Tersoff-1989 potential are used as potentials to calculate
the phonon dispersions of the three diamond structures for
the comparison with the DFT results. As shown in Fig. 6,

dispersions and comparing the previous studies.

the phonon dispersions calculated by the NEP are more ac-
curate and closer to the DFT results than those obtained by
the Tersoff-1989 in three structures of diamond. The phonon
dispersions predicted by the Tersoff-1989 (dashed line) devi-
ate from the DFT calculations (dotted line) to a greater ex-

sol (a) - g%"ls)off-l 089

Frequency (THz)

Frequency (THz)

tent. The frequencies of the optical branches predicted by
the Tersoff-1989 are overestimated by nearly 20% in com-
parison with the DFT results in the above-mentioned three
diamond structures, thus affecting the phonon—phonon scat-
tering processes, which will have some influence on ther-
mal conductivity.[>3] In Table 2, the transverse frequencies
at high-symmetry points (I, K, X, L) in cubic diamond de-
rived from the NEP are 39.32 THz, 29.50 THz, 22.96 THz,
and 16.81 THz, which better match the DFT and experimental
results than those from the Tersoff-1989. The phonon disper-
sion of cubic diamond, lonsdaleite and NTD based on NEP
are in better agreement with the DFT calculation results, pro-
viding further evidence for the accuracy of the NEP than for
the Tersoff potential. Thus, the NEP is capable of accurately
characterizing the properties of the three diamond structures
in comparison with the Tersoff-1989 potential, which in turn
bolsters the validity of the derived thermal conductivities for
cubic diamond, lonsdaleite and NTD.
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Fig. 6. (a) Phonon dispersion in cubic diamond along the high-symmetry direction based on DFT, Tersoff potential, and NEP, (b) phonon
dispersion in lonsdaleite and (c) phonon dispersion in NTD. (d) Phonon participation ratio of cubic diamond, lonsdaleite, and NTD.

The comparison of the phonon dispersion among the three
diamond structures in this subsection can reveal that the lat-
tice vibration modes of the NTD and lonsdaleite structures are
more complex than those of the cubic diamond. The opti-
cal phonon branches generated by Brillouin zone folding in
lonsdaleite and NTD fall to the acoustic phonon range, re-
sulting in no bandgap between the acoustic phonon branch
and optical phonon branch in the lonsdaleite and NTD. This

phenomenon highlights the limitations of traditional empirical

potentials, which typically have a limited number of molecu-
lar descriptor symbols and may inaccurately describe phonon
dispersions.[!> It can be found that the NEP is more accu-
rate than the Tersoff-1989 in the phonon dispersion calculation
for all the phonon branches, as validated by a high degree of
consistency between the DFT result and NEP result, and this
level of accuracy is proven to be essential in describing the
energy and momentum conservation in phonon—phonon scat-

tering processes for predicting the thermal conductivity.
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The small mass of carbon atom and the strong covalent
bond in the diamond structure can result in the atomic vi-
brations primarily near the minimum energy state, allowing a
simple harmonic approximation of the phonon transport dom-
inated by the normal (N) scattering, which leads to the low
intergranular thermal resistance in diamond structures.*® For
any specific material, the thermal conductivity primarily de-
pends on the phonon relaxation time and phonon velocity. It
can be shown in previous researches that phonon velocity is re-
garded as the primary factor affecting thermal conductivity, ]
and the TBs will increase the possibility of Umklapp (U) scat-
tering, which can cause the phonon energy and group velocity
to decrease and lead the thermal conductivity to lessen.[#>43]
It is shown in previous research!'®! that the phonon velocity
can decrease with the increase of temperature. It can be seen
that the average phonon velocity in the lonsdaleite and NTD
are lower than that in the cubic diamond due to the existence of
TBs in NTD and lonsdaleite, eventually resulting in the lower
thermal conductivity than the thermal conductivity of the cubic
diamond.!'®!7] Additionally, we calculated the phonon partic-
ipation ratio for each of cubic diamond, lonsdaleite, and NTD.
The participation ratio for lonsdaleite and NTD are lower than
that of the cubic diamond in the low-frequency range and mid-
frequency range, respectively, as shown in Fig. 6(d). Thus, the
phonon in lonsdaleite structure and NTD structure become lo-
calized and are not effectively involved in the phonon trans-
port process in a specific frequency range. This localization
phenomenon leads to lower thermal conductivity in lonsdaleite
and NTD than that in cubic diamond.

Table 2. Phonon frequencies (in units of THz) at high-symmetry points
of Brillouin zone, calculated based on DFT, Tersoff-1989, and NEP along

with experimental (exp.) data™¥ for comparing with the results of cubic
diamond.

Exp. DFT Nep Tersoff-1989
r TO 39.85 38.85 39.32 46.70
K ZA 22.89 22.30 22.11 27.82
TA 29.12 29.06 29.50 32.61
LA 31.30 30.00 31.09 33.53
X TA 23.99 23.37 22.96 30.20
LA 35.61 35.78 36.73 37.15
L TA 16.56 16.34 15.81 21.14
LA 31.09 31.28 32.66 33.72

5. Conclusions

In this work, it is demonstrated that the machine-learned
neuroevolution potential (NEP) trained in GPUMD can de-
scribe the interatomic interactions of the cubic diamond, lons-
daleite, and nanotwinned diamond (NTD) with a much higher
precision than the empirical potentials. By combining the NEP
method with the EMD method, the phonon dispersions and

thermal conductivities of the three diamond structures are well
predicted, showing great agreement with the DFT results. Our
approach can provide a more efficient alternative to the DFT
calculations and a more accurate alternative to the widely-used
Tersoff-1989 potential.

It can be revealed by analyzing the phonon spectra that
the lower thermal conductivity of the lonsdaleite and NTD
than that of the cubic diamond can be attributed to the lower
phonon group velocity. Our findings can highlight the poten-
tial of machine learning methods to enhance the understanding
of the thermodynamic properties of the three diamond struc-
tures and provide guidance for designing the diamond devices
with tailored properties.
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