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An analysis of thermal transients from non-equilibrium ab nitio molecular-dynamics simulations can be
used to calculate the thermal conductivity of materials with a short phonon mean-free path. We adapt the
approach-to-equilibrium methodology to the three-dimensional case of a simulation that consists of a cubic
core region at higher temperature approaching thermal equilibrium with a thermostatted boundary. This leads
to estimates of the lattice thermal conductivity for the glassy state of the phase-change memory material,
Ge,Sb,Teg, which are close to previously reported experimental measurements. Self-atom irradiation of the
material, modelled using thermal spikes and stochastic-boundary conditions, results in glassy models with a
significant reduction of diffusive thermal transport compared to the pristine glassy structure. This approach
may prove to be useful in technological applications, e.g. for the suppression of thermal cross-talk in phase-

change memory and data-storage devices.

The cost of computation is significantly determined by
the energy needed to keep key components cool, whether
it is central processing units, accelerators, memory or
data storage. Even when components are kept at reason-
able temperatures during normal operation, there may
still be thermal-throttling under peak-load which affects
their performance and lifetime. Hence, the ability to pre-
dict the thermal properties of solids is critical for the ra-
tional design of materials and the management of devices
that are sensitive to thermal fluctuations.'?

Phase-change memory devices, which are widely be-
lieved to be a part of at least some commercial non-
volatile solid-state drives, rely on the fast and reversible
switching between a conductive crystalline phase (the “1”
state of a bit), and a resistive glassy phase (the “0” state
of a bit), of the same chalcogenide material, induced via
Joule heating from the application of appropriate volt-
age pulses.®> Consequently, thermal cross-talk between
adjacent memory cells can limit the size down-scaling
in phase-change memory devices.* An understanding of
the thermal-transport properties of these materials at the
atomic level is therefore essential for their design and op-
timization.®

The lattice thermal conductivity of the phase-change
memory material, GeTe, has been predicted with quasi-
static calculations,® as well as with classical equilibrium,”
and non-equilibrium,”® molecular-dynamics methods by
using a linear-scaling neural-network interatomic poten-
tial.® First-principles calculations were also employed
to estimate the thermal conductivity for the crystalline
phases of different chalcogenide phase-change materials,
including Ge,ShyTes,”1% in good agreement with exper-
imental observations. However, there are no previously
reported modelling studies of the lattice thermal conduc-
tivity for the glassy phase of Ge,Sb,Tes which is of equal
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importance with the crystalline counterpart for techno-
logical applications.

Methods for simulating thermal transport at the
atomic level have seen a rapid evolution and are getting
closer to quantitative agreement with experimental mea-
surements.® ' Ab initio methods, based on the Boltz-
mann transport equation,'?!3 or on Green-Kubo dynam-
ical formulations,'*'® have been employed recently in the
literature to provide a first-principles description of ther-
mal transport, and they represent significant advances
in the field. Nevertheless, these approaches are compu-
tationally very demanding within a density-functional-
theory framework, while some of them are specifically
designed for harmonic solids near equilibrium.

Therefore, there is the necessity for an efficient first-
principles molecular-dyanamics approach to model the
thermal properties of glasses and in particular the glassy
phase of GeySbyTe;. An efficient and quantitative as-
sessment of lattice thermal conductivity can be obtained
from the approach-to-equilibrium molecular-dynamics
(AEMD) method,'%17 which has been deployed in ab
initio (as well as with empirical force fields) molecular-
dynamics simulations of several different materials.'®

In this Letter, the AEMD methodology, which belongs
to a larger class of non-equilibrium molecular dynamics
(NEMD) methods, has been adapted to the case of a cu-
bic core region in contact with a thermostatted boundary
shell in order to calculate the thermal conductivity of ir-
radiated glassy Gey,SbyTe;. Below, we briefly describe
the computational details of the NEMD simulation pro-
tocol using stochastic-boundary conditions that is used
to simulate the energetic thermal spikes. Numerical re-
sults are presented, starting with the fitting of thermal
transients, the predicted thermal conductivity and the
effect of irradiation on the thermal properties. We also
compare our findings to experimental data and previous
simulation studies, and we discuss some of the limitations
of the approach.

The simulated system is a 315-atom melt-quenched
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model of glassy Ge,Sb,Tes at the experimetal density of
5.88 g cm~3.192% The simulation box, which has a length
of 21.65 A, was divided into a core cubic region and an
outer boundary shell of thickness 1 A on each side. This
type of separation has been dubbed stochastic-boundary
conditions, and was originally used to investigate ther-
mal transport at interfaces.?! The core region samples
a micro-canonical ensemble (NVE) while the boundary
undergoes Langevin dynamics in the canonical ensemble
(NVT) and dissipates the heat generated in the core re-
gion, during an ionic cascade.?? The thermostat param-
eters were chosen such that the damping period was 100
fs. Ab initio molecular-dynamics simulations were car-
ried out using the CP2K code,?® in which the stochastic-
boundary-conditions approach is implemented, based on
the Generalized Langevin Equation formulation.?* We
modelled radiation-induced non-equilibrium cascades by
performing thermal-spike simulations with initial kinetic
energies in the range of 15 — 200 eV. This kinetic energy
is given to a single Te atom, found near the corner of
the core region, by consistently setting an appropriate
velocity for this atom, along the body-diagonal of the
simulation box. Further details related to the compu-
tational set-up, the radiation-damage cascades and the
ab initio molecular-dynamics simulations can be found
in our previous work,??26 from where some of the initial
trajectories used in this work have been taken.

In the approach-to-equilibrium methodology, heat con-
duction is usually modelled by Fourier’s law.!” Based on
our set-up, the simulation box is cubic and is assumed to
be approximately homogeneous and isotropic. Addition-
ally, we have considered that the boundary region acts
as a “thermal wall” at a temperature of Ty (300 K) and
the core region will rapidly come into equilibrium with
it after the cascade. In practice, the temperature of the
boundary region will oscillate significantly and there will
be an artificial thermal boundary resistance at the inter-
face with the core region due to the thermostat that is
employed in the outer shell.21:27:2® The Cartesian coor-
dinates of atoms in the core region, x, y and z, reside in
the real interval [0, L], where L = a — 2r, a is the size of
the periodic cubic simulation box and r is the thickness
of the boundary region. Under these assumptions, the
resulting heat equation can be written as:
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where T is the temperature and ¢ is the time.
The thermal diffusivity « is defined as:

K
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where k is the thermal conductivity, C, the constant-
volume heat capacity and p the density of the system.
The general solution, assuming a separable form, is then

given by:
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The Fourier-series coefficients in the general solution,
Anmi and @nmi, can be inferred from the boundary con-
ditions and are given in the two equations below:
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The difference between the spatially averaged temper-
ature of the core region (undergoing NVE dynamics)
and the target temperature of the thermostatted bound-
ary region (undergoing Langevin NVT dynamics) corre-
sponds to: AT(t) = T(t) — Tp. It has an initial value,
ATy, at the start of the thermal quench and it decays to
zero during the quench as:

t
AT ~e T (6)

The exponential temporal decay of this temperature
difference in equation 6, has a dominant contribution
from the leading term n = m = [ = 1 of the Fourier
series in equation 3. Once the relaxation time 7 is ob-
tained from simulations, it can be inserted into the time-
dependent part of this dominant term. Hence, the ther-
mal conductivity, x, can be calculated from the expres-
sion:

2
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The thermal transients of the non-equilibrium ion-
irradiation simulations for glassy Ge,Sb,Tey can be di-
rectly fitted from the thermal quench of the core region as
it reaches thermal equilibrium with the boundary layer.
The trajectory of the radiation-induced cascade can be
split into three intervals, based on the time evolution
of the kinetic temperature, shown in figure 1 for differ-
ent initial thermal-spike kinetic energies: (a) The high-
energy cascade generated by the thermal spike; (b) An
approach-to-equilbrium transient that is reasonably well
described by an exponential temporal decay of the tem-
perature difference between the core and the boundary;
and (¢) An equilibrium region where the system as a
whole fluctuates around the target temperature of the
thermostatted boundary layer (300 K).
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FIG. 1. Temperature (K) versus time (fs), on a linear-log
graph, for a model of glassy Ge,SbyTes, for different thermal-
spike energies, shown as shades of red (darker means higher
energy). The characteristic dips in temperature correspond
to collision events during the non-equilibrium cascade. This
is followed by an exponential decay of the temperature as the
system approaches equilibrium, while at the end, the kinetic
temperature of the system fluctuates around 300 K.

By examining the approach-to-equilibrium of the sys-
tem after the high-energy cascade, thermal-conductivity
estimates are obtained “on the fly” without having to run
a separate simulation for this purpose. It is important to
only fit the relaxation time 7 using data from a restricted
time interval in which the temperature decays exponen-
tially. In practice, this means including data only after
the shock of the thermal spike has been absorbed by the
boundary and just before reaching equilibrium. In order
to avoid including data from the high-energy cascade at
the beginning of the simulation, a time period of 1 — 2
ps from the start of the simulation needs to be removed
from the fitting interval, based on the initial energy of
the thermal spike, as indicated by our kinetic analysis
of the approximate cascade duration.?® Examples of ex-
ponential fits of the thermal relaxation time from the
asymptotic regime of the ion-irradiation simulations are
shown in figure 2 for 50 eV, 100 eV and 200 eV initial
thermal-spike energies.

After obtaining the transients for all the thermal-spike
simulations, we examined the thermal conductivity of the
initial pristine glassy Gey,SbyTey structure. In general,
it is not necessary to use high-energy thermal spikes to
evaluate the thermal conductivity with this approach (al-
though it is useful for studying irradiated materials). For
the pristine glass, the computational procedure used in
this case comprised the following steps: (1) Fix the atoms
in the boundary region; (2) Initialize and equilibrate the
velocities in the core region at a higher temperature; (3)
Release the constraints for the boundary region; and (4)
Remove the thermostat from the core region. In this
case, there is no radiation-induced cascade and the simu-
lation consists simply of a thermal quench and equilibra-
tion with the boundary (nominally at 300 K). The core-
region initial maximum kinetic temperature was chosen
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FIG. 2. The temperature difference AT between the core
region and the target temperature of the boundary thermo-
stat, viz. 300 K, as a function of time. Thermal transients in
the approach-to-equilibrium are shown in different shades of
red as a function of the energy of the thermal spike (darker
is higher). The corresponding exponential fits are shown as
black lines.

to be 700 K in order to avoid any intermixing between
the core and the boundary.

The thermal relaxation times corresponding to the
different ion-irradiation simulations and to the pristine
glassy Ge,Sb,Tey structure were calculated, and are
shown in figure 3. It can be observed that the relax-
ation time 7 scales as a power-law function of the initial
energy of the thermal spike. The temperature evolution
is regularly analyzed after simulations of thermal spikes
and a mechanical model predicts that the thermal re-
laxation time will scale as a power-law function of the
thermal-spike energy, with an exponent around 2/3.2°
However, values for the power-law exponent below 2/3
have been reported from computer simulations, suggest-
ing that the exponent depends on the structure of the
material.3° From our simulations, a best-fit power-law
exponent of 0.354 was obtained for glassy Ge,Sb,Tes, in-
dicating a gentle increase of the thermal relaxation time
with the energy of the thermal spike. We expect that this
trend will not be significantly changed if the calculation
is repeated for several independent amorphous models or
indeed a larger model to accommodate higher thermal-
spike energies.

An additional ingredient for the estimation of the lat-
tice thermal conductivity is the heat capacity of the
material. In order to obtain the heat capacity, energy
fluctuations, 0E = E — (E), were sampled from equi-
librium ab initio molecular-dynamics simulations. The
starting point for each trajectory corresponds to the
structural models at the end of each non-equilibrium
thermal-spike simulation. In these subsequent molecular-
dynamics runs, there is no longer a separation between
core and boundary, and the entire system undergoes
NVT dynamics with a single Langevin equation (GLE),
or colored-noise, thermostat.?"3? Trajectories of 40 ps
were generated with a time-step of 1 fs for each glassy



800 50 eV
E 100 eV
< 200 eV
45600 _;
(] — QT
C
o
£ 400
©
o
E
S 200
[0}
Q.
5
L S oy == =
3 p) 6 8 10 12 14 16

Time, t (ps)

FIG. 3. Thermal relaxation times versus the initial kinetic
energy of the thermal-spike atom. Data points are shown as
black circles. A power-law fit to the ion-irradiation data is
shown as the solid black line and the shaded region is the
95% confidence interval of the fit.

sample. The first 8 ps were discarded and the heat capac-
ity was estimated from the remaining 32000 time steps.
The calculated heat capacity at 300 K for the pris-
tine glassy phase of Ge,SbyTe; was 272 4+ 60 J kg™!
K1, which is above the Dulong-Petit limit value of 219 J
kg~ 'K~! (3Nkp). This is in good agreement with exper-
imental data from differential scanning calorimetry, viz.
220230 J kg~ K—1,3334 and with the fact that the De-
bye temperature of glassy (as-deposited) Ge,Sb,Te; was
found to be below 111 K from inelastic neutron-scattering
experiments.®* In the Supplementary Material, details
are provided for the calculation of the heat capacity and
thermal conductivity in all of the simulated systems.
The lattice thermal conductivity of glassy Gey,SbyTey
was calculated from equation 7, using a relaxation time
corresponding to the intercept from our power-law ex-
trapolation. This estimated thermal conductivity was
found to be 0.16+£0.04 W K~! m~!, in good agreement
with the experimentally reported values, which are in the
range 0.19—0.3 W K=! m~!.35-37 From figure 3, it can be
seen that the irradiated glassy Ge,Sb,Tes models exhibit
an increased thermal-relaxation time which ultimately
leads to a decreased thermal conductivity. The estimated
lattice thermal conductivity of the self-irradiated config-
urations was found to be in the range of 0.067 to 0.113 W
K—!'m™!, depending on the thermal-spike energy, further
revealing that the thermal conductivity could be signifi-
cantly lowered by controlled irradiation. It is noted that
controlled irradiation (with He ions) has been used to
lower the lattice thermal conductivity of Si nanowires.?®
In a recent AEMD study for a related glassy chalco-
genide material, namely GeTe,, the authors reported a
value of 0.01340.003 W K~'m™! for the thermal con-
ductivity,?® which is an order of magnitude lower than
the experimental measurement for this material (0.1 W
K=! m™1).4% This discrepancy is likely due to the small
model system size (185 atoms), which illustrates the limi-
tations of tractable ab initio molecular-dynamics simula-
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tions. The same authors, in a different study,*' doubled
the simulated system size (up to 370 atoms) and obtained
a value of 0.044+0.001 W K—! m~! for the thermal con-
ductivity of glassy GeTe,, closer to, but still smaller than,
the experimental value, revealing the influence of size ef-
fects.

The relatively low estimated value for the thermal con-
ductivity of glassy Ge,Sb,Tey in this work could suggest
that the system size is still somewhat too small to fully
account for the contribution of any long-wavelength vi-
brational modes to the lattice thermal conductivity®*2.
Non-equilibrium methods require careful consideration of
finite-size effects and they can no longer be easily ap-
plied to materials with a higher thermal conductivity, or
with a longer mean-free path, especially at low temper-
ature. Nevertheless, long-wavelength modes and quan-
tum effects are not significant in glassy Ge,SbyTe; at 300
K.%39 While not a substitute for analysing the finite-size
effects, the influence of the boundary-region Langevin-
thermostat damping time was included in our estimates
of the lattice thermal conductivity and is discussed in the
Supplemental Material.

In conclusion, a non-equilibrium molecular-dynamics
methodology is proposed for calculating the lattice ther-
mal conductivity of a cubic-core region as it approaches
equilibrium with a thermostatted-boundary layer. This
approach has been applied to estimate the change in the
lattice thermal conductivity with thermal-spike energy in
self-irradiated glassy GeySbyTe; models. As the irradi-
ated core approached equilibrium with the thermostatted
boundary, the thermal relaxation time is fitted using an
appropriate time interval from the asymptotic regime of
the simulation. The good agreement obtained between
the calculated value for the lattice thermal conductiv-
ity of pristine glassy Ge,Sb,Te; and the results of ex-
perimental measurements provides validation for this ap-
proach.

The thermal relaxation time is found to increase as
a sublinear power-law function of the thermal-spike
energy. At the same time, the heat capacity of the
different glassy GeySbyTes; models, evaluated via
molecular-dynamics simulations near 300 K, remains
close to the Dulong-Petit limit, and exhibits a peak for
thermal-spike energies < 150 eV (see Supplementary
Material). The observed peak in the heat capacity
is the likely result of competition between increased
anharmonicity immediately after irradiation, which is
more significant for low thermal-spike energies, and
the ability to eventually reach a more harmonic local
minimum after quenching, which dominates when the
thermal-spike energies are high enough. The change in
both thermal relaxation time and heat capacity result in
an overall decrease of the lattice thermal conductivity (at
300 K) of the irradiated samples, when compared to that
of the pristine glassy structure. Our simulations suggest
that radiation-induced cascades can therefore reduce
the lattice thermal conductivity of glassy Ge,SbyTey
by as much as 60%. Given the remarkable recovery of



the electronic structure of the glass after irradiation,?®

ion irradiation can therefore be a potential strategy for
improving the performance of phase-change memory
and data-storage devices by reducing thermal cross-talk
between memory cells. While the qualitative trends
should stay the same, in the future, these effects should
be explored in larger models, as well as in models of the
crystalline phases of Ge,Sb,Tey.

See Supplemental Material for details about the
thermal profiles established in the asymptotic regime
in the irradiated glass, the calculation of the heat
capacity in the simulated systems and the effect of the
Langevin-thermostat damping time during irradiation
on the calculation of the thermal conductivity.
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