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ABSTRACT

In the present work, we investigate the thermal conductivity (x) of different core-shell nanowires using molecular dynamics simulation
and Green-Kubo (EMD), imposing a temperature gradient (NEMD) and Miiller-Plathe (rNEMD) approaches. We show that in GaAs@InAs
nanowires, the interface effect becomes more significant than the nanowire cross-sectional geometry. In particular,  decreases as the interface
area increases, reaching a minimum, and then increases when the interface strain relaxes. This is particularly important for thermoelectric
applications, where minimization of « is desired. In particular, the different methods can predict minima at different core diameters without
special considerations. In addition, the NEMD approach and, to a lesser extent, INEMD tend to overestimate the x values, which cannot
be corrected with the methods available in the literature. By analyzing the temperature and length dependence, (I) we show that interfa-
cial scattering primarily involves phonon-phonon interactions, which mainly affect low-energy modes, a mechanism that effectively reduces
« at low temperatures. (II) The Langevin thermostat tends to pump low-energy modes in the NEMD approach, but this effect decreases with
longer nanowires. (III) Energy exchanges in INEMD stimulate high-energy phonons, derived from the saturation of x at a much shorter
nanowire length than NEMD. These findings highlight the challenges of accurately determining x of ultrathin core-shell nanowires, where
only the EMD approach provides precise results. With the recognition of non-equilibrium contributions to the overestimation of x by NEMD
and rNEMD, these methods can still provide valuable insights for a comprehensive understanding of the underlying thermal transport
mechanisms.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0246759
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I. INTRODUCTION

Thermoelectric devices provide power generation and cooling
that have an impact on both energy demand and the environ-
ment.! In short, a temperature gradient (AT) over a thermoelectric
material can create a voltage between the hot and cold ends, a phe-
nomenon known as the Seebeck effect. Conversely, by applying a
voltage, the heat can be transported away from the target end via the
Peltier effect. The efficiency of a thermoelectric material at a given
temperature T is quantified by its figure of merit (zT),

2T
r="2 P (1)

where ¢ and « are the electrical conductivity and thermal conduc-
tivity and § = —~AV/AT is the Seebeck coefficient with AV being the
open circuit voltage at a small AT.

While the search for efficient thermoelectric materials has
existed for decades, it has reached its full potential only recently.
Advances in nanofabrication and characterization have opened up
new avenues for material development. Thermoelectric devices can
be scaled down to just a few nanometers, as they contain no moving
parts. In the case of small bandgap semiconductors with low electron
effective mass (m” ), such as InAs, nanowire structures are predicted
to enhance thermoelectric performance by ~50% compared to bulk
materials.” For example, InAs nanowires exhibit significantly higher
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electron mobility (1) and x* compared to their bulk counterparts,
making them a promising thermoelectric material. In this context,
both the power factor (6S*) and « of InAs nanowires have been
investigated to optimize the thermoelectric figure of merit, zT.”
In a field-effect transistor (FET) configuration, ¢ of InAs nanowires
exhibits discrete steps with varying gate voltage, a behavior that is
more pronounced at 40 K.” The authors attributed this observation
to 1D quantum confinement effects. However, subsequent studies
revealed that 0S> can be enhanced by an order of magnitude at
temperatures below 20 K, which cannot be explained by 1D confine-
ment alone. Likewise, « of InAs nanowires can be modified through
various methods, including Si doping,® the introduction of planar
defects,”” and altering surface roughness.’

Recently, there has been a growing interest in the core-shell
nanowires. For instance, InAs@InP nanowires exhibit 2-5 times
increase in g compared to the bare InAs nanowires, which has been
attributed to surface passivation.'” GaAs in the core-shell geom-
etry exhibits an order of magnitude lower x than that of pure
nanowires.'! Theoretically, applying a strong transverse magnetic
field that induces snaking and Landau states can reverse the thermo-
electric current (from cold to hot) in a thin InAs shell.'” Using the
Landauer-Biittiker formalism, it has been demonstrated that both
x and S, and therefore zT, in InAs shells exhibit oscillatory behav-
ior with the transverse magnetic field.” At higher temperatures
(above 100 K), however, phonon contributions are dominant,'*
tuning by a magnetic field becomes ineffective, and geometrical
effects become more significant.'” Experimental evidence has shown
that Si-Ge core-shell nanowires with diameters between 15 and
20 nm exhibit lower x than the alloy nanowires.'° They demon-
strated that « in these nanowires is reduced beyond the diffusive
boundary scattering limit using the Boltzmann transport equa-
tion (BTE). This suggests that modeling  of core-shell nanowires
using the BTE is particularly challenging, especially for ultrathin
nanowires.

Most of the experimental studies mentioned above utilized
InAs nanowires with diameters larger than 20 nm. In practice,
ultra-thin nanowires suffer from a high density of defects, mak-
ing their handling infeasible. However, molecular dynamics (MD)
simulations have proven to yield meaningful insights for smaller
nanowires.'” MD simulations have shown that [110] InAs nanowires
exhibit higher « than their [100] and [111] counterparts of the same
size.'® As for core-shell nanowires, InAs has been barely studied'”
compared to Si and Ge."”””** In the Si-Ge system, it has been
demonstrated that surface phonons disappear due to the presence
of the core-shell interface.”” However, changes in the phonon den-
sity of states (PDOS) away from the surface/interface were negligible,
suggesting a minimal impact on x where surface modes contribute
little. Using MD, it has been shown that core-shell geometry causes
a coherent resonant of transverse and longitudinal modes for Si/Ge
nanowires.”"”” More recent studies have shown that « of core-shell
nanowires is lower than the average of the individual core and shell
materials.'”” For comparison, bulk Si and Ge have « of 130°7%° and
58 W/mK,”* respectively, few times higher than systems such as
GaAs and InAs, with conductivities of 44°"*' and 27 W/mK,””*?
respectively. Furthermore, Si and Ge have a lattice mismatch of 4.2%,
leading to relatively small strain at the interface,” in contrast to the
7.2% mismatch between InAs and GaAs. Consequently, the heat flux
in Si@Ge nanowires is uniform across the cross section, >’ while
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in InAs@GaAs and GaAs@InAs nanowires, heat flux predominantly
passes through the GaAs component.'”

In this study, we investigate x of nanowires with hexagonal
GaAs cores and hexagonal or triangular InAs shells. The fabrication
of such nanowires has already been reported for InP@InAs™ and
GaAs@InAs.” Building on these studies, we explore different core
radii and consider slight rotations to adjust core-shell alignment.
We also evaluate x using several widely used methods, providing
useful comparisons with the existing literature while discussing the
advantages and challenges associated with each approach.

II. METHOD
A. General MD framework

MD simulations were performed using the LAMMPS open
source code® and GPUMD.”” We utilized the Tersoff’® three-body
potential to describe interatomic interactions. Unlike pair potentials,
it accounts for the number of bonds or the so-called coordination
number and the change in bond length due to the second near-
est neighbor. Thus, it enables describing covalent bonds accurately
and is successfully applied for determining x of C,*” Si,'” Ge,'” and
I1I-V semiconductor' "'’ nanowires. In particular, modeling small
nanowires requires a more complex potential such as Tersoff due
to the increased sensitivity of vibrational behavior to many-body
interactions.' """ The general Tersoff potential takes the following
form:

U(rij) = fe(rij)[Aij exp (=Ayrij) — byByj exp (—ayryy) ], (2)

with r;; being the distance between atoms i and j; Ay, Bjj, Aij, and
a;; being fitting parameters; and f. being the smoothing function
that works near the cutoff. The main bond order term of the Tersoff
potential is b;; that changes the attraction based on the bond angle,
the number of nearest neighbors, and their symmetry,

by = [1+ (85T, G)
Gi = > fe(ri)g(Bi) exp [A" (ry — rik)™ ], (4)

Cc 2 C2
ijk“(“(&) d(h@))y ®

Here, a, B, n, m, ¢, d, and h are fitting constants; some are known
depending on the specific Tersoff formalism. We used the latest Ter-
soff parameters of InGaAs from Ref. 41, which have been fitted to
ab initio results to produce the correct lattice parameter, elastic mod-
ulus, and elastic constant relevant for accurate x calculation and took
into account surface reconstruction and surface energy necessary for
modeling nanowires. In addition, it produced the bulk x accurately
and predicted higher « for pure GaAs than InAs nanowires cor-
rectly,'” while earlier parameters, cf. Ref. 19, predicted « for GaAs
nanowires considerably lower than the InAs ones. The potential
utilized here provided stable nanowires with hexagonal and trian-
gular cross sections, except for the occasional back and forth jump
at the corners (300-500 K), whereas other potentials needed surface
passivation with 1-3 monolayer(s) to avoid As sublimation.'”
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FIG. 1. Cross section of (a) and (c) side-matched and (b) and (d) corner-matched
GaAs@InAs core-shell nanowires. Here, red, blue, and yellow atoms demonstrate
In, Ga, and As atoms, respectively.

As shown in Fig. 1, we considered two geometries with 0-5 nm
hexagonal cores in the hexagonal [(a) and (b)] and triangular
[(c) and (d)] shells with the same cross-sectional area. The
nanowire’s axis is parallel to the (111) orientation and ~50 and
100 nm long. Regardless of the shell geometry, two types of
matching, i.e., sides of the core are parallel to those of the shell
(side-matched) and corners of the core pointing at sides of the shell
(corner-matched), can be defined. Note that the In/Ga ratio is pre-
served upon the change in the shell geometry, while between the
two matchings, the side match presents a lower In/Ga ratio. The
nanowires were placed in the middle of a nearly cubic box with
periodic boundary conditions in their axial direction and relaxed at
desired temperatures (100, 200, 300, 400, and 500 K) to produce zero
average stress along their axis. The velocity Verlet*’ algorithm was
employed for the time integration of the equation of the motion with
atime step of 1 fs. The Nosé-Hoover thermostat is used for tempera-
ture control with 100 fs damping. During the relaxation, we allowed
changing the box dimension parallel to nanowire’s axis every 1 ps to
relax stress controlling pressure by using the Nosé-Hoover barostat.
This will produce samples from the isothermal-isobaric ensemble
(NPT).

For all production runs, we used a microcanonical ensemble
(NVE) that does not rescale velocities and allows for thermal fluc-
tuation or temperature profile development along the nanowire’s
axis.

B. PDOS calculation

To calculate PDOS, we used the Fourier transform of the veloc-
ity auto-correlation function, (v(¢)|v(0)), sampled from the MD
trajectory,”’

_ [ {v(O(0))
)= & ooy ™ ©

To this end, nearly 10 nm long nanowires were considered and sam-
pled every 5 fs for a maximum correlation time of 1 ps with the total
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sampling time of 1 ns. Further details on the PDOS calibration can
be found in Sec. S3 of the supplementary material.

C. Thermal conductivity calculation

The Green-Kubo'""* method relates the ensemble average of
the auto-correlation of the heat flux to «,

1 oo
0= g o O (OIO)), @)

where p and g subscripts denote Cartesian components, V is the vol-
ume, kg is Boltzmann’s constant, and T is the temperature. J(t) is
the heat flux at time ¢ which for solids can be calculated from the
fluctuations of per-atom potential energy.

Since the Green-Kubo method is performed at equilibrium,
it is sometimes referred to as equilibrium MD (EMD). The most
important problem with EMD is its computation cost, i.e., the auto-
correlation function needs to become convergent, and for materials
with high «, the correlation time can be a few ns, and for several
sampling, its time reaches tenths of ns. In addition, EMD does not
require a temperature gradient that makes it sensitive to the choice
of initial velocities and requires several sampling with different ini-
tial velocities. It has also been debated whether ¥ measured by EMD
represents the exact value along the nanowire axis. These motivated
another class of algorithm called non-equilibrium MD (NEMD).

In the NEMD approach, a temperature gradient can be imposed
by thermostating two regions at different temperatures or in
response to adding and subtracting energy to those regions called
reverse NEMD (rNEMD). Then, « can be calculated using Fourier’s
law,

K= &’ (8)
ATA

where Q is the energy transferred in the given time, L is the dis-

tance between hot and cold regions with a temperature difference of

AT, and A is the cross section perpendicular to the transport

direction.

Fourier’s law requires infinitely small AT to remain valid, while,
in practice, this causes large fluctuations in AT and Q.* Instead, a
large AT is applied over short length (<100 nm) that produces a lin-
ear profile away from cold and hot regions. As a result, k¥ shows a
length dependence behavior using NEMD.*" Miiller-Plathe*® pro-
posed an rNEMD approach based on exchanging kinetic energy
between the hot and cold segments to produce AT. Thus, the heat
flux is already known from the amount of exchanged energy and
the temperature profile becomes stable much faster than the other
methods.

Here, we compare the results of EMD, NEMD, and rNEMD
methods by Miiller-Plathe.”® To determine x using EMD, sam-
pling was performed every 20 fs for a maximum correlation time
of 1 ns with the total sampling time of 10 ns. As dynamic prop-
erties are strongly affected by the choice of the initial condition,**
we performed 20-100 individual runs depending on how well « is
converged. As implemented in GPUMD, each run will start with differ-
ent initial conditions. A more detailed description of the individual
EMD samples and their averaging is presented in Sec. S4 of the
supplementary material.
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For the NEMD calculation, nanowires were divided into ten
slices along the nanowire axis: the first slice was fixed as suggested
by a GPUMD developer and second and last slices were maintained at
+10 K using the Langevin thermostat with 1 ps damping.

For the INEMD method, we optimized a number of slices along
the nanowire axis with respect to AT. We obtained the minimum
AT to the limit where cumulative exchanged heat remained linear.
Then we enlarged slices until a linear temperature profile is pro-
duced. We considered ten slices with a periodic boundary condition
in that direction for AT between 7 and 37 K at different equilibrium
temperatures (100-500 K). The latter has been achieved by swapping
one cold and hot atom every 1 ps.

The method for calculating AT includes sampling T of slices
every 10 fs. Then, we averaged 100 samples, and the result was
recorded along with slice coordination. Knowing the slices T and
their distances, one can calculate multiple AT/L values. We chose
two slices at the center and then moved away from the center. Thus,
the last slices correspond to cold and hot regions as suggested by
Li et al.," which give the error bar minimum.

The OVITO package and GPYUMD were used to generate
atomistic illustrations and post-processing.

I1l. RESULTS AND DISCUSSION
A. Stress distribution

Figure 2 shows the distribution of the stress component par-
allel to the nanowire axis (o) in the nanowire’s cross section after
relaxation at 300 K. The figure presents an average over time and the
nanowire’s length obtained without a temperature gradient. Within
each subplot, the distribution is plotted with the black solid line with
its vertical axis being the normalized count and the horizontal one
being 0y spanning over the same range as in the color-bar (+9 GPa).
Note that the vertical dashed line indicates o;; = 0 and not the direc-
tion where stress is measured. We present these curves separately
with more details in Fig. S1 of the supplementary material. For most
of the cases, the distribution roughly consisted of two peaks within
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tensile (o > 0) and compressive (oy < 0) regions, indicated by red
and blue in the cross section, respectively. Starting from pure InAs
in the leftmost column, there is a major peak with negligible ten-
sile stress, an overlapping peak at zero, and a minor peak around
—1.5 GPa. Looking at the cross section, we can locate the compressed
region at the nanowire’s surface, a relaxed layer near the surface, and
the interior part with tensile stress, indicated by pale blue, white,
and pale red, respectively. A similar but more symmetric stress
distribution happens for pure GaAs in the top-right corner. The
introduction of the 1 nm core expands the relaxed (white) region
corresponding to the major peak at g = 0 and does not change the
minor peak due to the nanowire’s surface. However, there are small
jumps in the distribution at oj; > 0 because of tensile stress localized
at the core. For Dcore = 2 nm, the major peak is completely located
in oy < 0, which makes the shell almost entirely pale blue, and the
core experiences high tensile stress (the minor peak at 8 GPa) evi-
dent from dark red. A nearly balanced situation occurs for the 3 nm
core where the core and shell experience intermediate but opposite
stresses. A further increase in Dcore gives more weight to the ten-
sile peak due to a larger core and minor peak due to the blue shell
gradually vanishing. The rest of the ¢ components are presented in
Figs. S2 and S3 of the supplementary material.

B. Phonon dispersion

Figure 3 shows the variation of phonon dispersion with
Dcore for hexagonal GaAs in the hexagonal InAs shell. Thus, Deore = 0
and 5 nm indicate pure InAs and GaAs nanowires. The InAs results
here are in quantitative agreement with earlier studies obtained by
the three-body Stillinger-Weber potential’"** but different from
results obtained by other Tersoff parameters.'® It can be seen that
Dcore = 1-4 nm does not change transverse acoustic modes at end-
points (I and Y) but gradually bends them toward higher frequen-
cies in the middle points (cf. Fig. S4 of the supplementary material).
This effect has been attributed to the strain in various systems”
with the shift magnitude being linearly proportional to the strain.

8
6
FIG. 2. Distribution of longitudinal
4 stress (oy) for different geometries and
Deore = 0-5 nm, indicated on top, at
2 300 K. The solid lines indicate distri-
o bution, i.e., normalized count vs oy in
0B the +9 GPa range (see also Fig. S1 of
B the supplementary material). Note that
_ the dashed line indicates o) = 0 for the
black solid line and not the direction of
_a measurement. The color bar is true for
all subplots.
-6
-8
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FIG. 3. Phonon dispersion of 0-5 nm
hexagonal GaAs@5 nm hexagonal InAs
and side-matched alignment.

It is also worth mentioning that in InGayAs;_x, where In is ran-
domly replaced with Ga, the Y point value changes with x.>* For the
rest of the modes, including longitudinal acoustic modes, a shift to
higher frequencies was observed even at ' and Y points. Since our
nanowires are relatively large, they present densely packed modes.
Here, we sufficed to the frequencies below 2 THz for illustration
purposes and a figure up to 10 THz is placed in the supplementary
material (Fig. S1). It indicates that a change in Do between
0 and 4 nm shifts the upper boundary from 7.7 to 9.25 THz. For pure
InAs, there is also a gap at 5.27-5.53 THz that immediately vanishes
upon introducing the GaAs core.

C. Phonon density of states

Figure 4 shows the longitudinal and transverse PDOS for
nanowires with hexagonal and triangular shells and various Dcore.
The similarity between longitudinal and transverse PDOS increases
the probability of coupling between these modes reported by
others.”"*” A systematic transition can be seen upon the change
in Dcore for all geometries. In particular, the InAs major peak at
6.5 THz gradually decays and gives rise to the GaAs major peak at
8.8 THz. Note that the blue and brown solid curves in (a) indicate
pure InAs and pure GaAs, respectively. Starting with the differ-
ence between longitudinal and transverse modes, the overlapping
peaks around 8 THz that intensified InAs major peaks [(a) and (c)]
unmerged and shifted toward GaAs major peaks in (b) and (d). This
is more evident for Deore = 3 nm indicated by red but to some extent

present in all curves. With regard to the shell geometry, one can see
more separation between InAs and GaAs peaks for both longitudinal
and transverse cases. For instance, consider Dcore = 3 nm (red solid
curves) where the GaAs peak appears as a small step in (a), but it is
more clear in (c). Similarly, the separation between red peaks in (b)
becomes wide and clear in (d).

Finally, for Deore = 1 and 2 nm, the importance of matching,
indicated by solid and dashed lines, is negligible, while for larger core
diameters, it is more pronounced. The effect of corner-matching can
be summarized as a slight increase in the intensity of InAs major
peaks and a simultaneous reduction in the intensity of GaAs major
peaks. The result for different parameters such as nanowire length,
diameters, and sampling is presented in Sec. S3 of the supplementary
material. Considering the integral of PDOS as the available phonon
subbands,” one can expect the lowest x for the 4 nm GaAs@5 nm
InAs nanowire in all cases.

D. Thermal conductivity

Figure 5 shows the change in x with Dcore determined by
EMD, NEMD, and rNEMD methods at 300 K. It can be seen
that all methods predict a minimum in x with the change in
Dcore. Similar minima upon variation of the shell thickness for
Ge@Si and GaAs@AlAs nanowires™”° and the shell composition
in Si@Ge,Si—x nanowires” have earlier been reported, which were
attributed to localization of low-frequency modes at the interface.
Within the harmonic approximation, replacing heavy In with Ga,
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FIG. 4. The result of PDOS in the [(a)
and (c)] longitudinal and [(b) and (d)]
transverse direction for nanowires with

3000

PDOS (1/THz)

2000

1000

the [(a) and (b)] 5 nm hexagonal shell
and [(c) and (d)] 7 nm triangular shell
at 300 K. The solid and dashed lines
denote the matching, while the colors
indicate hexagonal core diameters for all
subplot.

which has a closer mass to that of As, might improve «. This means
one can expect a monotonic increase in with the increase in Dcore.
However, the minimum in our results is an indication of an anhar-
monic behavior namely due to the presence of interfacial strain. It
has been shown that strain can lead to changes in group velocity and
increased scattering in GaAs.”” However, this effect is localized and
vanishes away from the interface.'”

It is also worth mentioning that although side- and corner-
matched geometry attracted the attention of the experimental com-
munity, we cannot see any systematic difference in terms of their «.
For NEMD and rNEMD, even the shell geometry is unimportant.
However, EMD predicts lower « for the triangle shell although we
maintained the cross-sectional area when changing the shell geom-
etry. This is quite opposite to what has been observed in Si-Ge
core-shell nanowires.'” As mentioned in the introduction, the lat-
tice mismatch is larger for GaAs/InAs and their bulk « is less than
half Si/Ge. For these reasons, we did not expect GaAs/InAs to behave
same as Si/Ge.

In the case of EMD, Fig. 5(a), the minima for hexagonal and
triangular geometries coincide with the maximum interface area.
A further increase in Dcore causes the interface to become discon-
tinuous and increases k accordingly. The point with the largest « in
Fig. 5(a) represents the pure GaAs nanowire without interface. It is
worth noting that pure GaAs is also the most relaxed case in Fig. 2.

The minima occur at 2-3 nm for the NEMD and 1-3 nm for the
rNEMD method, Figs. 5(b) and 5(c), respectively. Thus, the min-
ima are slightly shifted to lower Dcore using NEMD, but they are
more clearly shifted using INEMD. In addition, x of NEMD is almost
twice INEMD and four times higher than that of the EMD approach.
One might blame the EMD method for yielding such low x values.
In fact, an incorrect definition of the heat current when employ-
ing a three-body potential can lead to an underestimation of x in

EMD. " Note that the textbook expression of heat current remains
valid for pair potentials, such as Lennard-Jones. Using the Ter-
soff potential, Khadem and Wembhoff °* demonstrated that the EMD
results are dependent on the specific heat current formula, with some
showing agreement with the NEMD ones. Later, Fan et al."’ cor-
rected the heat current expression for many-body potentials. Here,
we used their definition in our EMD calculations as implemented
in GPUMD.

Further validation of the EMD results can be achieved by com-
parison with experimental data. Persson et al.”’ applied effective
medium theory to the measurement of a vertical array and estimated
x of 5.3 £ 1.7 W/mK for the 52 nm InAs nanowire. Zhou et al.*
reported 7.3 W/mK for an individual hexagonal InAs nanowire
of 63 nm in diameter. Swinkels et al® measured « of individual
nanowires laid on SiN and reported 4.5 W/mK for 40 nm InAs
after removing substrate effect. Fust et al.'' obtained ~3 W/mK for
the 15-40 nm GaAs core in the GaAlAs shell. At first glance, one
may consider x of NEMD and rNEMD as a better estimation. How-
ever, experimentally measured diameters are much larger than the
nanowires studied here. Furthermore, both theoretical and experi-
mental evidence suggest a reduction in «x with the decrease in the
diameter of nanowires .°' For this reason, we consider EMD results
to be more accurate and the NEMD and rNEMD results seem to
be very high for the nanowires studied here. Thus, in the follow-
ing, we discuss parameters proposed in the literature that may affect
« determined by the NEMD approach.

The dependence of x on the nanowire L has been validated
by both experimental studies and NEMD simulations, cf. Ref. 62,
which indicate that x increases with L before reaching a saturation
point. In this study, we used the same L for the method compar-
ison. For completeness, results for different L values are provided
in Fig. S8 of the supplementary material. Within the studied range
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FIG. 5. Variation of x with the core diameter at 300 K determined by (a) EMD,
(b) NEMD, and (c) rNEMD. The legend in (a) indicates the nanowire’s geome-
try where SM/CM denotes side-matched/corner-matched and hex/tri stands for
hexagonl/triangle.

(up to 1 pym), the NEMD « continues to increase. The increase
implies that long-wavelength phonon modes have a significant con-
tribution to thermal conductivity. Matching the NEMD « to that
of EMD would require nanowire lengths of only a few nanometers,
which is not realistic.

Another point of debate in the literature is the choice of
force field. Carrete et al.'” calculated x of InAs, GaAs, and InP
nanowires, comparing the Tersoff and Vashishta potentials with
the Harrison potential, which includes only harmonic bonds and

ARTICLE pubs.aip.org/aipl/jcp

angles. They found that using the NEMD approach, the Tersoff
and Vashishta potentials predict x values an order of magnitude
higher than the Harrison potential. However, Tersoff and Vashishta
were deemed more reliable for small nanowires, as in the present
study, primarily due to their non-symmetric potential wells. In con-
trast, simpler potentials such as Harrison are more suitable for
larger nanowires on the order of tens of nanometers in diameter,
where computational efficiency or the harmonic approximation is of
concern.

A typical NEMD temperature profile might be non-linear
near the thermostated regions, and thus, it is a common prac-
tice to exclude those regions from AT and L when « is calculated
(see Fig. S11 of the supplementary material). Li et al.* compared
Nosé-Hoover and Langevin thermostats and suggested that when
Langevin is used, the imposed AT and whole system length pre-
dict a correct k. However, even when considering the error bars,
the NEMD and rNEMD results remain significantly higher than the
EMD results. We would like to highlight that the length dependence
of the NEMD and rNEMD methods for the hexagonal core, and the
side-matched case is shown in Figs. S8 and S12 of the supplementary
material. Although « is higher, both methods show that agreement
with the EMD minima at Dcore = 4 nm can be achieved with an
increase in length.

Regardless of the method proposed for unifying EMD, NEMD,
and rNEMD results, there is agreement on the non-equilibrium con-
tribution to x, e.g., heat bath contribution in the NEMD as a source
of difference.”” We try to elucidate and discuss these effects using
the temperature-dependent study. Briefly, x behavior for the bulk
can be divided into two portions below Debay temperature (©p)
where the scattering rate is low and « oc T? and above that domi-
nated by Umklapp scattering with « o< T™'. In between, x reaches a
peak, e.g., 10-20 K for the bulk InAs* and 15-40 K in the case of
bulk GaAs.”® For nanowires, boundary scattering is also present at
the surface that affects long-wavelength modes at low temperatures.
In addition, saturation of Umklapp scattering is expected at high
temperatures (>Ts) due to strong phonon-phonon interaction
mediated by confinement. It has been predicted by BTE modeling
that Umklapp scattering becomes dominant over boundary scatter-
ing at 270 K for large (125 nm) defect-free InAs nanowires.” This
temperature is expected to increase with a decrease in nanowire
diameter. Nonetheless, Umklapp scattering and boundary scatter-
ing cause a peak 80-90 K for 125 nm InAs. Although their BTE
model has been verified by fitting experimental data, it may still
fail at a smaller scale.'””” For instance, the shift of peak to higher
temperature upon a decrease in nanowire diameter has been experi-
mentally observed for Si nanowires of 22-115 nm.* To fit the latter
result by BTE, Mingo et al.”> showed that only phonon dispersion
obtained by MD simulation presents a reasonable agreement. How-
ever, they could not fit the smallest Si nanowire (22 nm), which
suggests that measurement and analysis of ultra-thin nanowires are
challenging.

Figure 6 shows the temperature-dependent behavior of
x obtained by EMD, NEMD, and rNEMD, respectively. The EMD
results in Figs. 6(a) and 6(b) show the 7! decay, which is char-
acteristic of Umklapp scattering being dominant. Additionally, as
temperature increases, the distribution of results narrows. A similar
trend, with results converging at higher temperatures and approach-
ing a lower limit, has been observed in Si-Ge nanowires using
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EMD.”* Overall, nanowires with Dcore = 4 nm among the hexag-
onal shells, Fig. 6(a), and nanowires with the 3 nm core for the
triangular ones, Fig. 6(b), present the least x and lower Ts,. These
nanowires also present maximum interface areas, suggesting that
interface scattering is present alongside the boundary scattering
from low temperatures. For the rest of the nanowires, reaching
the lower limit is postponed to higher temperatures due to weaker
interface scattering. Note that the lower limit itself indicates the
saturation of Umklapp scattering because it occurs for pure InAs
and GaAs without the interface. However, since stronger interface
scattering reduces Ty, it suggests that interface scattering behaves
as phonon-phonon scattering rather than typical boundary scatter-
ing. This is in agreement with modal analysis where localization of
the low-frequency mode at the interface has been demonstrated.” "
This is very interesting because earlier it has been widely accepted
that phonon-phonon scattering can be neglected at low tempera-
tures. Here, we show that interface scattering is present, even at low
temperatures, and can interact with low energy modes.

Using the NEMD method, we observe a linear behavior rather
than T7* decay for all datasets shown in Figs. 6(c) and 6(d). Note
that the noise from the heat bath™ is larger at higher tempera-
tures. However, even at 100 K, the NEMD result does not agree
with that of EMD, which implies that baths are pumping either

400 500

low- or high-energy modes, leading to an overestimation of «.
However, unlike EMD, the results here do not converge at high
temperatures, meaning that the saturation of Umklapp scattering
does not occur within 100-500 K. Thus, the heat flux primarily
consists of low-energy modes, which are less susceptible to Umk-
lapp scattering, and the thermostats predominantly pump these
low-energy modes. Since interface scattering primarily affects low-
energy phonons, provided by thermostats, the distribution of results
remains consistent across the range of studied temperatures. To ver-
ify our hypothesis, we determined the spectral thermal conductance,
a beneficial method for further analysis of the NEMD results.” The
methodology for calculating the spectrally decomposed conductance
is detailed in Sec. S5 of the supplementary material. As shown in
Fig. S9 of the supplementary material, the results exhibit a peak at
3 = 2.5-4.5 THz, indicating that low-energy modes are being dom-
inant in the 100-500 K range. This is a clear proof of our theorem
on the contribution of thermostats through low-energy modes. To
mitigate this artifact, we compared the spectral thermal conductance
for different L while maintaining a consistent temperature gradient
(20 K/100 nm). As illustrated in Fig. S10 of the supplementary
material, this artifact can be effectively reduced by increasing the
system length. The Langevin thermostat’s tendency to pump low-
frequency modes has also been observed in asymmetric carbon
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nanotubes.®* Previously, it has been criticized for broadening PDOS
peaks and smoothing out the phonon distribution.®

In rNEMD results shown in Figs. 6(¢) and 6(f), one can observe
the x decay and, for some nanowires, the peak before decay, which
were missing in the EMD and NEMD results. Vuttivorakulchai
et al.” predicted a peak in x at 200-300 K using BTE for large-
diameter InAs nanowires, considering the boundary and Umklapp
scattering. However, as previously noted, BTE predictions may not
accurately capture the behavior of ultrathin nanowires.'””” Fur-
thermore, in addition to the boundary and Umklapp scattering,
interface scattering must be considered in the BTE model.'® Thus,
the peak observed in the INEMD results is likely an artifact. It has
been widely accepted that the swapping of energy between cold
and hot regions can disproportionately affect phonon modes. The
bias of INEMD toward low-frequency phonon modes has been
shown to result in x values up to 1000 W/mK higher than those
obtained using the EMD approach for single-walled carbon nan-
otubes.”® However, the observed peak here is most likely attributed
to energy exchanges that excite high-frequency phonon modes.
As mentioned earlier, high-frequency phonon modes are primar-
ily responsible for the increase in «, reaching a peak and decay
within the bulk state. We believe a similar phenomenon occurs here,
with high-energy modes being artificially introduced through energy
swaps.

Unfortunately, spectral analysis cannot be applied to the
rNEMD method, and thus, we are unable to quantitatively demon-
strate the artifact. Instead, we repeated rNMED calculation for
longer nanowires, which shows saturation of x around L = 100 nm
(see Fig. S12 of the supplementary material) in agreement with an
earlier study.'” Since « obtained by the INEMD method saturates at
a much smaller length compared to NEMD, this indicates that low-
frequency phonon modes are not dominating the heat transport in
the INEMD approach.

IV. SUMMARY

To summarize, we showed that within the GaAs@InAs
core-shell nanowires, « is strongly affected by the interface regard-
less of the nanowire cross-sectional geometry, suggesting the impor-
tance of interface scattering. Using the existing methods for the
calculation of k in the MD framework, we have shown that x presents
a minimum with respect t0 Dcore. The minimum is of particular
importance for increasing the thermoelectric figure of merit. How-
ever, the minima occur at larger Dcore for the EMD approach and
shift to smaller Deore using NEMD and rNEMD. In addition, both
NEMD and rNEMD approaches predict significantly higher « values
than EMD, a discrepancy that cannot be resolved using existing cor-
rections in the literature. The EMD temperature-dependent analysis
indicates that interface scattering presents phonon-phonon inter-
action characteristics, resembling Umklapp scattering rather than
boundary scattering, likely due to the localization of low-frequency
modes at the interface. The latter finding is confirmed by NEMD
results, although the Langevin thermostat exhibits a bias toward low-
frequency modes, leading to higher x values, as demonstrated by
spectral heat conductance analysis. This artifact diminishes with the
increasing nanowire length, although longer nanowires also elevate
« values. Unlike EMD and NEMD, rNEMD may predict a « peak
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with temperature, akin to high-frequency phonon effects observed
in bulk materials. In addition, saturation of x at shorter lengths
implies lesser influence from low-energy modes.

Overall, modeling « in core-shell nanowires presents chal-
lenges due to their sensitivity to both low- and high-frequency
phonon modes. Our findings suggest that EMD yields more reliable
«x values, albeit requiring extensive simulation iterations to con-
verge. Nevertheless, a combination of methods is recommended to
develop a more comprehensive understanding of thermal transport
mechanisms in such systems.

SUPPLEMENTARY MATERIAL

Extra details on the calculation of atomistic stress phonon dis-
persion and spectral heat conductance as well as supporting figures
are presented in the supplementary material.
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