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on phonon thermal transport
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Thermal transport properties associated with the thermal structure evolution of f-Cu,Se are
studied using density functional theory (DFT) and molecular dynamics (MD) simulations.
Thermal conductivity of f-Cu,Se is calculated over a temperature range of 400-1000 K using
reverse non-equilibrium molecular dynamics simulations. The thermal conductivity found through
MD simulations decreases monotonically with increasing temperature, which is in line with the
reported experimental data and our calculated DFT data. The average phonon mean free path eval-
uated using the kinetic theory, found to be within the range of 1.0-1.5 A, decreases with increasing
temperature. Furthermore, we have investigated the temperature-dependent heat transport phe-
nomena using phonon density of states, calculated using MD simulations. The phonon modes are
found to shift towards the low frequency numbers with increasing temperature, indicating lower
heat carrying capacity of the material and in agreement with the computed thermal conductivity.
Published by AIP Publishing. https://doi.org/10.1063/1.4999405

Thermoelectric technology converts waste heat into use-
ful electricity. Owing to the environmentally friendly nature
of thermoelectric technology and its applications in thermal
management,’ many materials have been investigated for
different temperature range applications. However, the main
impediment of this technology is the low energy conversion
efficiency of the commonly used thermoelectric materials.”
The energy conversion efficiency of a thermoelectric mate-
rial is governed by the dimensionless thermoelectric figure-
of-merit, ZT. The ZT of a material is defined as ZT = S°¢T/
(k. + kz), where S, o, T, k,, and k; are the Seebeck coeffi-
cient, electrical conductivity, absolute temperature, elec-
tronic thermal conductivity, and lattice thermal conductivity,
respectively. In the recent past, many strategies have been
proposed to increase the ZT of materials. Crystalline semi-
conductors with a disordered arrangement of atoms,’ semi-
conductors with caged structures,™* and materials with
nanoinclusions® have been shown to be good thermoelectric
materials with high ZT. Cu,Se is one such material, in which
the copper ions show liquid-like behavior. Cu,Se has gained
attention in recent years as a thermoelectric material because
of its low thermal conductivity and high thermoelectric fig-
ure-of-merit.” Cu,Se exhibits two phases: a low-temperature
o-phase and a high-temperature f-phase. The o-phase is sta-
ble up to about 400 K, whereas the -phase is stable at higher
temperatures. Liu er al.® have shown that both phases of
Cu,Se display low electrical resistivity (p) and low Seebeck
coefficient (§) over a temperature range of 300-1000K.
Despite the low Seebeck coefficient, they reported a high ZT
value of 1.5 at 1000K for f-phase Cu,Se. More recently,
Gahtori et al.® induced nano-porosity in CusSe, in the range
of nano—mesoscale dimensions, and reported a ZT value of
2.1 at 973K, an ~40% increase in the figure-of-merit. A
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few authors have performed theoretical studies on the high-
temperature ff-phase using density functional theory (DFT).
Mikael ef al.’ used various approximations for the exchange
correlation energy functions within DFT to study the elec-
tronic structure and bulk properties of f[-Cu,Se. Zhang
et al."® performed band structure calculations and reported
Cu,Se as semi-metallic using the modified Becke-Johnson
(mBJ) approximation. Recently, Tyagi et al.'" studied the
band structure and electric transport coefficient of the high-
temperature f-phase of Cu,Se using DFT. They concluded
that Cu,Se is a good potential p-type thermoelectric
material.

From the definition of ZT, it is known that a material
should have high S, ¢, and T and/or low thermal conductivity
to achieve high ZT values. The diverse advanced approaches
used in recent years to achieve high ZT values aim to main-
tain a high power factor (S°¢) and/or low thermal conductiv-
ity.'”> Among the thermoelectric parameters, the lattice
thermal conductivity (i) is the only parameter that is inde-
pendent of carrier concentration. Thus, the ZT value of a
material is very sensitive to the change in x;.'*> Hence, the
x;, value of a material plays a key role in determining its Z7T.
While the k; values of various materials have been calcu-
lated using equilibrium and non-equilibrium methods,'* a
molecular mechanics-molecular dynamics (MD) investiga-
tion has not been carried out for Cu,Se up to this date. Kim
et al." reported temperature dependent lattice thermal con-
ductivity values of Cu,Se using non-equilibrium ab-initio
molecular dynamics (NEAIMD) simulations. These simula-
tions were performed using limited cell volumes with signifi-
cant errors in the estimation of the thermal conductivity
values. Considering that Cu,Se has been identified as a
potential thermoelectric material,11 it is necessary to under-
stand the effect of temperature on its lattice thermal conduc-
tivity and the phonon thermal transport for usage in various

Published by AIP Publishing.
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industrial applications. Thus, the focus of this work is to
understand the variation in the thermal conductivity of /-
Cu,Se and phonon thermal transport as a function of temper-
ature using molecular dynamics (MD) simulations.

To perform the MD simulations, we have used the
Morse potential derived by Namsani er al.'® using DFT-
based data, which was shown to reproduce the experimental
structural and thermal properties of f-Cu,Se. The Morse
potential was also used successfully to model thermoelectric
materials like Bi;Te; and PbSe. The potential model used in
this study is expressed in the following form:

E; = D[{(l —exp(—a(rj — ro))}2 - 1} —l—%, (1)
ij

where Ej; is the interaction energy of a pair of nonbonded
atoms; 7 and j are atomic indexes and refer to either a Cu or a
Se atom; D, a, ry, and C are the model parameters; and g;
and ¢; are the charges of the ions considered in this model.

Reverse non-equilibrium molecular dynamics17 (RNEMD)
simulations were used to compute the thermal conductivity.
Figure 1 presents the system employed in the current work.
In this approach, the simulation box was divided into 50 slabs
(i.e., N=50) along the heat transfer direction, where the first
slab was assigned to the cold region and the 26th slab was
assigned to the hot region. In other words, there were 24
intermediate slabs between the cold and hot regions. The
kinetic energies of the coldest atoms in the cold slab and the
hottest atoms in the hot slab were exchanged. This introduces
heat flux in the system. Here, the heat flux was imposed on
the f-Cu,Se system along the z-direction. Using the kinetic
energy exchanged in the system, heat flux in the z-direction
(/) can be calculated using the following equation:

1 m
J: = M Z 5 (V%m - Viold)’ 2

transfer

where m is the mass of the atoms, 7 is the time of simulations,
A is the cross-sectional area of the simulation box, and vy,
and v,y are the velocities of the selected atoms.
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FIG. 1. (a) XY plane and (b) YZ plane of the f-Cu,Se system considered in
the simulations: yellow atoms are selenide (Se), and cyan atoms are copper
(Cu).
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Over the course of the simulation run, exchange of
kinetic energy in the system induced a temperature gradient
within the system. In this work, the flux rate is controlled by
kinetic energy swapping between cold and hot slabs for every
0.2 ps and the flux rate that is obtained at S00K is 1.803 eV/s.
The temperature of each slab was computed using the equa-
tion given below. Further, the temperature profile was com-
puted by averaging the temperature over a time interval of
100 ps

2
T(stab) = —>— 3 2L 3)
2Nks 2= 2m

Assuming the validity of a linear response (Fourier’s law),
the thermal conductivity of the system can be computed
using the computed temperature gradient and the flux using
the following equation:

P— )

dr
(&)
Here, k is the thermal conductivity, <%> is the temperature
gradient, and J, is the flux transferred within the Cu,Se
system.

Thermal conductivity calculations were performed over
a temperature range of 400-1000K using NPT (constant
number of particles (N), pressure (P), and temperature (T)),
NVT (constant N, volume (V) and T), and NVE (constant N,
V and energy (E)) ensembles as implemented in the
LAMMPS software.'® First, we performed NPT ensemble
simulations at a given temperature and a pressure of 1atm
for 4ns. The final structure obtained from NPT simulations
was used to perform NVT simulations of the system at a
given temperature for 1 ns. The temperature and pressure of
the system were maintained using a Nosé-Hoover thermostat
and barostat.'® These NPT and NVT simulations were per-
formed using a time step of 0.5 fs. To compute the thermal
conductivity of the Cu,Se system at a particular temperature,
the final structure from the NVT simulation was used to per-
form the NEMD simulation for 20ns. All MD simulations
were performed using the periodic boundary conditions in all
the three directions.

In order to elucidate the effect of temperature on the
thermal conductivity of Cu,Se, we calculated the phonon
density of states (DOS) from the Fourier transform of the
velocity autocorrelation function (VACF)?° at several tem-
peratures. We performed 2 ns equilibration simulations of the
system before applying the heat flux on Cu,Se. Equilibrium
simulations were then continued for 1ns, and equilibrated
structures were sampled every 100 ps. Each of these struc-
tures was again simulated for 10 ps, and velocities were sam-
pled every 1 fs to calculate the VACF, obtained routinely
from MD simulations.”’ The overall average of the VACF
was Fourier transformed to obtain the phonon DOS at differ-
ent temperatures. Using the equilibrium crystal structure, we
have calculated the second order and third order forces using
VASP along with PHONOPY and PHONO3PY,* which are
interfaced with VASP to calculate the phonon DOS and lat-
tice thermal conductivity within the framework of DFT. We
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used the supercell approach to calculate the phonon DOS. In
this study, we chose a supercell of 3 x 3 x 3 containing 216
Cu atoms and 108 Se atoms to calculate the phonon DOS and
lattice thermal conductivity. The forces were calculated at the
equilibrium lattice constants using the PAW-PBE (Projector
Augmented Wave - Perdew-Burke-Ernzerhof)™ pseudopo-
tential with an energy convergence of 10 ®eV. We checked
the convergence of the phonon DOS with respect to the size
of the supercells by performing calculations for different
supercells.

RNEMD simulations were used to calculate the lattice
thermal conductivity, as mentioned earlier. The length of the
system was varied from 6 nm to 24 nm in the heat transport
direction (z-direction) to study the effect of the system size
on the thermal conductivity of -Cu,Se. The size-dependent
thermal conductivity of the system is shown in Fig. 2(a). The
thermal conductivity increases with increasing simulation
system size for the temperature range considered in
this study. However, the thermal conductivity decreases with
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FIG. 2. (a) Thermal conductivity of -Cu,Se as a function of system size in
the temperature range of 500-1000K (solid lines are average trend lines).
(b) Inverse thermal conductivity of -Cu,Se as a function of the inverse of
the simulation system size. (c) The thermal conductivity at an infinite length
of the simulation system size. The inset in this figure shows the change in
the phonon mean free path as a function of temperature.
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increasing temperature. Figure 2(b) shows the variation in
inverse thermal conductivity with an inverse system size at
different temperatures. The inverse k data show a linear rela-
tionship with the inverse system size in the considered tem-
perature range. The effective thermal conductivity of the
system with an infinite size is computed by fitting the varia-
tion in the inverse thermal conductivity with the inverse of

the simulation box length, as per the following equation:**
12
kit =k L 5
L=k (va> : (5)

where, ki, k., C, v, and L are the length dependent thermal
conductivity, thermal conductivity at the infinite length of
the simulation system, volumetric specific heat, mean pho-
non velocity, and length of the simulation system, respec-
tively. The above equation is fitted to the length dependent
thermal conductivity data using RNEMD simulations to
obtain the thermal conductivity value at the infinite length,
which is shown in Fig. 2(c). The effective thermal conductiv-
ity decreases monotonically with increasing temperature.
Further, the slope of the inverse thermal conductivity rela-
tion with the inverse of the length of the simulation system
was used to compute the mean phonon velocity. The specific
heat used was calculated via the vibrational partition func-
tion, and the corresponding equations are given below?’

—1
Ziv=) Wk ), <1—exp(—’;—‘;>> . ©

k—points all modes
dnZ,; P 1nZ,
C, = RT 2(%) + T(%) M

The relationship between the thermal conductivity and the
mean free path of phonons via the kinetic theory,** as shown
below, was used to estimate the average mean free path of
phonons

1
k = ngvsl. (8)

Here, &, Cy, v, and [ are the thermal conductivity, volumetric
specific heat, mean velocity of the sound, and average pho-
non mean free path. The C, value and velocity of sound of
the material were computed using GULP software.” Further,
to gain additional insights into the phonon transport, we have
computed the mean phonon lifetime, © = //v. The obtained
mean phonon velocities and lifetimes at different tempera-
tures are presented in Table 1.

TABLE I. Calculated mean phonon velocities (v), average phonon mean
free path (/), and mean phonon lifetimes at different temperatures. The devi-
ations from the linearity of k£ and L data are used to compute the uncertain-
ties in the simulation data and presented along with the values.

T (K) v (km/s) 1(A) 7 (ps)

500 244+ 1.78 144+ 1.10 0.59 * 0.62
600 2.74+0.85 1.25 % 0.65 0.46 *0.27
700 248+ 1.25 1.17 £ 0.82 0.47 +0.40
800 3.03+2.13 1.15*1.52 0.38 +£0.56
900 423+1.33 1.11 £0.92 0.26 +0.23
1000 7.51+0.76 1.06 + 0.85 0.14+0.11
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The change in the average phonon mean free path
is around 26% with the increase in the temperature from
500K to 1000K. In contrast, phonon velocity on average
increases by 200%, and correspondingly, the phonon lifetime
decreases by 76% upon increasing the temperature from
500K and 100K. Clearly, phonon velocity is most sensitive
to the change in the temperature. The computed average pho-
non mean free path and phonon lifetime decrease with the
increase in temperature. It is observed that the increase in
temperature increases the atomic diffusion of Cu within the
Se framework of -Cu,Se, causing enhancement in the pho-
non scattering, and subsequently decreases the phonon life-
time. The computed mean free path of phonons in the system
at different temperatures is shown as an inset in Fig. 2(c).
The obtained average phonon mean free path is between
1.44 and 1.06 A in the temperature range of 500-1000 K.
The average phonon mean free path for -Cu,Se is slightly
lower than the values reported for other thermoelectric mate-
rials such as CoSbs (Ref. 26), BagGa;Gesq (Ref. 4) (4-5 A),
Bi,Te; (Ref. 27), and In,Ses (Ref. 28) (~2 A).

Figure 3 shows a comparison of the computed effective
K values of fi-Cu,Se over a temperature range of 400-1000 K
from various previously reported values®®'> as well as the
calculated x; values from the current work. In recent years,
various attempts were made by experimental groups to esti-
mate the lattice thermal conductivity of 5-Cu,Se, using simi-
lar methodologies. However, the results reported are not in
good agreement as clearly evident from Fig. 3. It is observed
by Liu er al® that low copper deficiency can significantly
affect the thermal conductivity values. Further, experimental
work yields the total thermal conductivity, which is the sum
of electronic thermal conductivity and lattice thermal conduc-
tivity. The electronic thermal conductivity is calculated by
K, = LooT, where L is the Lorenz number, ¢ is the electrical
conductivity, and T is the absolute temperature. The k; value
of a material is estimated by simply subtracting x, from its
total thermal conductivity. The Lorenz numbers used in the
calculation of electronic thermal conductivity in experiments
vary in the range of 1.5 x 10® to 2.0 x 10 ¥V "2K 2 Thus,
systematic errors in the calculation of thermal conductivity
and small variation in the copper concentration may possibly
be the reasons for the variation in the experimental data
reported in Fig. 3. Considering the significant variation in the
experimental data, the thermal conductivity values from the
RNEMD simulations are reasonable. It is also noted that the
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FIG. 3. Comparison of thermal conductivity values computed using
RNEMD simulations and DFT with the available experimental data.
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change in the thermal conductivity per degree change in tem-
perature (i.e., Ax;/AT, the slope of the thermal conductivity
profile) depends on the copper concentration as reported by
Liu et al.® In this work, the slope, Ax;/AT, is in very good
agreement with the data reported by Kim er al.'” It is also
noted that the thermal conductivity values due to the RNEMD
simulations are closest to those due to experimental values in
the study by Gahtori et al® in the temperature range of
500-800 K. Figure 3 also includes the thermal conductivity
values obtained from the DFT calculations. The values are rel-
atively lower, particularly at higher temperature, compared to
those obtained from the experiments and RNEMD simula-
tions. This is attributed to the approximations and the system
size considered in the DFT calculations.

To understand the change in the mechanism of heat
transfer and thermal conductivity with temperature, we com-
puted phonon DOS using the Fourier transform of the VACF
obtained from MD simulations. The calculated phonon DOS
at various temperatures is shown in Fig. 4.

We observed three vibrational modes in phonon DOS for
all the temperatures: two modes are at low frequencies and
one is at a high frequency. The highest frequency phonon
mode at 500K is at 275 cm ™' (P3). This is in good agreement
with the Raman mode observed for Cuzse29 at 262cm L.
This mode of frequency is attributed to the Se-Se vibrational
mode in the system.>* The two low-frequency modes, at
107 cm ™! (P2) and 60 cm ! (P1), are in good agreement with
the vibrational modes observed experimentally between 105
and 108 cm ' and between 60 and 70 cm ™' in the Raman and
IR spectra, respectively.’' There is a shift in the phonon
modes toward lower frequencies with increasing temperature.
This shift is clearly illustrated by the vertical dotted lines in
Fig. 4, which represent the three phonon modes at 500 K. The
shift and broadening of the peak toward lower frequencies
imply that the increase in temperature reduces the heat-
carrying capacity of Cu,Se, as also observed in experiments.®
This reduced heat-carrying capacity logically results in lower
thermal conductivity values of Cu,Se at higher temperatures.
The phonon modes shift towards the lower frequency, which
is more pronounced at temperatures higher than its glass tem-
perature (800K) primarily because of increased diffusion
of Cu atoms at higher temperatures.'>'® The observation is
also in line with the experimental work of Liu et al.® The
increased diffusion of Cu atoms within the framework of Se
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4 1 |
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4F 1 | !
0.04 )
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FIG. 4. Phonon DOS computed in the temperature range of 500—1000 K.
The dotted lines represent the frequencies corresponding to the dominant
phonon modes (P1, P2, and P3) observed at 500 K.
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atoms results in phonon scattering, as discussed earlier, and
shifting of phonon modes to lower frequencies. These are pri-
marily reasons behind the reduction in the thermal conductiv-
ity of -Cu,Se with increasing temperature.

In summary, the RNEMD simulation was used to calculate
the thermal conductivity values of -Cu,Se in the temperature
range of 400-1000 K. The computed thermal conductivity val-
ues are in reasonable agreement within the range of previously
reported experimental results. The length-dependent thermal
conductivity is successfully used to predict the phonon mean
free path in the considered temperature range. The average pho-
non mean free path is found to decrease with increasing tem-
perature, with values between 1.0 and 1.5 A in the temperature
range of 500-1000K. The decreasing thermal conductivity
with increasing temperature is due to the shift of phonon
modes toward lower frequencies with increasing tempera-
ture, which is explained through phonon DOS calculations.
The dominant phonon modes observed in phonon DOS are
in good agreement with the vibrational modes in the Raman
and IR spectra observed using experiments.
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