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ABSTRACT

Recently, nanostructuration has been proposed to improve the performance of phase change memories. This is the case of superlattices com-
posed of amorphous carbon and crystalline germanium telluride, which we have investigated by molecular dynamics. For this, a modified
Stillinger–Weber potential is adapted to reproduce their stiffness contrast/impedance ratio. In order to study the effect of the interface inter-
action, two sets of parameters are used to model the interfaces with different interactions between the two materials using the properties of
the softer material or the average properties between the two creating an adaptation of impedance across the layers. The effects of interface
roughness and carbon diffusion at grain boundaries are studied. Using equilibrium molecular dynamics as well as the propagation of wave-
packets, we show first that without impedance adaptation, the anisotropy is high, and the roughness has a marked impact on the properties.
However, the introduction of impedance adaptation destroys those effects on the thermal conductivity. Finally, we show that the periodic
texturing of the interface increases the transmission of in-plane transverse phonons.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0167166

I. INTRODUCTION

One of the current societal challenges is the discovery of new
green energy sources and the reduction of energy consumption. In
this context, it is important to develop new strategies for improving
the efficiency of information processing electronics and of waste
heat recovery. Such strategies are usually concerned with the devel-
opment of materials with low thermal conductivity. Indeed, this is
the need for increasing thermal confinement in microelectronic
applications, such as, phase change memories.1 Lower thermal con-
ductivity also improves the thermoelectric conversion of heat into
electricity.2 Both require materials with low thermal conductivity.
One of the strategies to reduce the thermal conductivity is to use a
nanostructuration and, in particular, a high interface density.

Superlattices, in which thin layers of different materials are
alternated, have lower thermal conductivity than the constitutive
material due to their high density of interfaces.3 This has been

interpreted as due to two possible mechanisms: on one side, the
incoherent scattering of phonons at the interfaces (Kapitza resis-
tance)4 on the other, the coherent effect of a periodic nanostruc-
ture, which modifies the phonon dispersion due to the definition
of a new Brillouin zone. This leads to branch folding, a decrease
of the group velocity, a change of phonon density of states, and a
possible opening of bandgaps. This mechanism requires that
phonon scattering at the surface is specular, which requires very
small interface roughness. As such, interface roughness plays a
role in determining thermal transport properties as well, and a
rough interface will increase the cross-plane and decrease the
in-plane thermal conductivity.5–7 Another condition for specular
reflection is a sharp impedance contrast between the two layers,8

i.e., the contrast in group velocities due to the mass/stiffness mis-
match, preventing the transmission of phonons across the
interface.
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The structural properties of an interface and, thus, its con-
ductance are strongly determined by the fabrication process. For
instance, epitaxially grown superlattices have an atomically
smooth surface where coherence effects matter.9 In such superlat-
tices, the very thin layers allow the coherent propagation of
phonons across the interface, and this competes with the reduc-
tion of conductance due to multiplication of interfaces, leading to
a minimum of thermal conductivity as a function of the period.10

Crystalline–amorphous superlattices allow taking advantage of
both the high interface density and the low thermal conductivity
of amorphous materials, notably in silicon/silica superlattices.11

Indeed, the amorphous/crystal interface prevents the transmission
of high-frequency phonons12 and has high thermal resistance.13

These interfaces exhibit high thermal conductivity anisotropy, the
cross-plane thermal conductivity being notably lower than the
in-plane one.14 Moreover, interlayer diffusion of species reduces
the anisotropy but also possibly disrupts the propagation of
coherent phonons.15

This work focuses on model superlattices constituted by
alternating layers of crystalline GeTe and amorphous carbon,
which have been recently proposed for phase change memory
applications.16,17 Indeed, GeTe is a phase change material with a
strong contrast of electric and optical properties between the
amorphous and crystalline phase, which can be used to code
information in memory applications.18 Moreover, the metavalent
bonding, distinct from covalent, metallic, or ionic bonding, gives
it a series of properties, which make it interesting for thermoelec-
tric applications as well.19–21 The proposed superlattices have
been found to reduce the programming currents in memory
devices, suggesting a strong reduction of thermal conductivity
with respect to pure GeTe thin films. The aim of this work is to
model thermal transport and phonon propagation in such super-
lattices and understand the effect of interface quality using molec-
ular dynamics. GeTe, due to its Peierls distortion (alternating of
long and short bonds), can be challenging to model in classical
MD.20 Simulations have nevertheless been attempted with
machine learning potentials.22 Similarly, amorphous carbon (a-C)
has a complex structure that depends on the density23 and the
two types of hybridization (sp2 or sp3) so that the use of conven-
tional potentials is difficult.24

To circumvent these issues in the present study, a simplified
model of carbon and GeTe superlattices using a Stillinger–Weber
(SW) potential is used.25 Although the topology of both species
will be modified, this approach allows isolating the effect of the
masses and elastic mismatch on the acoustic properties of a-C and
GeTe and their interface. Studying the effect of a mass mismatch is
quite common; for instance, Si/Ge superlattices have been modeled
by modifying the atomic mass only while keeping the same interac-
tion potential.5,26,27 Here, we will combine it with an ad hoc modi-
fication of the interaction potential in a similar fashion as in a
previous paper.28 In this case, the dynamic interaction between the
two species also has to be determined, as well as the intraspecies
interaction.29 This gives the opportunity to study both the effect of
interface roughness but also of the interspecies interaction. In the
following, the modeling strategy is first described, and then, two
approaches to model the interaction between the layers are
analyzed.

II. METHODOLOGY

A. Configuration modeling

The first step of the creation of the samples is to generate an
amorphous bulk configuration. This starts with an initial crystalline
block of 10� 10� 2 nm3, which is brought from 30 to 3500 K in
50 ps at constant volume and then annealed at this temperature for
100 ps. After this, it is quenched to 10 K at a rate of 1� 1012 K s�1.
This melt-quench procedure is performed using the Tersoff potential,
with the mass determined in Sec. II B.30 Then, following the proce-
dure of Fusco et al.,31 the potential is switched to the SW potential
described in Sec. II B and the system is annealed at 100 K for 50 ps.
The time step used for all of these simulation steps is of 0.5 fs.

To match the undergoing experimental study,16,17 the super-
lattice is composed of an alternation of a 4 nm layer of GeTe and a
1 nm layer of a-C. The simulation cell only contains two periods,
but periodic boundary conditions are used in all the directions to
model an infinite superlattice (see Fig. 1). The two layers of a-C in
the nanocomposite are taken on independent slices of the amor-
phous sample. The first configuration is simply composed of slices
of GeTe and a-C with atomically smooth interfaces [see Fig. 1(a)].

Then, some interface roughness is introduced with one pertur-
bation for each 10 nm wide simulation cell to reproduce experi-
mental observations of the roughness width. To keep a maximum
number of parameters constant during the simulations, the number
of atoms of GeTe and C are fixed across all simulations, unless oth-
erwise mentioned. This is done by keeping the thickness constant,
the roughness being created by a simple deformation of the a-C
layers, as can be seen in Fig. 1(b). For simplicity, a Gaussian shape
is chosen. The height is first chosen as 1 nm and the RMS width is
set to 1.5 nm, creating periodic roughness shown in Fig. 1(b).
Then, some randomness is introduced by varying the height, RMS,
and direction in which it protrudes between up or down. The
height is sampled between 0.5 and 1.5 nm and the RMS width
between 1 and 1.8 nm. Each parameter is chosen randomly out of a
uniform distribution. Seven different configurations have been
created, each with a different set of parameters, one of them being
displayed in Fig. 1(c). The others can be seen in Fig. 15 of
Appendix B 2. To study the effect of the a-C layer thickness, we
double it for one of the samples [see Fig. 1(d)]. To reproduce the
diffusion of carbon in GeTe grain boundaries, a configuration
where a third of the GeTe atoms are randomly substituted by
carbon atoms in a 4 Å thick slice in the center, at 5 nm of the box
boundary, is created. This results in configuration (e) in Fig. 1.
Again, here, seven configurations have been created, each with a
different height, an RMS width, and a direction of protrusion.
These last configurations are the only ones with a different number
of C and GeTe atoms.

Up to this point, all GeTe layers share the same crystalline ori-
entations, with x and y aligned with the h100i directions. To study
the effect of a difference of orientation between layers, a second ori-
entation has been introduced: x aligned with h111i, y aligned with
h1�10i, and z aligned with h11�2i. The GeTe layers with different ori-
entations are alternated, and this is combined with random rough-
ness. This results in the configuration in Fig. 1(f ). Again, seven
iterations of this configuration with alternating orientations have
been created, each with a different RMS width, height, and
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direction of protrusion (see Fig. 15). The configurations are created
using a copy–paste method of the layer shape in the crystal and
amorphous. They are relaxed with the same procedure as in
Tlili et al.28 The different configurations are summarized in
Table I. This creates a very sharp interface, which corresponds
to experimental observation.17

B. Interatomic potentials

The potential used is a modified Stillinger–Weber potential,32

which has been shown to reproduce nicely the properties of silicon
crystalline–amorphous nanocomposites.13,33,34 It is modified to
approximate the properties of a-C and GeTe, in particular, the acous-
tic impedance of the materials and the impedance mismatch between
them. The impedance is defined here as z0 ¼ vρ, with being v the
group velocity and ρ being the mass density. The idea is to modify
both the density and group velocity to match those of a-C and GeTe.

The GeTe is modeled, as a simplification, by a cubic diamond
structure with a single atom species rather than reproducing the struc-
ture of GeTe. To modify the impedance while using the real masses
(as opposed to tuning the mass only5), the group velocity is tuned by
modifying the rigidity modulii [using the elastic theory approxima-
tion as a first approach v � (K þ 4=3G)=ρ, with K being the bulk
modulus and G being the shear modulus. This is done via the modifi-
cations of the pre-factor of the two and three-body components of
the potentials, Aij and λijk highlighted in bold in the equations below:

u2(rij) ¼ Aijϵij Bij
σ ij

rij

� � pij

�1

� �
exp

σ ij

rij � aijσ ij

� �
, (1)

u3
�
rij, rik, θijk

� ¼ λijkϵijk( cos θijk � cos θ0)
2

� exp
γ ijσ ij

rij � aijσ ij

� �
exp

γ ikσ ij

rik � aikσ ik

� �
, (2)

with B, ϵ, σ, a, θ0, γ, and p a set of parameters fitted to reproduce
the properties of Si, especially the directionality of the covalent
bonding. The original values and their description can be found in
the original paper of Stillinger and Weber.25

The mass is simply modified to reproduce the density of a-C
and GeTe. Since the angles and interatomic distances are not modi-
fied, the target densities can be obtained by applying a proportion-
ality coefficient to the atomic mass of silicon. This holds for both
crystalline and amorphous phases because the melt-quench proce-
dure used conserves the volume (see Sec. II A). This gives for a a-C
of density 2:5 g=cm3 m*

a�C ¼ mc�Siρa�C=ρa�Si ¼ 30:51 gmol an
average value for a-C35 and for a GeTe of density 5:9 g=cm336

m*
GeTe ¼ mc�SiρGeTe=ρc�Si ¼ 72:17 gmol.

The properties of GeTe have been reproduced by modifying
the prefactor in the two-body interaction Aij. It has a direct effect
on the bulk modulus, as can be seen in Table II. As the elastic
properties of the crystal can be quickly estimated via the explicit
method,37 a few trials are enough to find the ad hoc value repro-
ducing the elastic modulii of α GeTe obtained via DFT.38

The bulk modulus of a-C is around 250 GPa for an a-C of
density 2:5 g=cm3.39 To obtain this value for an amorphous sample
prepared using the SW interatomic potential, the results of Fusco
et al.31 giving the bulk modulus as a function of the three body pre-
factors have been used to extrapolate the value of λ in our case. We
have used a linear model and chosen a value of 150.

C. Interactions at the interface

The interactions between a-C and GeTe remain to be defined,
and two approaches are considered here (see Table III). The first
one is simply to use the GeTe–GeTe interaction for C–GeTe inter-
action; as a consequence, there is no adaptation of impedance
between the a-C and GeTe layers. The second one is to use the
average value between C–C and GeTe–GeTe interactions. Neither
of these options is an accurate representation of the real interaction,

FIG. 1. Different nanocomposites studied with atomic visualization and a 2D scheme: (a) smooth 1 nm (S1), (b) periodic roughness (PR), (c) random roughness (RR),
(d) smooth 2 nn (S2), (e) random roughness and diffusion (RRD), and (f ) random roughness and orientation (RRO).
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but they allow a study of two different types of interface, a first one
with a sudden transition from a stiff to a soft material (no imped-
ance adaptation) and another using a smoother transition, which is
an adaptation of impedance at the interface. Something that is
overlooked when modifying only the mass because it does not
allow impedance adaptation.5,26,27

III. PROPERTIES OF THE NANOCOMPOSITES WITHOUT
IMPEDANCE ADAPTATION AT THE INTERFACE

In this section, we focus on the case without impedance adap-
tation at the interface. To limit the complexity of the study, it will
be restricted to the smooth, the periodic roughness, and the
random roughness configurations. First, the thermal conductivity
computed using the equilibrium molecular dynamics method (see
Appendix B 1 for details) is displayed in Fig. 2. As usual in super-
lattices, the cross-plane and in-plane directions are compared.

A first observation is that the thermal conductivity is
decreased by the nanostructuration, in particular, in the cross-plane
direction, which drops below the value observed for GeTe and
more importantly a-C (see Appendix A). This decrease is similar to
what was already observed for a a-Si/c-Si superlattice13 for both
in-plane (κIP) and cross-plane (κCP) directions. The high imped-
ance mismatch and the smooth interfaces most probably cause κCP

being lower than κa�C . As a result, the anisotropy (κIP=κCP) is 50,
which is an order of magnitude higher than for crystalline–amor-
phous SL without an acoustic mismatch, as will be shown in
Sec. IV. This would be a typical example where the acoustic mis-
match model would be suited to describe the system as the imped-
ance mismatch is high and the interfaces are smooth. This leads to

low thermal conductance thanks to stronger back scattering.40 The
roughness decreases the anisotropy by both increasing κCP and
decreasing κIP . These effects have been documented before.5,6 The
random roughness seems to further increase κCP and decrease κIP .
The decrease in anisotropy due to the roughness can be understood
in terms of major scattering from a rough interface due to the
increased specific surface and the reduced specularity. As a conse-
quence, the diffusive mismatch model is appropriate, which is con-
sistent with an increase of thermal conductivity with respect to the
smooth surface for an interface with a strong impedance mis-
match.41 As we will see, the effect of the a-C/GeTe interface is con-
firmed by the results with impedance adaptation thanks to a more
gradual interaction between a-C and GeTe (see Fig. 6).

The decrease of anisotropy is visible in the dispersion relations
shown in Fig. 3. Indeed, there are fewer modes in the in-plane
direction for longitudinal polarization and a wave number of
1:0Å

�1
for the smooth interface superlattice. The wave vector at

which it occurs is halved when the thickness of a� C is doubled
(around 0:5Å

�1
). This depletion of mode density disappears when

roughness is introduced. The effect is, thus, probably due to a reso-
nant mode or coupling with transverse modes that are destroyed by
the roughness. However, the wavelengths concerned (0.6 or 1.2 nm)
are not multiple of the superlattice period or thicknesses, and this
effect is limited to the in-plane direction so that this is not a Bragg
mirror effect. Similar depletion appears for transverse polarization
in the in-plane direction for ta�C ¼ 1 nm (a-C layer thickness) but
is not present for an amorphous layer thickness of 2 nm. In this
case, the phenomenon could be linked to resonance modes that are
destroyed by the roughness.

The mean free path (MFP) as a function of wavelength is dis-
played in Fig. 4. These MFPs are computed via the attenuation of
the amplitude of a wave-packet propagating in the sample at 0 K
shown in Fig. 15 of Appendix B 2, and the wavelength is inferred
from the dispersion of GeTe extracted for the respective polariza-
tions (see Appendix B 2 for details). The vertical blue lines indicate
where the wavelength corresponds to multiple GeTe thicknesses.
They serve as guides to identify an eventual coherent effect due to
the periodicity.

A first observation is that for all configurations, the MFP
increases with the wavelength, as expected for crystalline–amor-
phous nanocomposites.42 There is no sharp decrease in MFP for
λ ¼ tGeTe=n with n being an integer. This shows again that the

TABLE I. Summary of the characteristics of the different configurations displayed in
Fig. 1.

a-C Roughness Orientation
changeThickness Periodic Random Interdiffusion

S1 1 No No No No
PR 1 Yes No No No
RR 1 No Yes No No
S2 2 No No No No
RRD 1 No Yes Yes No
RRO 1 No Yes No Yes

TABLE II. Elastic properties of bulk GeTe as a function of the parameter Aij as well
as reference values from Shaltaf et al.38 Boldface denotes the final value chosen for
the parameter and corresponding elastic properties.

Aij K (GPa) v G (GPa)

7.05 101 0.34 56
6.0 86 0.31 54
3 43 0.16 42
3.5 50 0.20 45

Reference
50 … 44

TABLE III. Used unit-less pre-factors as a function of the three involved atom
species in the interaction with (w.) or without (w/o) an impedance adaptation.

With
impedance
adaptation

Without
impedance
adaptation

Basis A λ A λ

C/C/C 7.05 150 7.05 150
GeTe/GeTe/GeTe 3.5 21 3.5 21
GeTe/C/*a 3.5 21 5.28 85.5

aPlaceholder for GeTe or C.
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Bragg mirror effect is either unimportant or not observable with
this method due to coherence length considerations, the wave-
packet being too short to interact with itself after reflection.10

The roughness seems to increase the MFP for a large wave-
length, in particular, for the transverse polarization. This is con-
sistent with the increase of κCP . The periodicity of the
roughness does not affect the MFP beyond uncertainty.
However, we cannot rule out an effect on κ that would be
smaller than the uncertainty.

For the in-plane direction, the situation is different and the
behavior of longitudinal and transverse polarizations differs. Most
interestingly, for the transverse polarization, periodic roughness
increases the MFP for wavelengths from 2 nm on, while random
roughness has no impact. This effect is discussed more in depth for
the potential with impedance adaptation (see Sec. IV). For the lon-
gitudinal polarization, there is no change between the different
configurations. The roughness has no impact, and the propagation
in the crystal dominates. The MFP does not monotonously increase

FIG. 2. In-plane (IP represented by blue dots) and cross-plane (CP represented
by red stars) thermal conductivity of the nanocomposites without impedance
adaptation (left axis) and anisotropy for each sample (green dots reporting to
the right axis). The thermal conductivity of the bulk amorphous phase is given
as a reference by the orange line.

FIG. 3. Dynamical structure factor for the smooth superlattice with simple and double amorphous layer thicknesses and the superlattice with the periodic roughness
without impedance adaptation for the longitudinal (top) and transverse (bottom) polarizations. The colors report the normalized intensity of the mode to outline the
dispersion.
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with the wavelength. Instead, it has a maximum at around 0.8 nm,
which corresponds to the bandgap for transverse phonons as previ-
ously reported.42

The thermal diffusivity characterizes the transmission of non-
coherent excitations. For fully amorphous samples, this allow one
to measure the contribution of diffusons to the thermal conductiv-
ity.28,43 In Fig. 5, it appears that for all superlattices, the thermal
diffusivity is noticeably higher in the in-plane direction, and this is
consistent with the decrease of κCP due to the interface. In the
in-plane direction, all the configurations exhibit similar thermal
diffusivity, and the only exception is the periodic roughness (PR)
that seems to have comparatively higher diffusivity at low fre-
quency. This increase might be linked to the MFP increase
observed for the transmission of transverse wave-packets. In the
cross-plane direction, the thermal diffusivity decreases from 1 to
3 THz and then re-increases to have a maximum at 5 THz. This
non-monotonous behavior has already been observed for a-Si/c-Si
nanocomposites28,44 and has been linked to the end of the trans-
verse phonon branch. This is consistent with what was observed in
the transverse DSF in Fig. 3. It appears clearly that the transverse
acoustic branch has a maximum at 4 THz. Finally, for the cross-
plane direction, the roughness seems to increase the thermal diffu-
sivity. This is consistent with the increase of thermal conductivity
reported earlier.5

As a conclusion, we have seen that without impedance adapta-
tion, the roughness increases κCP and decreases κIP . These observa-
tions are consistent with the literature, in particular, when there is
only a mass difference between the layers.6 The increase of thermal
diffusivity for the cross-plane direction is consistent with the
increase of thermal conductivity κCP. Surprisingly, periodic rough-
ness induces a large increase in the MFP of transverse phonons in
the in-plane direction. Finally, the study of the DSF showed that

for smooth interfaces, resonance effects induce a wave-vector
bandgap in the in-plane direction, which gives rise to a maximum
of the longitudinal phonon mean free path in this direction.

IV. PROPERTIES OF THE NANOCOMPOSITES WITH
IMPEDANCE ADAPTATION

To deal with interactions between species, a more common
approximation is to use the average values of the parameters used
for the individual species to model the interaction.29 This is the
approach considered in this section. Here, all the geometries
appearing in Fig. 1 are studied.

Let us first start with the thermal conductivity, κCP and κIP ,
which are displayed in Fig. 6. It first appears that the configura-
tion with doubled a-C thickness is the only one with both an
in-plane and a cross-plane reduction of the thermal conductivity,
and this is expected as the relative importance of the a-C layer is
increased.45 The anisotropy is also much smaller than without
impedance adaptation in Fig. 2, with a factor of almost 20 in the
case of the smooth SL. κCP is much higher than previously for
all the configurations, and the adaptation of impedance at the
GeTe–C interface seems to decrease the role of the interface. As
a result, κCP remains larger than the value in bulk a-C (excepted
when the amorphous layer thickness is doubled). This decreased
interfacial phonon scattering is also visible through the dimin-
ished impact of roughness, which does not increase κCP . For the
configuration with random roughness, it is even slightly
decreased. However, this might be due to the proximity of the
a-C layers when the two directions of roughness are opposed
[see Fig. 1(c)]. Changing the relative orientation of the crystalline
layers does not affect κCP either. This suggests that there is no
phonon tunneling from one crystalline layer to the next, which
would be impeded by the orientation change. The diffusion of C
in the GeTe layers decreases κIP , which can be understood as
due to the additional scattering from carbon substitutions within
the GeTe layer. Finally, roughness seems to increase κIP , but this

FIG. 4. MFP (Λ) longitudinal (left), transverse (right) in the cross-plane (top
row) and in-plane (bottom row) direction of the nanocomposites without imped-
ance adaptation; it is given as a function of the wavelength in GeTe. The vertical
blue lines correspond to the value for which λ ¼ tGeTe=n with n an integer and
tGeTe the GeTe layer thickness to check for Bragg conditions.

FIG. 5. Thermal diffusivity as a function of frequency of the nanocomposites
without impedance adaptation. The full lines give the in-plane diffusivity and the
dashed line the cross-plane one.
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remains within the uncertainty. The only configuration that has
a decreased κIP is that with increased amorphous layer thickness,
this variation can be understood by the increased importance of
the a-C layer.

The DSFs in the in-plane and cross-plane directions are
depicted in Fig. 7. Contrary to Fig. 3, no mode depletion appears,
confirming that the average parameters in the C–GeTe interaction
decrease the impedance mismatch and prevents a standing wave to
form. Without these bandgaps, the only effect of doubling ta�C on
the DSF is that the branches of a-C appear more clearly. Finally,
roughness seems to increase the dispersions width, in particular, in
the longitudinal direction and the transverse polarization for the
cross-plane direction. As this dispersion width increase corresponds
to increased phonon attenuation, this is consistent with the
increased disorder.

After studying the dynamical structure factor, we can focus on
the energy transmission as a function of wavelength for the differ-
ent polarizations and orientations, starting with the cross-plane
direction in Fig. 8. As in Fig. 4, the MFP increases with wavelength.

FIG. 6. In-plane (IP represented by blue dots) and cross-plane (CP represented
by red stars) thermal conductivity of the nanocomposites with impedance adap-
tation (left axis) and anisotropy for each sample (green dots reporting to the
right axis). The thermal conductivity of the amorphous phase is given as a refer-
ence by the orange line.

FIG. 7. Dynamical structure factor for the smooth superlattice with ta�C 1 or 2 nm and the superlattice with the periodic roughness with impedance adaptation for the
longitudinal (top six panels) and transverse (bottom six panels) polarizations. The colors report the normalized intensity of the mode to outline the dispersion.
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For the longitudinal direction, no clear change between configura-
tion is observed for the MFP. For the transverse direction, the
roughness increases the transmission, in particular, when random-
ness is introduced. This is consistent with previous studies.5 This
effect seems to disappear when the crystalline orientation is alter-
nated between the layers. The interdiffusion of C has no effect on
the transmission. Indeed, due to the way the diffusion of carbon is
modeled, it has a negligible cross section in the cross-plane direc-
tion. As a reminder, this choice was made to reproduce the effect
of diffusion of carbon in grain boundaries. There are no obvious
links between the variations of MFP observed in Fig. 8 and κCP. In
particular, no distinction can be made between periodic and
random roughness that seemed to induce the opposite effect on
thermal conductivity.

Concerning the MFP in the in-plane direction, also reported
in Fig. 8, we find also in this case the presence of a maximum for
wavelengths around 0.8 nm, which can be attributed to the
maximum of the transverse branch.42 As this maximum appears at
high frequencies, it is sensitive to the presence of small defects,
such as the insertion of C atoms in the crystalline part. This
explains the dimming of this peak when carbon atoms are intro-
duced in GeTe. One can also note that the random roughness also
decreases this effect.

In the transverse direction, the MFP is considerable at a low
wave number, much larger than the size of the device. Moreover, as
observed in Sec. III, the MFP in the case of periodic roughness is
notably larger for a wide range of wavelength. To investigate this
phenomenon, a representation of the kinetic energy of the atoms
during the propagation of 2 THz transverse impulsion in the
in-plane direction in a cross section is shown in Fig. 9. Using this
representation, one can clearly see the different phenomena occur-
ring during wave-packet propagation. First, the energy is mainly
located on the GeTe atoms, with little to no energy in the a-C
layers. This is consistent with a decreased transmission in the
amorphous phase. The wave-packet travels through the sample, and
it is particularly visible for the periodic roughness in the central
column. At this frequency, the wavelength is of 1.5 nm, and thus,
waves are clearly visible as vertical stripes in the figure. Then, after
the passage of the wave-packet, an energy trail subsists. This is the
part of the energy that is scattered by the interfaces, and it appears
to be much larger for the smooth and random roughness interfaces.
This decreased attenuation is, thus, linked to the roughness period-
icity. However, it does not depend strongly on the wavelength, as it
spans over λ values going from 0.8 to 2 nm.

Last, the diffusivities are displayed in Fig. 10. Again, the diffu-
sivities are larger in the in-plane direction. In this direction, the
peak at 5 THz observed in Fig. 5 is visible, and only the orientation
change decreases the thermal diffusivity at low frequencies. This
can be interpreted as a decrease of the transmission of the low fre-
quencies through the sample. Contrary to what was already
observed without impedance adaptation, smooth interfaces do not
have lower thermal diffusivity. The adaptation of the impedance at
the C–GeTe interface seems to decrease the scattering at the inter-
face. In the in-plane direction, the same increase of thermal diffu-
sivity at low frequencies for the periodic roughness as in Fig. 5 is
observed. Smooth and random roughness interfaces have very
similar properties. Finally, the interdiffusion of carbon in the GeTe

decreases the thermal diffusivity from 2 to 8 THz, similar to what
already observed in Fig. 8.

To conclude, we have observed that the impedance adaptation
decreases the role of the interfaces as a scattering source on the
thermal conductivity. The crystalline orientation only impacts mar-
ginally the thermal diffusivity, and the diffusion of carbon
decreases the in-plane MFP and seems to affect the thermal

FIG. 8. MFP (Λ) longitudinal (left), transverse (right) in the cross-plane (top
row) and in-plane (bottom row) direction of the nanocomposites with impedance
adaptation; it is given as a function of the wavelength in GeTe. The vertical blue
lines correspond to the value for which λ ¼ tGeTe=n with n an integer to check
for Bragg conditions.

FIG. 9. Cross-sectional view of a transverse polarized wave-packet at 2 THz
(λ ¼ 1:2 nm) going through the superlattice in-plane direction with impedance
adaptation.
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conductivity. Finally, again, the periodicity increases the transmis-
sion of transverse phonons in the in-plane direction.

V. DISCUSSION AND CONCLUSION

We have studied the thermal and vibrational properties of
GeTe/a-C superlattices. For this, the SW interatomic potential, with
tuned masses and bond stiffness, has been used. This allows an
approximate reproduction of the impedance ratio (see
Appendix A). While imperfect with regard to network topology, it
still allows studying a superlattice composed of alternating layers of
a stiff and light amorphous material and a comparatively soft and
heavy crystal layer. To model the interaction between C and GeTe
within this simplified model, two different approaches are used.
Either using the properties of GeTe creating an abrupt transition
between the soft GeTe and the stiff C (that is, no impedance adap-
tation) or using the arithmetic mean of the parameters used for
GeTe and C creating a smoother transition between the material
properties at the interface, that is, impedance adaptation.

Our findings show that the modeling choice of the interaction
between the layers impacts the sensitivity to roughness. Without
impedance adaptation, the roughness decreases the in-plane thermal
conductivity κIP and increases the cross plan one κCP as predicted in
the literature.5,6,27 The effect is even more important for random
roughness, though it might be linked to the closeness of the amor-
phous layers through the periodic boundary conditions [see Fig. 1(c)].
On the contrary, with impedance adaptation, no distinction between
the configurations can be made, their properties being similar. The
lack of impact of the roughness can be attributed directly to the adap-
tation of impedance. This result could not be observed in previous
studies, where only masses were modified to recreate the impedance
mismatch or in studies where the arithmetic average of the parame-
ters of each species to model the interfacial interaction was used, but
the role of roughness was not studied.10,46

The layer thickness/periodicity has been indirectly studied
through the variation of the amorphous layer thickness. As

expected, the thermal conductivity decreases as the thickness
increases.45 A parallel can be made with crystalline superlattices,
where for very low thicknesses, the cross-plane thermal conductiv-
ity decreases as the layer thickness increases due to coherent
phonon scattering.9 However, in the present study, because only
the amorphous layer thickness is increased, we cannot attribute the
effect solely to an eventual coherent effect. Moreover, as visible in
Fig. 13, there is a strong mode mismatch between the layers,
making transmission unlikely.

Having a different orientation in the crystalline layers affects
the thermal diffusivity, but not enough to impact κCP. Finally, the
diffusion of C in GeTe layers reduces the MFP and thermal diffu-
sivity in the in-plane direction and marginally κIP. As a final
remark on the thermal conductivity, one can note that the anisot-
ropy is much higher without impedance adaptation and increased
by thicker amorphous layers. This is interesting to note because in
the context of phase change memory, thermal anisotropy can be
useful as it could allow heat penetration in the depth of the mate-
rial while not affecting the next bit.47

The study of the mean free path and thermal diffusivity
showed clearly that the roughness increases the cross-plane trans-
mission, in particular, for the transverse polarization. This is con-
sistent with the increase of κCP without impedance adaptation. In
the in-plane direction for the longitudinal polarization, the MFP is
not influenced by roughness. On the contrary, for the transverse
polarization, periodic roughness increases significantly the MFP,
independently of the modeling of the interface interactions. This is
also true for the in-plane thermal diffusivity. Both these increases
are likely related only to the crystalline contribution and not to an
interaction with the amorphous phase, as they do not depend on
the interface modeling.

The link between the mean free path/thermal diffusivity and
the thermal conductivity remains unclear. An explanation for this
is the role of phonon–phonon scattering that increases with the
temperature so that the observation made at 0 K with the wave-
packet simulations may not hold at 300 K. Moreover, only two
directions of propagation have been investigated, in-plane and
cross-plane. Other phenomena might arise for other orientations
that are not orthogonal to the SL layers, especially when roughness
is introduced.

In this work, we have assumed Gaussian roughness; however,
it is important to note that the shape of the roughness may impact
the properties of the interface.5,48 Another important finding of
this paper is that paying attention to the interface roughness is not
enough, and the type of interaction at the interface does matter.
This has been achieved through an ad hoc change of the inter-
atomic potential parameters, but interaction at the interface could
also be tuned through surface functionalization, as described for
water at the surface of silica.49 However, it is to be noted that due
to the copy and paste method used here, we do not expect to
observe self-assembly in our simulations, and it is not observed
experimentally.17

Finally, if no bandgap resulting from the Bragg mirror effect is
observed in the cross-plane direction, in the absence of impedance
adaptation, modal depletion appears in the in-plane direction. As the
wavelength being depleted is dependent on the amorphous layer thick-
ness, it is probably due to in-plane/cross-plane coupling in this layer.

FIG. 10. Thermal diffusivity as a function of frequency of the nanocomposites
with impedance adaptation. The full lines give the in-plane diffusivity and the
dashed line the cross-plane one.
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Overall, without impedance adaptation, the anisotropy is
stronger and more dependent on the roughness properties. These
have two origins: the large difference in elastic properties between
the two materials and the abrupt transition between the two mate-
rials. The latter appears to be important, as most of these behaviors
and properties disappear when introducing adaptation of imped-
ance at the interface by modifying the inter-species properties.
While being an arbitrary choice, the latter appears as more realistic
than a sharp transition from one material to the other. It is worth
noticing that such adaptation is not possible when changing the
mass only of the atoms,5,27 and such modeling probably enhances
the effect of the interface.

To conclude, we have developed a simple model to study
amorphous crystalline superlattices. Using two different sets of
interaction potentials, we investigated the role of impedance adap-
tation, which has been disregarded in superlattice simulations up to
now. We have shown that the anisotropy and the impact of rough-
ness on the thermal properties depend strongly on the interface
properties. In the absence of impedance adaptation at the interface,
the anisotropy is very high, and the roughness impacts the thermal
properties. The introduction of impedance adaptation between the
layers essentially destroys these effects, and the thermal conductiv-
ity depends much less on the roughness. The increased role of
interfaces is also seen through the presence of depletion of the
acoustic modes in the in-plane direction without impedance adap-
tation. Finally, using wave-packet propagation, we have seen that
the MFP is also affected by the roughness periodicity that increases
it for transverse phonons in the in-plane direction. These findings
highlight the importance of the interaction at the interface on the
thermal properties and can inform the design of future models
using more realistic interaction potentials.
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APPENDIX A: PROPERTIES OF BULK a-C AND GeTe
WITH THE AD HOC POTENTIAL

In this section, the properties of the modeled GeTe and a-C
are studied. First, the radial distribution function (RDF) is dis-
played in Fig. 11. It first appears that the modeled GeTe retains the
RDF of the original potential, which was expected given that only
the prefactor is modified. For the amorphous phase, however, the
RDF differs from the one a-Si, meaning using a stiffer 3 body inter-
action impacts significantly the structure. The first neighbor is
brought closer, and the second neighbor shell is sharper.

Both vibrational density of states (VDOS, see Appendix B 3)
are displayed in Fig. 12. It appears that the VDOS of GeTe is very
similar to that of crystalline silicon, with the different characteristic
peaks. However, it is compacted from 0 to 8 THz, instead of span-
ning from 0 to 19 THz.32 This can be explained by the weaker
two-body interaction and heavier atoms both contributing to a red
shift. For a-C, no distinctive peaks can be recognized, and the
VDOS is very different from the one of a-Si.45 It is worth mention-
ing that both the VDOS obtained are very different from those
expected for GeTe50 and a-C51 due to the simplified modeling
approach taken.

The study of the vibrational properties can be pursued with
the study of the dynamical structure factor. In Fig. 13(a), the one of
GeTe in the ΓX direction of the Brillouin zone in the longitudinal
and transverse polarization is displayed. It is very close to that of
c-Si, but once again compressed to a smaller frequency range.42

The blurred vertical lines are numerical artifacts. For a-C, the

FIG. 11. Radial distribution function for the modeled a-C and GeTe as well as
the RDF for the pristine material.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 185105 (2023); doi: 10.1063/5.0167166 134, 185105-10

Published under an exclusive license by AIP Publishing

 19 D
ecem

ber 2023 12:28:58

https://pubs.aip.org/aip/jap


FIG. 12. Vibrational density of states of the bulk a-C and GeTe modeled, com-
pared to the one of a-Si and c-Si for the original unmodified potential.

FIG. 13. Dynamical structure factor of (a) the GeTe in the h100i (ΓX ) direction and (b) the modeled a-C.

FIG. 14. Longitudinal group velocities of the modeled a-C and GeTe extracted
from the DSF.
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dispersion lines are much thicker and blurred in comparison with
the unmodified potential case, which is a sign of strong
attenuation.52

The group velocity can be derived from the dispersion rela-
tions observed on the dynamical structure factor. They are obtained
thanks to a fit of the maximum for each point in the region of the
branch to a sine function. The derivative of this function can then
be computed to obtain the group velocity, which is displayed in
Fig. 14. The values of the group velocity at 0 THz can be compared
to the sound velocity obtained in the literature: 1:9 km s�1 for
α-GeTe,38 which is much lower than the 4 km s�1 obtained here.
This difference is probably due to the peculiar structure of GeTe, as
4 km s�1 corresponds to the group velocity obtained through the
elastic properties. Then, for a-C, we get a group velocity of
9 km s�1, which is lower than the 14:5 km s�1 obtained using the

formula v � Kþ4=3G
ρ

� �
using the data from the work of Jana et al.39

Even if the impedance values and ratio are underestimated, the
model can still be useful to study qualitatively superlattices com-
posed of a soft and heavy crystalline layer and a stiff light amor-
phous layer.

The thermal conductivity of the modeled materials is listed in
Table IV. Despite the disagreement in terms of speed of sound, the
thermal conductivity of a-C is close to that of Bullen et al.35

However, for GeTe, the thermal conductivity is much higher than
the expected value. Again, this disagreement can be explained by
the model interatomic potential and structure that does not repro-
duce the band structure of GeTe.

APPENDIX B: METHODS

1. Equilibrium molecular dynamic

The equilibrium molecular dynamics (EMD) method is used
to estimate the thermal conductivity of the different configurations.
It is based on the fluctuation–dissipation theorem, which links the
decay of the fluctuations of an internal variable to its response
function. For the thermal conductivity, the flux auto-correlation
integral is linked to the thermal conductivity using the Green–
Kubo formula

καβ ¼ (VkBT
2)

�1
ð1
0
hJα(0)Jβ(t)i dt, (B1)

with α and β being the directions, V the volume of the system, kb
the Boltzman constant, and Jβ(t) the thermal flux in the direction β
at a time t.54

The configurations are first heated at 50 K using a random
initial velocity distribution. After that, the temperature is increased
from 50 to 600 K at constant pressure in 0.05 ns. Then, the system
is annealed at 600 K with a Nosé–Hoover thermostat for 0.25 ns.
After this annealing, the temperature is decreased to 300 K at cons-
tant pressure in 0.05 ps and then equilibrated at 300 K for 1 ns. The
flux auto-correlation function is measured after these equilibrating
steps during 15 ns without a thermostat. For all the simulations, a
time step of 5� 10�1 fs is used. For the computation of the auto-
correlation, the flux is sampled every 10 fs and the flux auto-
correlation decay is computed over 0.04 ns. These simulations are
repeated five times with a different initial velocity distribution for
each repetition to get better statistics. The final value is the mean κ
across the simulations, and the uncertainty range is defined by the
extrema of the distribution.

2. Wave-packet propagation

The energy propagation in the superlattice can also be studied
through the propagation of wave-packets. The method used here is
very similar to the method used in a previous study.42 An impul-
sion at a given frequency is imposed on a 2 Å slice in the middle of
a GeTe slice, and the resulting energy propagation is monitored.
The wave-packet is generated through a Gaussian windowed sinus-
oidal force excitation,

f ¼ Asin[2πν(t � 3τ)] exp � (t � 3τ)2

(2τ2)

� 	
, (B2)

imposed to the atoms in the excited layer. The amplitude A is of
3:773� 10�4 eVÅ

�1
. This is chosen low enough to only consider

the geometrical effects and avoid anharmonicity. The spreading of
the Gaussian window τ is chosen to be small enough to offer a
compromise between the spatial extension of the wave-packet com-
pared to the system length and the resolution in the frequency
space. The used value is 0.72 ps.

In these simulations, the impulsion is the only source of
movement, the initial velocities are set to 0, and the system is at
mechanical equilibrium. The simulations are done at constant
energy (once the excitation is done), with a time step of
1� 10�3 ps.

To obtain a model that is large enough to compute the MFP,
seven simulation boxes described in Sec. II A are needed. For the
smooth or periodic roughness cases, the boxes are simply repeated
in the in-plane or cross-plane direction. For the cases with random
roughness, the seven different cases are placed back to back, as dis-
played in Fig. 15.

3. VDOS

The vibrational density of state (VDOS) is evaluated through
the Fourier transform of the velocity auto-correlation function
(VACF).55 To this end, the system is first equilibrated at 300 K for
100 ps with a Nosé–Hoover thermostat. After this, the thermostat
is switched off, and the system evolves at constant energy. Over this
100 ps long simulation, the VACF averaged over the particles. To
get the VDOS, the Fourier transform of the VACF is finally com-
puted and filtered using a Savitzky–Golay56 polynomial filter.

TABLE IV. Thermal conductivity of reference and thermal conductivity obtained. For
GeTe, the reference value is taken from Samanta et al.,53 and for a-C of density
2.5 g cm−3, the results are taken from Bullen et al.35

Ref (Wm−1 K−1) SW (Wm−1 K−1)

κlatt a-C ≈1 0.93
κlatt GeTe ≈2.8 44
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4. Dynamical structure factor

The dynamical structure factor (DSF) is a spatial and temporal
Fourier transform of the atomic displacements used to characterize
the vibrational properties of a system. This is similar to what can
be measured by x ray or by neutron scattering experiments.57 It is
computed with the same method as in a previous publication.58

First, the sample is heated to 300 K and equilibrated at this temper-
ature for 50 ps using a Nosé–Hoover thermostat. After this, the
atomic trajectories are recorded during a 10 ps long constant
energy simulation, the position being recorded every 1� 10�2 ps.
Then, the DSF is computed using the following expression:

S(q, ω) ¼ 2
NT

XNat

i

exp(�iq � ri)
ðτ
0
ui(ri, t)mηexp(iωt) dt













2

, (B3)

with q being the wave vector, ui and ri the displacement and posi-
tion of the ith atom, mη the polarization vector (parallel or perpen-
dicular to q), T the temperature, and N the total number of
atoms.59 The DSF can be obtained for the different vectors of the
Brioullin zone. Here, q is either perpendicular to the interfaces (the
cross-plane) or parallel to the interfaces (in-plane). From the DSF,
the phononic dispersion curves can be obtained. For this, the DSF
is first filtered through a convolution with a typical energy resolu-
tion curve of linewidth 0.33 THz (as suggested by Tlili et al.28).
Then, for a given wave-vector direction, the dispersion is estimated
from the frequency for which the DSF has the highest value for
each wave vector within the acoustic phonon frequency range.
Once each wave vector has a value, the curve is filtered using a
Savitzky–Golay polynomial filter.
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