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Université de Strasbourg, CNRS, Institut de Physique et Chimie des Matériaux de Strasbourg, UMR 7504, Strasbourg F-67034,

France and Institute of Materials and Systems for Sustainability, Nagoya University, Nagoya 464-8603. Japan

Evelyne Martin∗
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First principles molecular dynamics (FPMD) combined with the approach-to-equilibrium molec-
ular dynamics (AEMD) methodology is employed to calculate the thermal conductivity of non-
stoichiometric amorphous SiN (a-SiN). This is achieved by implementing thermal transients in five
distinct models of different sizes along the direction of the heat transport. Such models have iden-
tical structural features and are representative of the same material, thereby allowing for a reliable
analysis of thermal conductivity trends as a function of the relevant cell dimension. In line with the
known physical law of heat propagation at short scale, the thermal conductivity increases with size
in the direction of heat transport. The observed behavior is rationalized accounting for previous
results on crystalline and amorphous materials, thus providing a unified description holding for a
large class of materials and spanning a wide range of heat propagation lengths.

I. INTRODUCTION

Amorphous materials are commonly utilised in elec-
tronic and photonic devices owing to their intrinsic prop-
erties and a production process that is often simpler com-
pared to regular crystal growth. The ability of amor-
phous materials to conduct heat is of paramount impor-
tance in devices driven by Joule heating, such as phase-
change memories [1] or reconfigurable metasurfaces [2],
and when heat is generated under operation, as in solid
state batteries [3]. Despite recent advances [4–7], precise
understanding of thermal transport in amorphous ma-
terials is considerably less developed compared to their
crystalline counterparts.
We have recently combined the approach-to-

equilibrium molecular dynamics (AEMD)[8] and the
description of interatomic forces within first-principles
molecular dynamics (FPMD) to extract the thermal
conductivity from the simulation of a thermal transient
[9]. In the present work, we have selected amorphous
SiN (a-SiN, SixNy with x = y) as a representative
non-stoichiometric silicon nitride system. This choice

∗ evelyne.martin@unistra.fr
† https://www.adynmat.cnrs.fr

stems from its wide use in microelectronics and mi-
cromechanics manufacturing [10], due in particular
to a lower level of internal stress compared to the
stoichiometric compound Si3N4 [11]. Furthermore, the
values of thermal conductivity reported in the literature
for bulk a-SiN are unexpectedly high for an amorphous
material (around 3 W K−1 m−1). In a recent work [12],
we generated and characterized the atomic structure of
a-SiN at finite temperature using FPMD. The resulting
model provides a highly representative and accurate
description of a-SiN.

In this paper, the same protocol is followed (see Sec-
tion IIA) to obtain three additional models of a-SiN. We
obtain a collection of five data points from which, by ap-
plying the AEMD methodology, the relationship between
size in the heat propagation direction and thermal con-
ductivity can be inferred. We go beyond the standard
cases of amorphous silicon and amorphous silica to fo-
cus on a material differing from those considered so far,
namely chalcogenides and oxides. This allows enhancing
knowledge of the thermal properties of disordered mate-
rials and contribute to the ongoing discussion on heat
transfer, by providing accurate quantitative data that
cannot be obtained through measurements. In addition,
we are able to quantify the evolution at small scales of
thermal conductivity in a material of great experimental
interest, this information being crucial to prevent blind

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
93

56
6



2

optimization of technological devices.
To emphasize the link between the determination of

the structural properties and the calculations of thermal
conductivity, the AEMD methodology is recalled in Sec-
tion IIB. The purpose is to explain in detail how to cope
with the lack of adiabaticity inherent in some of the Car-
Parrinello calculations in order to make them compatible
with the AEMD scheme (passivation of dangling bonds).
Section III is devoted to the results for the structural
properties (IIIA) and the thermal conductivity (IIIB).
A thorough discussion of the behavior of thermal con-
ductivity in amorphous nanosystems, together with a ra-
tional devoted to their physical origins, is presented in
Section IV. Considerations relative to the different pre-
dictive power of AEMD when compared to phenomeno-
logical models are also included. Conclusions are drawn
in Section V.

II. METHODOLOGY OF CALCULATION

A. Atomic models and implementation of
first-principles molecular dynamics

Atomic models of non-stoichiometric a-SiN were gen-
erated by fixing the cross section of the simulation cell
and by varying the length Lz along the z direction, where
heat transport processes will occur. The models realized
in our previous [12] and present calculations are shown
in Fig. 1. All the simulation cells are orthorombic with
sides equal to Lx = 10.0 Å and Ly = 20.0 Å in the x and
y directions, respectively. Periodic boundary conditions
are applied in the three directions. For each system and
total volume, the number of atoms N corresponds to the
value of the experimental density (2.98 g cm−3)[13] with
an identical ratio between the number of Si atoms and
the number of N atoms as summarized in Table I, where
the total number of atoms N and the corresponding Lz

for the five models are reported.

N 252 340 680 1020 1360

Lz (Å) 15 20 40 60 80

TABLE I. Number of atoms N and cell length Lz along the
heat transport direction for the five systems created in Ref.
[12] and in the present work to obtain the thermal conductiv-
ity of a-SiN.

To perform first-principles molecular dynamics
(FPMD) calculations, we use both the Car-Parrinello
[14] and the Born-Oppenheimer [15] methods, within
the density functional theory (DFT) framework. For the
exchange and correlation interactions, we selected the
functionals proposed by Becke [16] and Lee, Yang and
Parr [17] (BLYP), respectively. Valence-core interactions
are described by norm-conserving pseudopotentials in
the numerical version of Troullier and Martins [18].

Valence electrons are explicitly treated and their wave-
functions expressed on a plane-wave basis set with a
cutoff of 70 Ry. The sampling of the Brillouin zone is
limited to the Γ point. For the Car-Parrinello scheme,
the mass of the fictitious electronic degrees of freedom
was set to 800 a.u. and the time step for the numerical
integration of the equations of motion was set to 5 a.u.
(0.12 fs), ensuring optimal conservation of the constants
of motion. The ionic temperature was controlled with
a Nosé-Hoover [19–22] thermostat chain [23]. An addi-
tional thermostat is applied to the fictitious electronic
kinetic energy as pioneered by Blöchl and Parrinello
[24]. When resorting to the Born-Oppenheimer method,
the time step is increased to 100 a.u. (2.4 fs). The
electronic structure is then optimized at each step of the
ionic dynamics by applying the following convergence
criterion on the total energy. Whenever the ground
state total energy reaches an accuracy with a residual
error lower than 10−6 a. u., the convergence is retained
as achieved. For a critical review on the combined
use of Car-Parrinello and Born-Oppenheimer methods
in a-SiN, we refer to Ref. [12]. All simulations were
performed with the CPMD package [25].

At the beginning, initial atomic coordinates are taken
from previously generated sets for disordered systems
[26–28]. Then, a thermal cycle is implemented by in-
creasing the temperature in a step-wise fashion within
the canonicalNV T ensemble [19–22]. This allows loosing
memory of the initial configuration and ensures substan-
tial diffusion, a necessary prerequisite to the realization
of a reliable amorphous network. As customarily done
when producing amorphous systems, subsequent quench
to room temperature drives the system into a configu-
ration that can be taken as frozen (“configurationally
arrested”) even on the most extended time scales acces-
sible to molecular dynamics endeavors. In the search
for a highly diffusive behavior, we had to reach tempera-
tures higher than the melting temperature located at T=
2500 K. With this constraint in mind, atomic trajectories
along the thermal cycle are produced up to T= 1500 K by
the Car-Parrinello version of FPMD. For higher tempera-
tures, since a large amount of dangling bonds is produced
with a related substantial reduction of the gap in the elec-
tronic density of states (EDOS), the method suffers from
the known shortcomings resulting in a loss of adiabaticity
[12, 29]. To overcome this difficulty, at higher tempera-
ture we switched to the Born-Oppenheimer scheme [30]
along with a re-optimization of the eigenfunctions at each
step. The computational workload to produce the ther-
mal cycles reflects the sizes of the five models. For the
system containing N= 680 atoms, the thermal cycle was
similar to the one used in Ref. [12] to produce the two
smaller systems (N = 252 and 340). A total simulation
time of 300 ps encompassed temperature steps of T =
300, 1000, 1500, 2000 and 2500 K for the heating pro-
cess, followed in the case of N= 1020 and N= 1360, by
an additional step of a few ps at T = 3000 K. The subse-
quent cooling process featured temperatures T = 2000,
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FIG. 1. Atomic models of amorphous SiN. The smaller models containing N = 252 and 340 atoms are from Ref. [12]. The
five models have the same cross section (Lx =10Å×Ly=20Å), whereas their length Lz along the z axis is comprised between
15 and 80 Å.

1500, 1000, 500 K and a final equilibrium run at T =
300 K. For the larger sizes, because of the non-negligible
computational workload, the total simulation time for
the thermal cycle was reduced to 100 ps for N = 1020
and to 70 ps for N = 1360, by adopting the same se-
quence of temperature steps on correspondingly shorter
trajectories.

B. Thermal conductivity: the AEMD method

The thermal conductivity of a-SiN was calculated by
resorting to the AEMD methodology [8, 31–33]. In this
approach, we exploit the thermal transient regime de-
scribed by the heat equation, characterized by the fol-
lowing relationship between the transient decay time τ
and the thermal conductivity κ

κ =
L2

4π2

C.ρ

τ
. (1)

Eq. 1 holds provided the heat transfer occurs in one di-
rection between hot and cold blocks alternating periodi-
cally, the periodicity being ensured by the use of periodic
boundary conditions. In Eq. 1, C is the heat capacity
extracted from the variation of the total energy as a func-
tion of the temperature. Total energies and temperatures
were collected at different steps of the thermal cycle. We
found a value slightly departing from the Dulong and Pe-
tit formula, namely C = 3γNkB with γ = 1.12 for a-SiN.
The transient time τ is obtained by setting each half of
the cell along the z direction at different temperatures
(phase 1 of the AEMD methodology). In this work, T1

= 200 K and T2 = 400 K, i.e. ∆T0 = 200 K. Values of τ
were found insensitive to ∆T0 within the [50-300K] tem-
perature range [32, 34], the statistical error being reduced
for ∆T0 > 150 K. Then, the systems are left to approach
the equilibrium by removing the thermostats acting on
the two blocks (phase 2). Therefore, the thermostats are
used during phase 1 to keep two adjacent parts of the sys-
tem at different temperatures, while during phase 2 all
thermostats are removed. This last condition is crucial
to ensure the reliability of the AEMD approach in repro-
ducing the correct relaxation to a uniform distribution of
temperature throughout the entire system. It should be

kept in mind that phase 2 features a temperature tran-
sient characterized by a very rapid increase (decay) from
T1 (T2) to the target T (300 K in our case). For this
reason, within phase 2, T1 and T2 are by no means equi-
librium temperatures, thereby ruling out any undesirable
effect due to a dependence on T of the thermal conduc-
tivity [35, 36].

Combining AEMD with the Car-Parrinello approach
can be non trivial in practice. This occurs when the ab-
sence of a finite band gap in the electronic density of
states results in an undesirable energy transfer from the
ionic to the electronic degrees of freedom. Such non adia-
batic process, causing the electronic degrees of freedom to
move away from their ground state, is incompatible with
phase 2 of AEMD. Since we did encounter such shortcom-
ings for some of our systems, it is necessary to describe
how we handled them in order to implement AEMD in
connection with the Car-Parrinello scheme. The upper
panel of Fig. 2 shows, for the case N=1020, under which
conditions we were in gap-closing conditions jeopardiz-
ing the Car-Parrinello method. This phenomenon arises
as a consequence of the shorter duration of the thermal
cycle for the larger systems preventing a full reorganiza-
tion of the network and the annealing of a few defects.
We have also to recall that, due to our selection of an
equal amount of Si and N atoms, a certain amount of Si–
Si homopolar bonds appeared in our amorphous models.
This induces in the EDOS the presence of a Si-like gap
(about 1.1 eV) which is much smaller than the wide band
gap of Si3N4 (about 4.7 eV). To get a deeper insight into
this problem, we calculated the participation ratio of the
states in proximity of the Fermi level, and identified high
values typical of localized states. After finding two atoms
exhibiting a dangling bond, we added hydrogen atoms at
the position of the corresponding Wannier centers [37]
to passivate these dangling bonds. Then, relaxation fol-
lowed to allow for structural rearrangement. The lower
panel of Fig. 2 shows the EDOS after the addition of these
extra H atoms and subsequent relaxation. A finite band
gap is recovered, thereby ensuring that the Car-Parrinello
dynamics can be applied during phase 2 of AEMD and
the adiabatic condition is preserved. Further check of the
pair correlation functions indicates that the inclusion of
two H atoms did not impact the overall atomic structure.
We wish to stress also that the presence of hydrogen in
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FIG. 2. Electronic density of states (EDOS) around the Fermi
level for a-SiN containing N=1020 atoms (upper panel) plus
two H atoms (lower panel). In inset, atomic configuration
before and after adding an H atom to passivate a dangling
bond.

a-SiN has a realistic character since, due to preparation
techniques and conditions [10], concentrations of hydro-
gen as high as 15 at.% can be recorded experimentally
[13]. These are well above the value of 0.2 at.% corre-
sponding to the addition of two hydrogen atoms in a cell
of 1020 atoms.

III. RESULTS

A. Structural properties

We were able to obtain five models of a-SiN charac-
terized by very similar structural arrangements in terms
of partial pair correlation functions (PCFs), as shown in
Fig. 3.
We report in Table II the nearest neighbor distances,

corresponding to the first maximum of each PCF, and
the coordination numbers calculated by integrating each
PCF up to their first minimum. Note that for the Si–N
case the profile does not feature any significant change
in the range 2.02 Å- 2.65 Å. In this case the value given
for the nearest neighbor distance is taken to be at the
center of the interval given above. The peak positions
and the coordination numbers reproduce those reported
in Ref. [12], indicating a consistency of the present re-
sults with the former ones. We recall that N atoms were
found three-fold coordinated exclusively to Si atoms, in
a way similar to what occurs in the stoichiometric com-
pound Si3N4[13]. Furthermore, Si atoms turned out to be
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FIG. 3. Partial pair correlation functions of the atomic models
of a-SiN containing up to N = 1360 atoms.

TABLE II. Nearest neighbor distances (dNN) between Si–N,
Si–Si and N–N atoms and coordination numbers (CN). CN
were computed by integrating each PCF up to their first min-
imum. Results are given for each model and averaged on the
five models produced for amorphous silicon nitride.

Si–N Si–Si N–N
N 1st 1st 2nd 1st 2nd

dNN(Å) 252 1.76 2.33 3.12 − 2.87
340 1.76 2.33 3.01 − 2.81
680 1.76 2.33 3.04 − 2.84
1020 1.76 2.33 3.01 − 2.87
1360 1.76 2.33 3.01 − 2.84
Av. 1.76 2.33 3.04±0.02 − 2.84±0.01

CN 252 3.02 1.15 − − −
340 3.02 1.12 − − −
680 3.03 1.20 − − −
1020 3.03 1.18 − − −
1360 3.03 1.23 − − −
Av. 3.02±0.01 1.18±0.01 − − −

four-fold coordinated by accommodating Si extra atoms
via homopolar Si–Si bonds. We found that Si–Si nearest
neighbor distances are larger than the Si–N ones account-
ing for the peak at 2.33 Å in the Si–Si correlation func-
tion. This value is consistent with the distances in pure Si
structures, both crystalline and amorphous, where Si–Si
bond distances range between 2.32 and 2.36 Å.

B. Thermal conductivity

Before focusing on the results obtained for the ther-
mal conductivity of SiN, it is of interest to consider some
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typical behavior observed for the temperature of the sys-
tem as a result of the application of phase 1 and phase 2
of AEMD recalled in Section II B. When averaging over
phase 2, one obtains a temperature profile that takes a
sinusoidal shape (green curve in Fig. 4), as it stems from
the Fourier equation for the transitory regime of heat
transport [8, 33]. Fig. 5 shows the temperature of the hot
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FIG. 4. Temperature averaged over the whole phase 2 (dots).
Note that the profile is sinusoidal (green line, fit to the data).
This specific result refers to the system with N=1360.

and cold blocks during a typical sequence of phases 1 and
2 aimed at obtaining the average of the thermal conduc-
tivity as well as an estimate of the error bar by selecting
different starting point for the transition from phase 1 to
phase 2. The transient times are determined by fitting

FIG. 5. Temperature evolution in the hot (red lines) and
cold (blue lines) blocks during a series of phases 1 (constant
temperature) and phases 2 (transient). Three transient times
τ1, τ2 and τ3 are extracted by fitting the transient decay to an
exponential function. This specific result refers to the system
with N=340.

the temperature difference between the two blocks to an
exponential decay during phase 2. Each temperature is
the average over the corresponding block.
Results for the thermal conductivity are shown in

Fig. 6. We have reported values obtained by the se-
quence of distinct phases 2, with the average and error
bar plotted in a different color for the sake of clarity. An
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FIG. 6. Thermal conductivity of a-SiN as a function of the
length of the simulation cell/period of thermal signal. The
black dots refer to the AEMD results. Their average is high-
lighted in turquoise with their associated error bars. The pink
dot was obtained after an NPT simulation at P = 0. The
grey curve is the fit obtained according to Eq. 2.

additional point was obtained by including a constant
pressure NPT result before starting the AEMD phases.
The target pressure was set to 0 GPa with an error bar of
0.2 GPa. As shown in Fig. 6, the corresponding change
(1.3%) in the cell dimensions does not impact the ther-
mal conductivity, in line with the measurement of Ftouni
et al [11]. Coming back to the series of thermal conduc-
tivity results, we remark that κ increases in the range
between 1.5 and 8 nm. At 8 nm, κ is equal to 1.86 W
K−1 m−1.
The thermal conductivity of a-SiN has been targeted

by several former publications for a variety of deposition
method, stoichiometry, density, and H-content; for a re-
view see Ref. [38]. For a stoichiometry between 1 and
1.1 and a density in the range [2.9:3.1] g cm−3, close to
the conditions of the present study, the in-plane thermal
conductivity of non-hydrogenated a-SiN is equal to 2.5
to 3.7 W K−1 m−1 for film thicknesses between 50 nm
and 4 µm [11, 39–41]. Although the thermal conductivity
obtained in our calculations increases between 1.5 and 8
nm, it remains smaller than the values quoted above for
the bulk.

IV. DISCUSSION

Thermal conductivity obtained through molecular dy-
namics methodologies has been shown to be size de-
pendent, different theoretical frameworks leading to
(slightly) different definition of the relevant quantities,
such as the relevant cell dimension in the propagation di-
rection. This issue has been thoroughly addressed in Ref.
[42]. Within the AEMD approach, the increase of ther-
mal conductivity κ with the period L of the temperature
profile has been previously rationalized [31, 33, 43, 44]
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by invoking non-local effects expected to arise at short
lengths [45], namely when L is smaller than the maximum
value of the phonon mean free paths (MaxMFP) distri-
bution. Heat carriers experiencing a scattering event for
distances larger than the cell dimension (in the direc-
tion of the transport) follow a ballistic regime, leading
to a reduction of the thermal conductivity. Indeed, this
same trend is observed in thermal transient grating ex-
periments [46–48]. The coexistence of ballistic and diffu-
sive propagation has been modeled by Alvarez and Jou
[49] through the following expression:

κAJ(L) = κbulk
L2

2π2l2

√1 + 4

(
πl

L

)2

− 1

 , (2)

where κbulk is the bulk thermal conductivity and l is an
average value of the mean free path distribution. The
success of Eq. 2 in fitting the AEMD results has been
first demonstrated in the case of crystalline silicon [33].
More recently, we have been able to show that Eq. 2
works very well also for amorphous materials [50–52].
In Fig. 7 we present the results obtained for κ(L)

upon applying the AEMD strategy to several amorphous
materials belonging either to the chalcogenide or to the
dielectric insulators families. In the case of Ge2Sb2Te5
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FIG. 7. Thermal conductivity of amorphous SiN, SiO2,
Ge2Sb2Te5 and GeTe4 versus the length of the periodic sig-
nal. The dots refer to the AEMD averaged results plotted
with their error bars. The continuous curves are fits to Eq.
2. The dashed green line is just a guide for the eye. The
grey arrows indicate the length corresponding to a thermal
conductivity equal to 80, 50 or 30% of the bulk value.

[52] and GeTe4 [32, 50, 51, 53], the increase of the ther-
mal conductivity is rather similar to the trend observed
here for a-SiN. For the three materials, Eq. 2 follows
remarkably well the AEMD results, with the parameters
reported in Tab. III.

As a valuable byproduct, Eq. 2 can be extrapolated
to the bulk thermal conductivity regardless of any satu-
ration in the trend exhibited by κ(L), thereby allowing
for an effective comparison between κbulk and reported
measurements. For a-SiN, we obtain κbulk = 2.96±0.58
W K−1 m−1 to be compared with the range of available
measured data (2.5 to 3.7 W K−1 m−1). We notice
that the thermal conductivity of our largest system con-
taining 1360 atoms amounts to 63 % of the bulk value.
In view of the overall quality of the fit, showing opti-
mal consistency between Eq. 2 and our FPMD data,
this makes the extrapolation to larger (bulk) sizes par-
ticularly trustworthy. The excellent agreement recorded
substantiates previous evidence collected for amorphous
SiO2, Ge2Sb2Te5 and GeTe4 by confirming the ability of
AEMD to predict the behavior of thermal conductivity
quantitatively. We stress that in the case of amorphous
SiO2 the agreement between the values of κ found for
the largest sizes considered and the experimental bulk
counterpart did not require any extrapolation [54].

In view of the available theories for heat transport
in amorphous materials, highlighting somewhat differing
views of the underlying mechanism [4, 5, 55, 56], it is
worth recalling that the AEMD is devoid of any phe-
nomenological assumption, relying on two main quanti-
tative ingredients. First, the production of temporal tra-
jectories at finite temperature via statistical mechanics,
with forces obtained, in the present case, from a robust
theoretical framework accounting for chemical bonding
(density functional theory within FPMD). Second, the
atomic-scale determination of the decay time τ leading
to the thermal conductivity via Eq. 1. Based on the va-
lidity of the results obtained so far in comparison with
experiments, we do consider AEMD as a theoretical tool
of unprecedented predictive power.

The question arises on whether or not the results ob-
tained by AEMD do agree with theories on the under-
lying heat conduction mechanism in amorphous mate-
rials. The Allen-Feldman model [57] was developed to
describe the diffuson contribution, in addition to the
Boltzmann transport equation for the propagative one.
Recently, the quasi-harmonic Green-Kubo (QHGK) [56]
and the Wigner transport equation (WTE) [4, 5] ap-
proaches succeeded in unifying the description of the two
contributions into one formalism. In amorphous silica [5],
the propagative contribution obtained with these models
was found negligible, which could be reconciled with the
AEMD observation that the thermal conductivity of sil-
ica saturates at very short lengths. This undermines any
assumption on a phonon-like mode of propagation. In the
amorphous Ge-based GeTe [58], GeTe4 and Ge2Sb2Te5
[59] on the other hand, the above models concur with a
negligible contribution of the heat propagation, in favor
of a diffuson-based process. This last result is in contrast
with the length dependence of the thermal conductivity
observed by AEMD for amorphous GeTe4, Ge2Sb2Te5
and SiN, which extends to hundreds of nanometers and
is more in favor of propagation, since it closely follows
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a-SiN a-SiO2 a-GST a-GeTe4
κbulk (W K−1 m−1) 2.96±0.58 1.24±0.01 0.26±0.04 0.17±0.06

l(nm) 2.45±0.74 − 1.97±0.53 3.68±1.77
L(nm)@80% 14 5 11 21
L(nm)@50% 5 2 4 8
L(nm)@30% 3 − 2 4

TABLE III. Bulk thermal conductivities (κbulk) at saturation (a-SiO2) and from the fit to Eq. 2 (for the 3 other amorphous
models). The average mean free path (l) obtained from the fit is given for the latest. The lengths L corresponding to a thermal
conductivity equal to 80, 50 and 30% of κbulk are also reported.

Eq. 2, which was derived assuming propagative heat
transport. In this context, it is worth underlying that
extrapolating κ(L) with Eq. 2 at macroscopic sizes in
the case of amorphous SiN, Ge2Sb2Te5 and GeTe4 re-
flects the existence of a MaxMFP for the propagative
modes extending beyond the size affordable by FPMD,
i.e. tens of nanometers.
Overall, the importance of our results goes beyond the

agreement found with the bulk limit of κ (either extrap-
olated or attained for the largest size considered) and the
considerations developed on the nature of heat transport
in amorphous materials. Indeed, our findings are indica-
tive of the impact of downscaling on the thermal con-
ductivity, as illustrated in Fig. 7 where a mean free path
distribution limited to values of L below 5 nm has the
consequence of reducing by a factor of 2 the thermal con-
ductivity of a-SiN. Table III generalizes this analysis for
the four amorphous materials, by focusing on the values
of L when a reduction of thermal conductivity of 80, 50
or 30 % of the bulk value κbulk is observed. We can in-
fer that, when allowing for MaxMFP values up to 5 nm
in a-SiN, the thermal conductivity becomes very close
to the one of bulk a-SiO2 (1.2 W K−1 m−1), in a way
appealing from the standpoint of the miniaturization of
electron devices.

V. CONCLUSION

The thermal conductivity of amorphous SiN has been
obtained via first-principles molecular dynamics by im-
plementing a transient thermal regime within the AEMD
methodology. The procedure is applied to five models dif-
fering by their dimension L in the heat transport direc-
tion. Thermodynamic conditions leading to the produc-
tion of an amorphous state have been obtained by setting
up independent thermal cycles. The thermal conductiv-

ity increases with L, but it remains smaller than the ex-
perimental bulk value even for the largest model with
L = 8 nm containing more than 1300 atoms. This dif-
ference is ascribed to the existence of propagative modes
with a distribution of mean free paths extending above
8 nm. Such a behavior has already been observed in two
amorphous chalcogenides, whereas a saturation was ob-
served above 6 nm in amorphous silica. Finally, it occurs
that, in a-SiN, a reduction of the thermal conductivity
to values close to those recorded in bulk silica can be
obtained by discarding heat carriers beyond 4 nm.

ACKNOWLEDGMENTS

This work was funded by the French National
Research Agency (ANR) through the Programme
d’Investissement d’Avenir under contract ANR-11-
LABX-0058 NIE, ANR-17-EURE-0024 and ANR-10-
IDEX-0002-02. The authors would like to acknowledge
the High Performance Computing Center of the Univer-
sity of Strasbourg for supporting this work by provid-
ing access to computing resources. Part of them were
funded by the Equipex Equip@Meso project (Programme
Investissements d’Avenir) and the CPER Alsacalcul/Big
Data. Calculations on the larger systems were performed
by using resources from GENCI (Grand Equipement
National de Calcul Intensif) (Grant A0**0910296 and
A0**0905071).

DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

[1] M. Le Gallo and A. Sebastian, An overview of phase-
change memory device physics, Journal of Physics D:
Applied Physics 53, 213002 (2020).

[2] S. Cueff, A. Taute, A. Bourgade, J. Lumeau, S. Mon-
fray, Q. Song, P. Genevet, B. Devif, X. Letartre,
and L. Berguiga, Reconfigurable flat optics with pro-
grammable reflection amplitude using lithography-free

phase-change material ultra-thin films, Advanced Optical
Materials 9, 2001291 (2021).

[3] J. Zhang, Y. Li, Z. Chen, Q. Liu, Q. Chen, and M. Chen,
Amorphous electrode: From synthesis to electrochemi-
cal energy storage, Energy & Environmental Materials
6, e12573 (2022).

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
93

56
6



8

[4] M. Simoncelli, N. Marzari, and F. Mauri, Unified the-
ory of thermal transport in crystals and glasses, Nature
Physics 15, 809 (2019).

[5] M. Simoncelli, F. Mauri, and N. Marzari, Thermal con-
ductivity of glasses: first-principles theory and applica-
tions, npj Computational Materials 9, 106 (2023).

[6] Y. Liu, H. Liang, L. Yang, G. Yang, H. Yang, S. Song,
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