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Abstract. The thermal conductivity of GeTe crystalline nanowires has been computed by
means on non-equilibrium molecular dynamics simulations employing a machine learning
interatomic potential. This material is of interest for application in phase change non-
volatile memories. The resulting lattice thermal conductivity of an ultrathin nanowire (7.3
nm diameter) of 1.57 W/mK is sizably lower than the corresponding bulk value of 3.15
W/mK obtained within the same framework. The analysis of the phonon dispersion relations
and lifetimes reveals that the lower thermal conductivity in the nanowire is mostly due to a
reduction in the phonon group velocities. We further predict the presence of a minimum in the
lattice thermal conductivity for thicker nanowires.
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1. Introduction

Phase Change Memories (PCMs) are leading contender for
the development of storage class memories which combine
non-volatility with access times of the order of 10-100 ns
which are close to those of DRAM technologies [1].

PCMs rely on a fast and reversible crystalline-to-
amorphous transformation of a chalcogenide alloy induced
by Joule heating [2, 3, 4, 5, 6, 7]. Read out of the memory
consists of the measurement of the resistance at low bias
which is suitable to discriminate the two phases of the active
material displaying a difference in electrical resistivity of
about three orders of magnitude. Joule heating at higher
voltage induces either the amorphization of the crystal
(reset process) via crystal melting, or the recrystallization
of the amorphous (set process).

A unique portfolio of features makes Ge2Sb2Te5

(GST) the material of choice for PCM application, but other
chalcogenides including doped GeTe [8] and Sb2Te3 [9] are
also under scrutiny. Phase change memories developed by
Intel and Micron entered the market in 2017 as storage class
memories with the commercial name of Optane featuring
GST cells in a 3D crossbar array architecture [10].

Further development of storage class memory based
on PCMs would benefit from an overall reduction of power
consumption for the set/reset processes. An attractive
option in this respect involves the use of nanowires (NWs)
[11, 12] that keep a high crystallinity down to very low
scale. Many studies have been devoted to the synthesis
and electrical characterization of chalcogenides NWs made
of different GeSbTe alloys [11, 13, 14, 15, 16, 17], GeSb
[18], Sb2Te3 [19, 20, 21], GeTe [12, 17, 22, 23, 24, 25, 26,
27, 28]. Ultrathin InSbTe NWs with diameter below 15 nm
have also been synthesized by metal organic chemical vapor
deposition methods [29].

In addition to the size reduction, other advantages of
NWs with respect to bulk materials have been reported,
most notably a reduction of the resistance drift in the reset
state and a reduction of the programming current. In
fact, while the crystal is stable, the metastable amorphous
phase is subject to aging which leads to an increase in the
electrical resistivity with time. This phenomenon, called
drift [30, 31, 32], is detrimental for the operation of PCMs
and it has been shown to be substantially reduced in NWs
with respect to the bulk [33, 34]. On the other hand, the
reduction of the programming current in NWs is ascribed
to several concurrent effects, namely heat and electric
current confinements due the reduced sectional area [12]
and to a lower melting temperature for the reset operation

[25, 34, 35].
Thermal transport is a key property for the confine-

ment of heat which is strongly affected by the reduction
of dimensionality [36, 37]. Heat is physically confined
along the radial direction of the NW, but a reduction of
the thermal conductivity with respect to the bulk is also
expected along the growth direction of the NW [38]. For
sufficiently large NWs, scattering of phonons by the free
surfaces can account for the reduced thermal conductivity
as implemented in different phenomenological models [39].
However, changes in the phonon dispersion relations and
phonon-phonon scattering with respect to the bulk have to
be properly taken into account to describe thermal conduc-
tivity in thin NWs [39]. These effects are responsible, for
instance, for an increase of the lattice thermal conductiv-
ity upon decreasing the diameter in ultrathin (1-5 nm) Si
nanowires as reported by atomistic simulations [40, 41].

In this work, we make use of non-equilibrium
molecular dynamics simulations (MD) to predict the
lattice thermal conductivity of NWs of the phase change
compound GeTe. We focus on this material because of the
availability of a reliable interatomic potential for large scale
simulations [42].

At normal conditions GeTe crystallizes in the α phase
with trigonal geometry (space group R3m) [43]. This phase
can be viewed as a distorted rock-salt geometry with an
elongation of the cube diagonal along the [111] direction
and an off-center displacement of the inner Te atom along
the [111] direction giving rise to a 3+3 coordination of
Ge with three short and three long bonds (2.84 and 3.17
Å). The structure can be also seen as an arrangement
of GeTe bilayers along the c direction of the hexagonal
cell with shorter intrabilayer bonds and longer interbilayers
bonds. The α-phase transforms into the a cubic phase (β-
GeTe, space group Fm3̄m) above the ferroelectric critical
temperature of 705 K [44]. In the cubic phase, the
alternation of long and short bonds survives in a disordered
manner along all equivalent <111> directions as shown
by extended x-ray absorption fine structure and x-ray total
diffraction measurements [45, 46].

Experimental data on thermal conductivity are avail-
able only for relatively large NWs of α-GeTe with diameter
in the range 80-160 nm, probably not of interest for PCM
applications due to their size [47]. For these NWs a total
(electronic plus lattice) thermal conductivity of 1.44 W/mK
was reported [47]. This value is sizably lower than the to-
tal thermal conductivity of 3.8 ± 0.53 W/mK measured for
bulk crystalline GeTe [48].

To shed light of the origin of the reduction in the
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thermal conductivity in NW, we here study ultrathin NWs
(7.3 nm in diameter) of α-GeTe.

After the brief outline of the computational methods
(Section 2) and a discussion on the choice of the NWs
geometry (Section 3.1) we discuss in Section 3.2 the results
on the lattice thermal conductivity of the GeTe NW with
7.3 nm diameter and the origin of the reduced thermal
conductivity with respect of the bulk. On the basis of this
analysis, we then attempt to estimate the lattice thermal
conductivity of NWs with different diameters. Finally,
Section 4 is devoted to the conclusions.

2. Computational Details

Molecular dynamics (MD) simulations have been per-
formed by using the Neural Network (NN) interatomic po-
tential developed in [34, 42]. The NN interatomic potential
of GeTe was originally obtained in [42] by fitting a database
of total energies obtained within Density Functional Tho-
ery (DFT) by means of the method introduced by Behler
and Parrinello [49]. The database consists of the total en-
ergies of about 30000 configurations of 64-, 96-, and 216-
atom supercells computed within DFT by employing the
Perdew-Burke-Ernzerhof (PBE) exchange and correlation
functional [50] and norm conserving pseudopotentials. The
NN potential displays an accuracy close to that of the un-
derlying DFT-PBE framework whose reliability in describ-
ing structural and dynamical properties of GeTe and other
phase change materials has been validated in several previ-
ous works [51, 52, 53, 54]. The transferability of the NN
potential was validated in previous works on bulk liquid,
amorphous, and crystalline GeTe [42, 55, 56, 57, 58].

In order to deal with NWs, a new version of the NN
potential was generated in [34] by enlarging the training
set with about 5000 new configurations of crystalline
and amorphous GeTe in a slab geometry (128-atom
supercell) and about 7000 new configurations of crystalline,
amorphous and liquid GeTe in a NW geometry (120- and
256-atoms cells).

To compute the thermal conductivity, we used the
reverse non-equilibrium molecular dynamics (RNEMD)
scheme proposed by Müller-Plathe [59]. In this method,
one sets up a stationary heat flux density J between a source
and a sink at the two edges of the simulation cell, which
gives rise to a stationary temperature gradient dT/dz from
which the thermal conductivity is computed by Fourier’s
law as κ = −J/(dT/dz).

The RNEMD simulations were performed with the NN
code RuNNer [60] by using the DL POLY code [61] as
molecular dynamics driver with a time step of 2 fs.

The RNEMD technique with the NN interatomic
potential was used in our previous work [56] to calculate the
lattice thermal conductivity of amorphous GeTe (κ = 0.26
W/mK) which was in excellent agreement with experimenal
data (0.23 ± 0.04 W/mK from [48]) and very close to

the previous result of 0.27 ± 0.05 W/mK obtained from
equilibrium MD and the use of the Green-Kubo formula
[55]. All the values of the thermal conductivity computed
here or referred to from literature correspond to 300 K.

The RNEMD technique with the NN interatomic
potential was also used to compute the thermal conductivity
of crystalline α-GeTe which yielded κx = κx = 3.15 ± 0.2
W/mK and κz = 3.23 ± 0.1 W/mK [56], where x, y and z
refer to the components of the conductivity tensor along the
three cartesian directions with z along the c axis of α-GeTe
in the hexagonal notation.

The new version of the NN potential [34], suitable
to be used for NWs, yields the same lattice thermal
conductivity for crystalline and amorphous GeTe (within
the error bar given above) of the former version discussed
in [42].

The average thermal conductivity suitable to describe
a polycrystalline material is obtained as κav= 2

3κx + 1
3κz=

3.18 W/mK, provided that phonon scattering from grain
boundaries could be neglected. We remark that this
theoretical value of the bulk thermal conductivity of α-
GeTe is an upper bound as it refers to a perfect crystal
with no defects, while a large concentration of Ge vacancies
is actually present in the real material conferring a p-type
degenerate character [62]. In our previous work [63], we
have shown that κav of α-GeTe can decrease from 3.2
W/mK for the perfect crystal to 2.7 W/mK for the vacancy
content of 0.2 atom% measured for instance in [62]. The
phonon scattering due to vacancies brings the theoretical
value close to the experimental lattice thermal conductivity
of 2.35 ± 0.53 W/mK measured in [48]. The results in [63]
were obtained on the basis of harmonic and anharmonic
force constants computed within the Density Functional
Perturbation Theory (DFPT) [64] in the Local Density
Approximation and the solution of the Boltzmann phonon
transport equation.

Note that the DFPT calculations of Ref. [63] yield
an anisotropic thermal conductivity for ideal GeTe (no
defects) with κx = 3.62 W/mK and κz = 2.37 W/mK, while
the anisotropy predicted by RNEMD simulations with the
NN potential is actually smaller than the error bar on the
thermal conductivity itself as reported above. This has
to be ascribed to a limitation of the NN potential. The
phonon dispersion relation of α-GeTe computed with the
new NN potential are compared with DFT results in Figure
1. The DFT data refer to a hole-doped system with hole
concentration of 8 · 1019 holes/cm3 as discussed in our
previous work [63]. The presence of holes makes the
system metallic and it allow neglecting the non-analytic
part of the dynamical matrix due to long-range Coulomb
interactions responsible for LO-TO splittings. These
splitting are absent in the NN results as well due to the
short range character of this interatomic potential. NN
potentials can usually provide a much better agreement
with DFT phonons than that shown in Figure 1 once the
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Figure 1. (Color online) Phonon dispersion relations of α-GeTe along
high symmetry directions of the Brillouin Zone computed with the new
NN potential [34] and by DFT with the PBE functional for a hole-doped
system as reported in [63] which we refer to for further details. The path
in the BZ is the same reported in Refs. [63] and [56]. Point K′ is (-
0.37165,-0.7567,-0.37165), and point C is (-0.5, 1.0, -0.5); these points
were erroneously labelled K and X in the phonon dispersions of Refs.[63]
and [56], but they do not actually correspond to the point K, X shown on
the figure of the BZ in Ref. [56].

potential is specifically devised for this purpose with limited
transferability for the simulations of other properties [65].
In our case, we note that the NN potential was devised
to reproduce structural and dynamics properties of liquid,
amorphous and crystalline GeTe in the bulk and in reduced
dimensions. This wide applicability of the NN potential
came at the expense of a lower quality, albeit acceptable, of
the NN phonons for the crystalline phase.

3. Results

3.1. Modeling of GeTe Nanowires

In a previous work [34], we built a model of a GeTe
nanowire with a diameter of about 9 nm. The [220] growth
axis (in the hexagonal notation with the redundant index
omitted) was chosen according to the geometry of the NWs
synthesized experimentally by different means [22, 23, 24].
In our NW model the (11̄2) surfaces and the (001) surfaces
terminated by Te were exposed. These surfaces were
chosen on the basis of their thermal stability as described
in our previous work [34].

For the calculation of the thermal conductivity by
RNEMD, we have built a similar, thinner NW with a
diameter of 7.3 nm and with the same exposed surfaces.
As it occurs for the larger NW, this latter model undergoes
a reconstruction with the removal of net electric dipoles and
with the formation of twin boundaries. The primitive cell of
the NW is 16.93 Å long (along the growth direction) and it
contains 2164 atoms (1036 Ge and 1128 Te). In the inner
part of the NW, the reconstruction leads to the formation
of a misoriented domain of the trigonal phase (448 atoms

(a)

(b)

Figure 2. (Color online) (a) Cross section and (b) side view of the GeTe
NW used in the simulations. The NW has a hexagonal section with a
diameter of about 7.3 nm. Only four unit cells along the growth direction
are shown, while the model used in the RNEMD simulation consists of 23
unit cells (49772 atoms).

large out of 2164 ones) with the c axis forming an angle of
33.8% respect to the growth direction, as it occurs in the
larger model of [34]. A cross section and side views of the
NW are shown in Figure 2. A file with the Cartesian atomic
coordinates and cell edges of the 2164-atom unit cell of the
crystalline NW is provided in the supplementary material.

3.2. Thermal conductivity

A crucial issue in RNEMD simulations is the choice
of length of the simulation cell that must be longer
than the phonons mean free path to properly include the
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relevant scattering processes. A previous DFT study of
thermal conductivity of bulk α-GeTe shows that all phonons
significantly contributing to heat transport have a mean free
path shorter than 40 nm (see Figure 3 in [63]) which is
consistent with the results of [56] showing that a cell of
about 50 nm is sufficiently long to get a converged thermal
conductivity in RNEMD simulations of crystalline GeTe.
The cumulative thermal conductivity of bulk α-GeTe as a
function of phonon mean free path is reported in Figure 3.
These results, obtained from the DFT data of Ref. [63],
show that phonons with mean free path longer than 40
nm contribute very little to the lattice thermal conductivity.
Since the phonon mean free path is expected to be shorter in
the NWs than in the bulk, we used here a simulation cell of
40 nm along the growth direction of the NW (7.3 nm wide)
which contains a total number 49772 atoms.
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Figure 3. Cumulative average thermal conductivity κ(L) as a function
of mean free path L of bulk α-GeTe. The function κ(L) is the thermal
conductivity due to all phonons with mean free path longer than L. The
data are obtained from the DFT results of Ref. [63] which refer to the
solution of the Boltzmann equation within the Single Mode Relaxation
Time Approximation.

In the RNEMD simulations, we exchanged the kinetic
energy of the hottest atom in the cold source with the kinetic
energy of the coldest atom in the hot source every 75 steps
which lead to a stationary heat flux q after 1.2 ns as shown
in the upper panel of Figure 4. The hot and cold sources
are placed at the edges of the cell along the z-direction,
they consists of a slice of mobile atoms 5 Å thick along
z neighboring a region of fixed atoms, which decouple
the two sources in the presence of periodic boundary
conditions. The stationary profile of the temperature along
the NW, averaged over 200 ps after equilibration, is shown
in the lower panel of Figure 4.

The resulting lattice thermal conductivity of the NW
is κ=1.57±0.04 W/mK as obtained from the temperature
gradient and the value of the heat flux density J=q/A, where
the section of the NW is A = 3281 Å2.

Since the growth direction lies in the xy plane of bulk
α-GeTe (in the hexagonal notation with the c axis along z),
the value of κ for the NW has to be compared with the value
κx = 3.15± 0.20 W/mK for bulk α-GeTe obtained with the

NN potential and RNEMD in [56].
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Figure 4. (Upper panel) Heat flux as a function of time in RNEMD of the
NW with a diameter of 7.3 nm. (Lower panel) Temperature profile along
the simulation cell in stationary conditions.

We thus reproduce a substantial reduction of the
thermal conductivity in the NW with respect the bulk as
observed experimentally for large NWs in [47]. However, a
direct comparison with the experimental data is not possible
because of several reasons: our NW is much thinner than
in experiments (7.3 nm versus 80-160 nm), electronic
contribution to the thermal conductivity is present in
the experimental data while we compute only the lattice
contribution, we considered an ideal crystalline NW with
no Ge vacancies while a large concentration of vacancies is
expected in real materials in both bulk and NWs.

Therefore, we restricted ourselves to a comparison
between theoretical results for the NW and the bulk in order
to assess the origin of the reduction of the lattice thermal
conductivity in the NWs. To this end, we used the following
expression for the lattice thermal conductivity of a crystal
along a direction α given by the solution of the Boltzmann
Transport Equation (BTE) in the Single Mode Relaxation
Time Approximation (SMA):

κα =
1

N0V

∑
jq

~ω(q, j)v2
α(q, j)

∂fB(ω(q, j))

∂T
τ(q, j) (1)

where the sum runs over the band index j and N0 points q
in the Brillouin Zone (BZ), vα(q, j) is the group velocity
along the direction α of the (q, j) phonon with frequency
ω(q, j). fB is the Bose-Einstein distribution function, V is
the unit cell volume, and τ(q, j) is the phonon lifetime. The
same expression holds for a NW once the one dimensional
BZ is considered and V =A · L where L is the length and
A the cross sectional area of the NW. The applicability of
the SMA is discussed in [63] where it is shown that for α-
GeTe this approximation underestimates the lattice thermal
conductivity by about 15 % with respect to the full solution
of the BTE.

The reduction in the thermal conductivity in the NW
might arise from a change in the phonon lifetimes, in the
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group velocities and/or in the phonon density of states.
All these three quantities entering in (1) can be computed
for the bulk, but the calculation of the phonon lifetime in
the NW is too computationally demanding. Therefore, we
tried to use (1) for the NW by making use of the bulk
phonon lifetimes in order to assess the effect of the change
in the group velocities and density of states on the thermal
conductivity. To this end, we first introduced averages over
bands and q points of the group velocities and phonon
lifetime as

v2
α(ω) =

∑
jq v

2
α(q, j)δ(ω − ω(q, j))∑
jq δ(ω − ω(q, j))

, (2)

τ(ω) =

∑
jq τ(q, j)δ(ω − ω(q, j))∑

jq δ(ω − ω(q, j))
. (3)

Then, by introducing the phonon Density of States (DoS)
D(ω) (states/cm−1/Å3) we approximate (1) as an integral
over frequency only as

κα =

∫ ω̄

0

dω ~ωD(ω)v2
α(ω)

∂fB(ω)

∂T
τ(ω) (4)

where ω̄ is the highest phonon frequency of the material. An
isotropic average for bulk materials can be obtained simply
as κav = (κx + κy + κz)/3, resulting in:

κav =
1

3

∫ ω̄

0

dω ~ωD(ω)v2(ω)
∂fB(ω)

∂T
τ(ω) (5)

where

v2(ω) = v2
x(ω) + v2

y(ω) + v2
z(ω) (6)

For α-GeTe, z refers to the c axis of the hexagonal cell and
the directions x and y are equivalent.

We checked the validity of this approach by comparing
the results of (4) and (1) for bulk GeTe by using the DFPT
data reported in our previous work [63]. It turns out that (4)
overestimates the SMA result of (1) by about 8% which is
an error sufficiently small for our purposes.

We then computed all quantities entering in (5) with
the NN potential for bulk GeTe. D(ω), v(ω) and τ(ω) are
reported in Figure 5. Phonon lifetimes have been computed
from third order anharmonic force constants obtained by
finite differences in a 1152-atom supercell, by considering
only Γ-point phonons. The explicit expression of the
phonon lifetime in terms on anharmonic force constants is
given for instance by Eq. (B2) in [66]. D(ω) and v2(ω)
are averages over a 40x40x40 mesh of q points in the
BZ of the primitive cell (two atoms). Since phonons with
frequency below 8 cm−1 are not present at the Γ-point of
the 1152-atom supercell, their lifetime was taken equal to
30 ps which is the average lifetime of phonons at about 10
cm−1. The resulting cumulative thermal conductivity from
(5) is shown in Figure 5d. The final κav of 3.53 W/mK
is comparable, albeit higher, to the RNEMD value of 3.18
W/mK discussed above.

We then used Eq. (4) to investigate the role of the
change in the phonon density of states and of the group

C
um

ul
at

iv
e 

T
he

rm
al

 
 C

on
du

ct
iv

ity
 (

W
/m

K
)

Frequency (cm−1)

(d)

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 50 100 150 200

G
ro

up
 v

el
oc

iti
es

 (
10

0 
m

/s
)

(b)

0
5

10
15
20
25
30
35
40
45

     

P
ho

no
n 

lif
et

im
es

 (
ps

)

Frequency (cm−1)

(c)

10−1

100

101

0 50 100 150 200

D
oS

 (
10

−4
 s

ta
te

s/
cm

−1
/Å

3 )

(a)

0

5

10

15

Figure 5. (Color online) a) Phonon density of state, b) distribution
of phonon group velocities, and c) distribution of phonon lifetimes for
crystalline bulk GeTe computed with the NN potential. The continuous
lines in panels b) and c) are the averages v(ω) and τ(ω) defined in (6) and
(3). d) Cumulative average thermal conductivity (κav) from (5).

velocities in the reduction of the thermal conductivity in
the NW. We computed the group velocities of the NW by
averaging in (2) over eight q points in the one dimensional
BZ, while the DoS has been computed on a mesh of 40 q
points. The results are compared in Figure 6 with the bulk
values for the DoS and |vα(ω)| with α along the growth
direction of the NW ([220]). Note that in an isotropic
material, v2

α(ω) along a generic direction α, averaged over
the BZ, is 1/3 of the average of v2(ω) defined in (6), hence
the factor of about 1/

√
3 between the group velocities in

the bulk in Figure 5 and Figure 6. The group velocities
are drastically reduced in the NW in the frequency range
50-140 cm−1, while they are comparable or even higher
than in the bulk for frequencies below 25 cm−1. Overall
the distribution of heat carriers is shifted toward lower
frequencies in NW with respect to the bulk.
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Figure 6. (Color online) (Left panel) Phonon density of states of the
NW and of the bulk. (Right panel) Phonon group velocities in the NW
(diameter of 7.3 nm) compared with the group velocities in the bulk along
the direction equivalent to the NW axis.

By plugging into (4) the DoS of the NW and by
keeping τ(ω) and v2

α(ω) of the bulk with α along the
growth direction of the NW, we obtain κ=3.73 W/mK.
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This result shows that the modification in the DoS is not
sufficient to explain the reduced thermal conductivity in the
NW. On the contrary, by plugging in (4) both the DoS and
the group velocities of the NW and by still keeping the
phonon lifetime τ(ω) of the bulk, we obtain κ=1.87 W/mK
which is only slightly higher than the RNEMD value of
1.57 W/mK for the NW, even though changes in lifetimes
are not considered. Therefore, although we also expect a
change of the phonon lifetime in the NW with respect to
the bulk, we can conclude that most of the reduction of the
thermal conductivity in our NW stems from a reduction of
the phonon group velocities.

On the basis of this analysis, we attempted to estimate
the thermal conductivity of NWs of different diameters
by using (4). To this end, we built two other NWs
of diameter 6.5 nm and 11.6 nm as shown in Figure 7.
Moreover, we also considered the 9.0 nm NW discussed in
our previous work [34]. For these three NWs we computed
the DoS and the group velocities. The distributions of the
group velocities for all the NWs are compared in the left
panel of Figure 8. The dispersion relations of phonons
at low frequencies along the growth direction are shown
in the right panel of Figure 8 for two representative NW
diameters. The product D(ω) · v2

α(ω) is compared for
different NWs in the left panel of Figure 9. Then, we
estimated the lattice thermal conductivity of the NWs by
plugging in (4) the function D(ω) · v2

α(ω) for the different
NWs by still keeping the phonon lifetimes τ(ω) of the
bulk, as we reported above for the 7.3 nm wide NW. The
cumulative thermal conductivity of the NW is shown in the
right panel of Figure 9 while the results for κ are collected
in Table 1.

Table 1. Thermal conductivity as a function of the NW diameter computed
from (4) with DoS and group velocities of the NW and phonon lifetimes
of the bulk (see text).

Diameter (nm) κ (W/mK)

6.5 2.11
7.3 1.87
9.0 1.58

11.6 1.33

We observed that the thermal conductivity increases
by decreasing the diameter of the NW. This would be
surprising if one assumes that the phonon mean free path
in nanostructure is limited by the characteristic dimension
of the system, i.e. the diameter for nanowires, according
to the Casimir limit. However, this is a general behavior
that stems from the onset of anomalous transport in low-
dimensional systems, as predicted for non linear models
[67] and observed in carbon nanotubes, graphene and even
SiGe nanowires [68, 69, 70]. In these systems the thermal
conductivity either diverges with length or converges only
for macroscopic lengths. This trend is enhanced at small
diameter/thickness, as the material becomes more low-

dimensional [71]. For example, for crystalline silicon
nanowires with diameter smaller than 5 nm it was observed
that, in the absence of surface defects, the thinner the wire
the higher the thermal conductivity [40, 41].

In the case of GeTe, this behavior can be explained
by inspection of Figures 8 and 9 as follows. As discussed
above, the origin of most of the reduction of the thermal
conductivity in the NW (7.3 nm wide) with respect to the
bulk is due to the lower group velocities in the NW for
frequency above 50 cm−1 which involves acoustic branches
at the BZ boundary and the optical phonons (see Figure 1).
This is partially compensated by higher group velocities in
the NW at frequency lower than 25 cm−1. In the range
25-50 cm−1 the group velocities are nearly equal to those
of the bulk for the NW of 7.3 nm, while they are lower
(higher) than in the bulk for diameters lower (larger) than
7.3 nm. This effect leads to an increase of the thermal
conductivity by decreasing the section of the NW in the
range 6.5-11.6 nm investigated here. In the case of silicon
crystalline nanowires as well, one observes an increase
in the group velocity of the longitudinal acoustic branch.
Whether this is sufficient to explain the increase of the
thermal conductivity by reducing the diameter in ultrathin
Si nanowires, it remains to be seen.

4. Conclusions

In summary, we have computed the lattice thermal
conductivity of an ultrathin crystalline nanowire of the
phase change compound GeTe. The nanowire model has
a hexagonal-like section with a diameter of about 7.3 nm
and the growth axis along the [220] direction of trigonal α-
GeTe (in the hexagonal notation with the redundant index
omitted). The thermal conductivity has been computed by
means of the non-equilibrium molecular dynamics method
introduced in [59] using an interatomic potential generated
with a Neural Network method in previous works [34,
42]. The resulting lattice thermal conductivity of 1.57
W/mK is sizably lower than the bulk value of 3.15 W/mK
obtained previously within the same framework [56]. We
investigated the origin of this effect by analyzing the
solution of the Boltzmann transport equation within the
single mode relaxation time approximation. The analysis
of the phonon density of states and group velocities for
the bulk and the nanowire supplemented by the calculated
lifetimes of bulk phonons (from third order anharmonic
force constants) allowed us to conclude that most of the
reduction of the thermal conductivity is due to a reduction
of the group velocities for frequencies above 50 cm−1. The
calculation of phonon dispersion relations for other NWs
with diameters in the range 6.5-11.6 nm suggests that the
thermal conductivity, albeit always lower than in the bulk,
increases by decreasing the size of the NW. A similar effect
was also found in crystalline silicon NWs [40, 41]. A lower
lattice thermal conductivity with respect to the bulk would
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(a)

(b)

Figure 7. (Color online) Cross section of the GeTe NW with diameter of
a) 6.5 nm and b) 11.6 nm.
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Figure 8. (Color online) Distribution of the group velocities for the four
NWs with different diameters (left panel) and phonon dispersion relations
along the growth direction of NWs with two representative diameters at
low frequencies (right panel).

D
(ω

)*
υ

2
(ω

) 
(f

s
−

2
) 

Frequency (cm
−1

)

0

1

2

3

4

5

6

7

 0  50  100  150  200

C
u
m

u
la

ti
v
e
 T

h
e
rm

a
l 

 C
o
n
d
u
c
ti
v
it
y
 (

W
/m

K
)

Frequency (cm
−1

)

6.5 nm
7.3 nm
9.0 nm
11.6 nm

0

0.5

1.0

1.5

2.0

 0  50  100  150  200

Figure 9. (Color online) (Left panel) D(ω) · v2α(ω) of four NWs with
diameters 6.5, 7.3, 9.0, and 11.6 nm. (Right panel) Cumulative lattice
thermal conductivity obtained by plugging in (4) the function D(ω) ·
v2α(ω) of the NWs and the phonon lifetimes τ(ω) of the bulk (see text).

favor heat confinement along the NW axis which would also
lead to a reduction in the programming current in memory
applications.
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