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Glass-Like Phonon Dynamics and Thermal Transport in a
GeTe Nano-Composite at Low Temperature

R. Cravero, A. Tlili, J. Paterson, M. Tomelleri, P. Marcello, R. Debord, S. Pailhès,
O. Bourgeois, F. Hippert, D. Le Qui, J.-Y. Raty, P. Noe, and V. M. Giordano*

In this work, the experimental evidence of glass-like phonon dynamics and
thermal conductivity in a nanocomposite made of GeTe and amorphous
carbon is reported, which is of interest for microelectronics, and specifically
phase change memories. It is shown that, the total thermal conductivity is
reduced by a factor of three at room temperature with respect to pure GeTe,
due to the reduction of both electronic and phononic contributions. This latter,
similarly to glasses, is small and weakly increasing with temperature between
100 and 300 K, indicating a mostly diffusive thermal transport and reaching a
value of 0.86(7) Wm−1K−1 at room temperature. A thorough investigation of
the nanocomposite’s phonon dynamics reveals the appearance of an excess
intensity in the low energy vibrational density of states, reminiscent of the
Boson peak in glasses. These features can be understood in terms of an
enhanced phonon scattering at the interfaces, due to the presence of elastic
heterogeneities, at wavelengths in the 2–20 nm range. The findings confirm
recent simulation results on crystalline/amorphous nanocomposites and
open new perspectives in phonon and thermal engineering through the direct
manipulation of elastic heterogeneities.

1. Introduction

Nanostructured materials are at the forefront of current research
for many applications, specifically, those where thermal manage-
ment represents an issue, such as thermoelectric energy con-
version or microelectronics. Here, the challenge is to reduce
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the thermal conductivity without affecting
the electronic properties. For this, the aim
is to reduce the heat transport assured by
the lattice vibrations, whose quasi-particle
is the phonon, while perturbing as least as
possible the electronic contribution. In one
word, it is matter of finding the “phonon
glass electron crystal” ideal material,[1] i.e., a
material which is as bad a thermal conduc-
tor as a glass but still a good electric con-
ductor as a crystal. The introduction of in-
terfaces at the nanoscale (from few to hun-
dreds of nm) represents a most promising
strategy as they are expected to efficiently
scatter phonons, with a lesser effect on elec-
trons. Still, things are not this clear when
it comes to nanocomposites, made of the
intertwining at the nanoscale of materials
with different properties, where not only
interfaces are present, but also nanoscale
heterogeneities in elastic and thermal prop-
erties. Such combination can lead to very
different thermal behaviors, from the en-
hancement of the thermal conductivity[2–5]

to its strong inhibition,[6–13] depending on the constituent ma-
terials properties, as well as the nanostructure lengthscale and
the temperature.[14] Simulations have shown that this panoply
of behaviors is due to the non trivial effects of nanoscale het-
erogeneities on phonons,[15–18] which can also lead to phonon
localization[19] or filtering.[20] Most interestingly, the arising of
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glass-specific features in the vibrational dynamics has been ob-
served in molecular dynamics simulations on nanocomposites
made of nanocrystalline inclusions within an amorphous ma-
trix. Specifically, it was reported an early deviation of the low fre-
quency phonon density of states from the Debye behavior, lead-
ing to a peak reminiscent of the Boson Peak in glasses, well dis-
tinct from the Boson Peak of the amorphous matrix.[16] Similarly
to this latter, this deviation appears together with a change of the
nature of the phonon from propagative to diffusive. As such, sim-
ulations point to these nanocomposites as a possible realization
of the phonon glass electron crystal. Moreover, while the nature
of the Boson Peak in glasses is still matter of debate, one of the
proposed interpretations ascribes it to a strong phonon scatter-
ing due to the presence of nanometric elastic heterogeneities in-
trinsic to the disordered state.[21–23] This would suggest a paral-
lel between glasses and nanocomposites, due to the presence in
both of elastic heterogeneities, intrinsic to the disorder state in
the former and artificially induced in the latter. Such concept, if
confirmed, could open new exciting perspectives in phonon ther-
mal engineering. Unfortunately, until now, an experimental con-
firmation is still missing.

Here, we produce the first experimental evidence of the aris-
ing of glass-like dynamics and thermal transport due to nanoscale
elastic heterogeneities in a nanocomposite based on germanium
telluride (GeTe), of interest for microelectronic, photonic, and
thermoelectric applications.

GeTe belongs to the family of chalcogenide materials at
the forefront of current research for phase change resistive
memories (PCM) in microelectronic devices,[24–26] neuromorphic
computing,[27] laser thermal lithography,[28] optically photonic
devices,[29] as well as for thermoelectric applications.[30–32] This
family has been reported to exhibit a novel kind of atomic bond-
ing, dubbed metavalent, considered to be responsible for a series
of properties that make it especially interesting for PCMs and
thermoelectrics.[33] In both these applications, the major chal-
lenge for reducing energy consumption in the former and im-
proving the figure of merit in the latter, is the reduction of the
thermal conductivity. The main strategy has been to increase
phonon scattering by doping or alloying[32,34]. In some cases the
deposited amorphous alloy has led, upon crystallization, to a
phase segregation and the realization of nanodomains of the un-
doped phase change material separated by another phase. It’s
the case of Ge2Sb2Te5-SiOx nanocomposites, for which a twofold
thermal conductivity reduction was reported for a 5% SiOx molar
content.[35] Very recently, the crystallization of carbon doped GeTe
has also been shown to give rise to a nanocomposite made of
nanograins of crystalline GeTe (below 20 nm size) interconnected
by amorphous carbon, which has proved to efficiently reduce the
programming currents in PCM devices, suggesting an important
thermal conductivity reduction.[36–38] This, together with an in-
creased thermal stability, due to a higher crystallization tempera-
ture in the nanocomposite, points to this material as very promis-
ing for PCM applications. Still, to optimize its composition and
nanostructure, a microscopic understanding of the effect of this
latter on thermal transport is necessary.

Disentangling the many elements which play a role in deter-
mining heat transport in GeTe is however not trivial. In bulk GeTe
thermal transport is dominated by anharmonic phonon–phonon
scattering and scattering from Ge vacancies,[39,40] which are nat-

urally created during crystallization from the amorphous phase,
making of GeTe a p-type semiconductor.[41] These mechanisms
will be present in the nanocomposite as well, and possibly differ-
ent. As such, upon nanostructuration, four are the main players:
i) Ge vacancy content, ii) anharmonicity, iii) grain size, and iv)
the nanoscale heterogeneities due to the contrast of properties
between GeTe and amorphous carbon.

In this work, we address these nanocomposites in order to
shed light on the microscopic mechanisms behind thermal trans-
port and evidence the effect of the nanostructure. In order to do
so, we investigate thermal transport and phonon dynamics at low
temperature, where the anharmonic contribution is reduced and
nanostructuration effects are expected to be more important. We
find that nanostructuration leads to a lattice thermal conductiv-
ity between four and seven times smaller than in pure GeTe, for
9% atomic carbon content. Such reduction cannot be explained
on the basis of the nanometric grain size or of defect scatter-
ing alone, pointing to a major role of boundary scattering whose
strength is enhanced by the elastic contrast between the compo-
nents. Such enhanced scattering leads to the appearance of an ex-
cess of modes in the vibrational density of states at wavelengths
comparable with the nanostructure lengthscale and to a glass-
like lattice thermal conductivity, that we interpret as the result of
a dominant diffusive thermal transport.

2. Results

2.1. Samples

Here, we present a thorough investigation of thermal transport
and phonon dynamics in a C-doped GeTe thin film with a 9%
carbon atomic content (GTC9), compared with the ones in a
pure GeTe thin film (GeTe). This carbon amount was chosen
as it was enough to induce a strong reduction in the program-
ming currents[42] and thus on thermal transport, without dete-
riorating too much the electric transport, opposite to higher C
content materials, as may be seen in Table 1. In order to ver-
ify the role of grain size and carbon content we have also pre-
pared a nano-crystalline GeTe (nGeTe) and a nanocomposite with
a 16% carbon atomic content (GTC16) for specific measure-
ments. As detailed in the Experimental Section, all samples have
been deposited as homogeneous amorphous materials and then

Table 1. Structural, electrical and thermal properties for the samples here
investigated. The thermal conductivity was measured by the 3𝜔 technique
in all samples, except for nGeTe, for which we used the thermoreflectance
technique (see Experimental Section). Values of GTC16 are marked by a
star, to mean that these values are affected by a larger uncertainty as only
one thickness was available (see Experimental Section).

GeTe GTC9 GTC16 nGeTe

grain size (nm) 80(10) 16(3) 13(3) 30(5)

density (g cm−3) 6.24(4) 5.86(4) 5.73 (4) 5.76(3)

𝜌 (μΩ cm) 580(1) 1390(1) 2423(1) 980(1)

nH(1020 cm−3) 2.7(1) 11.1(1) 11.5(1) 6(1)

kT (W/m K) 3.8(1) 1.39(7) 1.0(1)* 3.1(8)

kel (W/m K) 1.310(3) 0.5251(5) 0.32(3) 0.75(5)

kph (W/m K) 2.5(6) 0.86(7) 0.7(1)* 2.3(8)
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crystallized through a controlled annealing up to 500 °C for the
nanocomposites and 450 °C for GeTe. In all samples, crystal-
lization of GeTe is accompanied by the expulsion of the excess
Ge, which crystallizes at slightly higher temperature (see Experi-
mental Section). Upon crystallization C-doped GeTe expells also
carbon, leading to the formation of a nanocomposite made of
nanometric crystalline grains of GeTe surrounded by amorphous
carbon.[38] nGeTe was prepared by interrupting the annealing just
after the crystallization of the expelled Ge, as monitored by re-
flectivity measurements, and by quenching the sample to avoid
any further grain growth. All samples were investigated by x-
ray diffraction (reported in Supporting Information), allowing
us to confirm the rhombohedral structure of the GeTe phase
in all of them. The grain size, as obtained using the Scherrer
law, is reported in Table 1, together with the mass density, mea-
sured by x-ray reflectivity. The crystalline peaks of expelled Ge are
also always present, from which we can estimate an average Ge
grain size dGe = 50.5(9) nm in GeTe and dGe = 23(7), 15(4) and
18(10) nm in nGeTe, GTC9, and GTC16, respectively.

Concerning the amorphous carbon (a-C) present in the
nanocomposites, it is important to estimate its density and frac-
tion of sp3 bonded carbon atoms, as sound velocity and thermal
conductivity strongly depend on these quantities.[43–45] In order
to estimate the sp3 fraction in GTC9, we have measured its Ra-
man spectrum in the frequency region of the amorphous car-
bon stretching modes. The sp3 fraction can be estimated from
the intensity ratio between the two Raman peaks (see Supporting
Information),[44] and the width of the G peak is related to carbon
density. We find that our spectrum is compatible with a mostly
sp2 bonded material (60%), and a density of about 2 g cm−3. The
carbon volume fraction can be estimated starting from the atomic
concentration and the amorphous carbon density. In the litera-
ture this latter spans from 1 to 3 g cm−3,[43] leading to a volume
fraction 𝜓a − C between 2 and 7% for GTC9 and between 4 and
12% for GTC16. For our estimated carbon density, 𝜌= 2 g cm−3, it
is𝜓a − C = 3% for GTC9 and𝜓a − C = 6% for GTC16. Based on the
elasticity properties reported for our estimated density[46], the av-
erage Debye velocity for amorphous carbon is ≈8.6 ± 1.5 Kms−1.
Knowing the Debye velocity for GeTe, vGeTe ≈ 1.9 Kms−1[47], we
can calculate the elastic contrast between the two phases, as the
ratio between their acoustic impedences Z = 𝜌Mv, 𝜒 = Za−C

ZGeTe
≈

1.5(2). We are thus in presence of a good elastic contrast, with
the crystalline particles softer than the amorphous network.

2.2. Thermal Conductivity

Figure 1a reports the thermal conductivity of GeTe, GTC9, and
amorphous GeTe as a reference for the lowest possible thermal
conductivity in pure GeTe. First of all, we remark the very good
agreement between our data on GeTe and previous measure-
ments on both amorphous and crystalline GeTe thin films, also
reported in the figure.[40,48] The differences can be ascribed to a
variable content of Ge vacancies, as a consequence of a different
Ge/Te ratio in the as deposited state resulting from sputtering
target composition and deposition method. The weaker than 1/T
temperature dependence was already reported and ascribed to the
combination of Umklapp anharmonic phonon–phonon scatter-
ing and vacancy scattering.[39,40]

Concerning GTC9, we observe a strong reduction of the ther-
mal conductivity with respect to GeTe, by a factor of seven at low
temperature and four at room temperature and an opposite tem-
perature dependence: rather than decreasing, it slightly increases
with temperature. In order to extract the lattice contribution to
thermal conductivity, we have measured the electrical conductiv-
ity 𝜎 and calculated the electronic contribution as: kel = L𝜎T, with
T the temperature and L the Lorenz number (Wiedemann-Franz
law)[49]. As a first approximation, we have extrapolated to our tem-
perature range the Lorenz number calculated in Ghosh et al. for
GeTe in the [322–503] K temperature range[40]. Parallely, we have
also calculated it using L = (1.5 + e−|S|/116) · 10−8 WΩK−2[50] and
our measured Seebeck coefficient S, and found that both meth-
ods lead to the same lattice thermal conductivity within error
bars, with slightly modified absolute values but the same tem-
perature dependence (see Supporting Information).

The electronic contribution, reported in Figure 1b, decreases
by a factor between 2.5 and 3.5 going from GeTe to GTC9. This is
due to a drastic mobility reduction, as the carrier concentration
nH measured by Hall effect and reported in Table 1 is found to
increase by almost a factor of four in GTC9. As holes are provided
by Ge vacancies, this increase is due to a larger vacancy content
in nanocomposites, likely due to a “Ge-drag” effect during the
slow segregation of carbon atoms upon GeTe crystallization. The
increased defect scattering from vacancies for holes would thus
contribute to reduce the mobility.

Looking now to the pure phononic contribution, reported in
Figure 1c, we find that, going from GeTe to GTC9, it decreases
by a factor as large as six at low temperature and three at room
temperature. Most surprisingly, the GTC9 lattice contribution is
found to increase with temperature, with a similar dependence
as in amorphous GeTe, suggesting a glass-like thermal transport
in this nanocomposite.

2.3. THz Phonon Dynamics

In the Boltzmann transport theory within the single relaxation
time approximation, the vibrational contribution from propaga-
tive modes to thermal conductivity can be expressed as an inte-
gral over all phonon frequencies:[51,52]

kprop
ph = 1∕3∫ Cv(𝜔)v2(𝜔)𝜏(𝜔)g(𝜔)d𝜔 (1)

with Cv(𝜔) and g(𝜔) the phonon specific heat and density of states,
v its group velocity and 𝜏 its lifetime, measuring the average time
between two inelastic scattering processes.

In order to get a better insight on the microscopic mechanisms
leading to the strong modification of thermal transport when go-
ing from GeTe to GTC9, we have directly looked at individual
phonons, by measuring the high frequency vibrational dynam-
ics by Inelastic X-ray Scattering (IXS) at the ID28 beamline of
ESRF. Measurements were performed at room temperature on
GeTe, GTC9, and also GTC16 to see the effect of a major carbon
content. We report in Figure 2 some representative spectra of the
individual phonons for GeTe and GTC9, as collected by IXS at
fixed wavevectors q. As our samples are polycrystalline, phonons
are measured in the first Brillouin zone and correspond to the
orientational average of the branches over all directions.[53]
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Figure 1. Thermal conductivity. a) The thermal conductivity as measured by the 3𝜔 technique is reported for GeTe (blue circles), GTC9 (red circles
squares) and amorphous GeTe (black stars). Literature data for crystalline GeTe (dark green square,[40] light green diamond[48]) and amorphous GeTe
(magenta asterisk[48]) are also reported for comparison. Error bars are obtained taking into account the experimental uncertainties on all parameters of
the model, using a Monte Carlo procedure, as explained in the Supplementary Material. b) The electronic contribution to thermal conductivity, calculated
from the measured electrical conductivity, is reported for GeTe and GTC9. c) The lattice contribution is reported for GeTe, GTC9, and amorphous GeTe in a
logarithmic scale to enhance the visibility of the temperature dependences. Error bars are obtained by error propagation on the total thermal conductivity
and the electronic contribution.

The intensity of GTC9 data has been rescaled to be exactly on
the top of the GeTe ones. In all spectra we can identify a well
defined peak, with a high energy shoulder appearing at larger
wavevectors: going from GeTe to GTC9 introduces only minor
changes and mostly localized on the high energy shoulder. In-
creasing the C content from 10 to 16% does not introduce any
relevant difference (reported in the Supporting Information). We
have fitted these data using a model with a variable number of
excitations, from 1 to 3 depending on the q value, all represented
by a Damped Harmonic Oscillator (DHO) (see Supporting Infor-
mation). Our results for the phonon dispersions are reported in
Figure 3 together with the theoretical ones calculated ab initio for
a pure GeTe at 300 K.

It is worth noticing that our data represent the first experi-
mentally measured phonon dispersions in rhombohedral GeTe.
It may be seen that GeTe data are in a very nice agreement with
calculations: the low energy mode can be identified as a longi-
tudinal acoustic mode, averaged over the longitudinal branches.

The high energy shoulder is made of several modes belonging
to different optic branches. In our experimental geometry, we
are mostly sensitive to longitudinal density–density fluctuations.
Still, in polycrystalline materials, towards the end of the Bril-
louin zone, it is usually possible to see also transverse modes.
It is not our case. The lower energy ones are likely hidden by
the intense elastic line, while the higher energy ones could be
indistinguishable from the longitudinal ones within their exper-
imental width.[53] Overall, GTC9 and GTC16 well overlap the
GeTe data, with no significant differences in the energy posi-
tion, nor in phonon broadening, as can be seen from Figure 2.
It is worth reminding here that in polycrystalline samples the
observed phonon linewidth is made of three contributions: the
experimental resolution, the width of the phonon distribution
over all directions, i.e., the inter-branches separation, and fi-
nally the intrinsic phonon broadening, inversely proportional to
phonon lifetime.[52,53] In our case, the experimental broadening
in the acoustic region is fully determined by the former two
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Figure 2. Inelastic x ray scattering spectra. Some representative inelastic x ray scattering spectra collected on GeTe (blue circles) and GTC9 (red circles)
are reported at the wavevector values indicated in each panel. GTC9 spectra have been rescaled on the GeTe one to easy the comparison. For better
visibility, spectra have been subtracted of the elastic line, and we only show the positive exchanged energy side. Error bars correspond to the Poissonian
error on the scattered intensity.

contributions, i.e., we could not extract a phonon intrinsic
linewidth. Our experimental conditions set in fact a low limit for
the detectable intrinsic width that lies between 0.6 and 1.5 meV
depending on q, corresponding thus to an upper limit on the

Figure 3. Phonon dispersions. The experimental phonon energy ℏ𝜔 with
respect to wavevector in absolute units q are reported for GeTe (blue
bullets), GTC9 (green bullets) and GTC16 (red bullets), together with
ab initio calculations for the main symmetry directions in pure GeTe at
300 K (dashed lines: transverse acoustic phonons, solid lines: longitudi-
nal acoustic phonons, dot-dashed lines: optic modes): Γ − L (red), Γ − X
(black), Γ − T (blue) (see Experimental Section for their definition). Exper-
imental data correspond to the average of different longitudinal branches
over all directions.

detectable phonon lifetime and mean free path of 1 – 2 ps and
≈5 − 10 nm, respectively.[52] The real intrinsic width and mean
free path are therefore respectively below and above such limits,
so that we can only conclude that phonon mean free path in both
GeTe and GTC9 is longer than 5–10 nm.

Despite the sizable effect on thermal transport, which clearly
points to a major change in phonon dynamics, we do not observe
it within our experimental resolution. However, such change is
expected to mostly concern phonons with wavelengths compa-
rable to the nanostructure lenghscales: the amorphous carbon
thickness and the GeTe grain size, i.e., between 1 and ≈16 nm.[38]

These wavelengths could not be accessed in our experiment be-
cause of the strong small angle scattering, the smallest measured
wavevector being q = 3.5 nm−1, corresponding to a maximum
phonon wavelength 𝜆 = 1.8 nm.

In order to access this scale, corresponding to energies smaller
than 7 meV, we have measured the vibrational density of states
(DOS) using the Inelastic X-ray Scattering technique with Nu-
clear resonance Analysis (IXS-NRA) at the ID18 beamline of
ESRF.[54] Measurements have been performed at 50 K, for avoid-
ing any spurious effect coming from the multi-phonon contri-
bution subtraction at temperatures higher than the Debye tem-
perature, which is around 180 K for GeTe.[39] Some room tem-
perature scans have also been collected on GeTe and GTC16 for
following the modification of the DOS with temperature (shown
in the Supporting Information). Previous data in the literature
have been reported only on the partial Te density of states at 30 K,
using the same technique,[47] and on the neutron-weigthed den-
sity of states of a powder GeTe bulk sample at room and higher
temperature.[55] A comparison is reported in the Supporting
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Figure 4. Phonon density of states. a) Phonon density of states as measured using the IXS-NRA technique on GeTe at 50 K (blue) compared with the one
calculated ab initio (magenta). b) Phonon density of states at 50 K for GeTe (blue), GTC9 (red), and GTC16 (black). A general broadening is observed
in the nanocomposite, as well as modifications in the acoustic region. c) Reduced phonon density of states for GeTe (blue), nGeTe (green), GTC9 (red)
and GTC16 (black), showing the growing up of an excess intensity in the 5 meV region in the nanocomposite, increasing with carbon content.

Information, showing a reasonable agreement. In Figure 4, we
report the DOS as measured in GeTe, compared to the theoret-
ically calculated one (panel (a)) and to GTC9 and GTC16 (panel
(b)), all of them measured at 50 K. Once again, we notice the very
good agreement with our theoretical results for pure GeTe. Refer-
ring to Figure 3, we can easily identify the dip at ≈13 meV as the
end of the acoustic regime, the large maximum preceding it cor-
responding to the different Van Hove singularities coming from
longitudinal and transverse branches in the various directions.
The two other bands, centered at 16 and 20 meV correspond to
bundles of optic modes, that we have measured by IXS.

The DOS is significantly modified in the nanocomposites. It
is worth mentioning that, for GeTe, the integrated DOS up to
32 meV is here normalized to 1, as all modes lie in the investi-
gated energy range. This is not true for GTC: additional modes
are present at larger energies, due to the amorphous carbon com-
ponent. Still, the carbon modes give only a negligible contribu-
tion below 30 meV, so that the total area of our measured DOS
below 32 meV is basically proportional to the GeTe concentra-
tion in GTC: 0.91 for GTC9 and 0.84 for GTC16, as we con-
firmed with theoretical calculations. We have thus accordingly
normalized the integrated DOS for the nanocomposites reported
in Figure 4. Besides the different area, the evident difference in

the DOS of the nanocomposites is an overall broadening, as well
as a slight downshift of the optical bands with respect to GeTe. In
order to better inspect the acoustic region, we report in panel (c)
the DOS normalized to the expected Debye dependence at low en-
ergy: g(ℏ𝜔)/(ℏ𝜔)2. While in GeTe, we observe the expected Debye
behavior up to ≈4 − 5 meV, this is not the same in the nanocom-
posites: low energy intensity starts to raise already at our low-
est measured energy point (2 meV for GTC9 and 1.6 meV for
GTC16), leading to an excess of intensity over the Debye level at
about 4 meV before reaching the acoustic Van Hove singularity.
Moreover, this excess intensity, reminiscent of the Boson peak
in glasses, increases with carbon content. This perturbed energy
range corresponds to the perturbation of acoustic phonons with
wavelengths between 2.5 and 10 nm, i.e., within the range ex-
pected to be affected by nanostructuration.

3. Discussion

We have seen that the nanocomposites exhibit both glassy
phonon dynamics and glassy thermal conductivity behavior. Go-
ing from GeTe to GTC, there are several structural modifications
which add to phonon scattering: 1) grain size is reduced from
80 to ≈15 nm; 2) the vacancy content increases by a factor of
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4; 3) there are heterogeneities of elastic properties at the
nanoscale because of the presence of amorphous carbon. In or-
der to disentangle the effect of all these modifications on dynam-
ics and thermal transport, we have first investigated a nanocrys-
talline GeTe sample (nGeTe), with average grain size 30(5) nm.
As can be seen in Table 1, the room temperature thermal conduc-
tivity is slightly lower than in GeTe, although it remains within
error bars. However, the slight decrease is essentially the result
of a reduction in the electronic contribution, while the phononic
contribution is indistinguishable within error bars from the one
of GeTe. Moreover, the phonon density of states, also reported in
Figure 4c, still follows at low energy the Debye behavior. It could
be possible that modifications in the DOS could arise only for
a smaller grain size, such as in the nanocomposites (≈15 nm).
Still, the excess intensity at low energy increases with carbon
content, although grain size is almost unchanged between GTC9
and GTC16, suggesting thus that this parameter is not responsi-
ble for the observed modifications. The same considerations hold
for the role of vacancy scattering or scattering from expelled Ge
nanograins, as the vacancy content and Ge grain size remain al-
most constant with carbon content in the nanocomposites. In or-
der to get an indication on the effect of a larger carbon content on
thermal transport, we have also measured the thermal conductiv-
ity of GTC16 at room temperature. Unfortunately, this nanocom-
posite was available in only one thickness, 1μm, thus, in order to
get the intrinsic thermal conductivity, we have assumed that the
interfacial thermal resistance was the same as in GTC9, based
on the similar microstructure. With this assumption, we find a
further 30% reduction in the total thermal conductivity, which
can mostly be ascribed to the strong reduction of the electronic
contribution, with only a minor effect on the lattice contribution,
which decreases by 10%. We can thus conclude that the excess
of modes in the low energy vibrational density of states and the
drastic change in the thermal conductivity are the consequence
of the presence of amorphous carbon.

In order to estimate the relative importance of the carbon ef-
fect over grain size and vacancy scattering, we fit our thermal
conductivity data of GeTe as a function of temperature, using
Equation (1) limited to acoustic modes and using wordour ex-
perimental results for phonon dispersions and density of states.
Phonon lifetime can be calculated using the Mathiessen rule,
1
𝜏
= Σi

1
𝜏i

, where 𝜏 i is the lifetime associated to the i scattering

process. We consider three contributions (anharmonic Umklapp
scattering, defect scattering from vacancies and scattering from
grain boundaries):

𝜏U(𝜔, T)−1 = B𝜔2Te−
ΘD
3T (2)

𝜏def (𝜔)−1 =
Γdef(𝜔)

2ℏ
(3)

𝜏
gray
GB (𝜔)−1 = 1

PGB

vg (𝜔)

d
(4)

where B is the strength of Umklapp scattering andΘD = 180 K[39]

is the Debye temperature in GeTe. In order to model the lifetime

contribution due to defect scattering, we need to model the de-
fect induced attenuation Γdef, for which we use a simple analytical
model successfully used in mass disorder alloys:[56,57] this gives
Γdef = 𝜋/2(ℏ𝜔)2g(ℏ𝜔)〈ϵ2〉, where g(ℏ𝜔) is the DOS, and ϵ rep-
resents the sum of all fluctuations contributions (mass, elastic
constants, atomic size).[58] We find that phonon broadening due
to Ge vacancies does increase going from GeTe to the nanocom-
posites, as expected. However, it remains below 0.15 meV, corre-
sponding to lifetimes much longer than 10 ps, which is the rea-
son for which we could not observe it in our IXS experiment.
Concerning scattering from grain boundaries, the phonon mean
free path will be proportional to the average grain size d (and
thus phonon lifetime proportional to d/vg with vg the group ve-
locity), weigthed by a factor PGB which takes into account the
transmission through the grain boundaries, as well as the qual-
ity of the interface. As a first approximation we have used the
“gray” model, where the parameter PGB accounts for the effect of
grain boundary transmission, though neglecting its energy de-
pendence, which has been found to be relevant mostly at tem-
peratures lower than ours.[59] We note that, in this calculation,
we have only used the measured average longitudinal acoustic
dispersion, which however is quite representative of an average
acoustic dispersion, as theoretical calculations show that many
transverse branches have energies similar to the longitudinal
ones. As we show in the Supporting Information, using longi-
tudinal and transverse branches calculated by DFT changes only
slightly the values of the fitted parameters, without modifying
the physical result. For the density of states, we have used the ex-
perimental one measured at 50 K. As shown in the Supporting
Information, using the one at 300 K does not introduce any sig-
nificant difference, as the acoustic region is almost unchanged
upon temperature.

As can be seen in Figure 5, this model gives a good match of
the experimental data for GeTe, with B = 6.6(8) 10−5 (meV K)−1,
and PGB = 0.30(8). A reduced transmission, as indicated by the
value of PGB, accounts here for the interface roughness, the crys-
talline orientation mismatch between neighboring grains and the
presence of porosity.

As a first step, we neglect the nanocomposite nature of GTC9,
and estimate the effect of a reduced grain size and increased va-
cancy content on thermal conductivity, using the parameters B
and PGB identified for GeTe, and grain size and density of states of
GTC9. This estimation is reported in Figure 5b as a black dashed
line: it clearly lies well above the experimental one, and keeps a
decreasing temperature dependence, confirming that these two
scattering sources are not sufficient for inducing the observed
thermal transport modification.

As a second step, we consider GTC9 as a GeTe material with
“thick and decorated” grain boundaries, including the effect of
the amorphous component in an enhanced boundary scattering.
For this, we let free both the phonon transmission, which will
now be related to the elastic contrast between GeTe and amor-
phous carbon, and the anharmonic scattering parameter. Indeed,
the slight softening of the optic bands in the nanocomposite DOS
suggests a possibly higher anharmonicity. As can be seen in the
figure, the fit with this model is not able to reproduce the temper-
ature dependence of the experimental data, despite it decreases
the Umklapp parameter down to zero. As for the grain bound-
ary scattering, it results PGB = 0.084(4), i.e., a ≈70% reduction
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Figure 5. Fit of experimental thermal conductivity. a) The lattice thermal conductivity of GeTe is reported together with the fit Equation (1) and the gray
model for boundary scattering (red solid line). b) the lattice thermal conductivity of GTC9 is reported together with the estimated thermal conductivity
from GeTe just changing defect scattering and grain size (dashed-dotted black line). The thick red solid line is the fit with Equation 1 and the gray
model for boundary scattering, letting the Umklapp parameter go to 0. The thick black solid line is the same fitting with the addition of a diffusive optic
contribution. The thick green dashed line represents the fit with an EMA approach, including the Kapitza interfacial resistance.

of the transmission at boundaries: this is the expected stronger
boundary scattering due to the elastic contrast at the interfaces.
It is worth noticing that the same value for PGB is obtained even
if we impose a positive value for B. While this lower transmis-
sion may help understanding the absolute value of the thermal
conductivity, it cannot explain its temperature dependence. This
latter clearly points to a thermal transport dominated by diffu-
sive contributions, that we have not modelled here, where we
have only used the propagative acoustic dispersions. Using the
theoretical dispersions, we have estimated the diffusive contri-
bution coming from the optical branches and found that it rep-
resents less than 10% of the total thermal conductivity in GeTe,
but up to 27% in GTC9 at room temperature, as shown in the
Supporting Information. We have thus performed the same fit
but including the diffusive contribution from optical modes in
GTC9 kdiff

ph , thus fitting our data with kph = kprop
ph + kdiff

ph . In this way,
we obtain the black solid line reported in the figure, with PGB =
0.054(3) and B once again equal to zero. The agreement with ex-
perimental data is much better, especially at the lowest tempera-
tures and an increasing behavior is now more pronounced. Still,
this model neither cannot fully account for the experimentally
observed increase. This residual diffusive contribution is likely
due to a strong phonon diffusion at the interfaces enhanced by
the elastic contrast.

A dominant diffusive thermal transport and a thermal conduc-
tivity increasing with temperature was indeed reported in amor-
phous/crystalline silicon nanocomposites, although for much

larger amorphous contents, of 50 and 70%.[16,60,61] The temper-
ature increase was ascribed to the predominance of diffusive vi-
brational modes and to the Kapitza interface resistance, which
decreases with temperature.

We have tried then an effective medium approach (EMA)
by fitting our GTC9 data starting from the thermal conductiv-
ities of GeTe, modified for the grain size and vacancy content
as in Figure 5(b), and the thermal conductivity of an amor-
phous carbon with similar density and sp3 content as ours from
literature.[43] In order to account for the Kapitza interface resis-
tance, RK, we have used the formulation by Minnich et al.,[62]

with the thermal boundary resistance as only free fitting pa-
rameter. As reported in the Supporting Information, the best
fit is obtained assuming a linear dependence of the interfacial
thermal conductance on temperature, i.e., RK = 1

A+BT
, with A =

100(10) MW K−1m−2 and B = 0.44(6) MW K−2m−2. The order
of magnitude for the obtained interfacial thermal conductance is
compatible with typical values for a mild contrast of properties.[63]

The fit is reported in Figure 5, showing an agreement similar
to the one obtained including optic diffusive modes. We notice
that, in this EMA approach we could not account for a larger
weight of the optic diffusive contribution, which could be at the
origin of the remaining discrepancies. It is worth mentioning,
that another diffusive contribution could come from a mecha-
nism of mutual coherence, as recently proposed for amorphous
materials and complex crystalline systems.[64–67] In these latter, it
has been shown that, if optic modes are densely packed, so that
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their energy separation is smaller than their broadening, they
may coherently interfere, leading to a diffusive transport of en-
ergy which tunnels from one mode to the other. Our IXS data
do not show any significant change in phonon dispersions with
carbon doping, however, the general broadening of the density
of states points to a shorter lifetime also for optic modes, which
may eventually lead to the realization of the conditions for mu-
tual coherence. More investigations would be needed for testing
this hypothesis, specifically calculating the coherent contribution
to thermal transport in this material.

Our data could thus be explained on the basis of a mainly diffu-
sive thermal transport mechanism. On one side, the propagative
contribution is reduced due to scattering from defects and inter-
faces, thus giving a major weight to the diffusive contribution
from optic modes. On the other side, these latter cannot account
for the whole diffusive contribution, which is related to a domi-
nant interface scattering, which can be modeled with the Kapitza
resistance. From a microscopic point of view, it likely leads to a
change of nature from propagative to diffusive of the GeTe modes
with energies corresponding to the excess intensity in the DOS,
in agreement with the theoretical predictions.[16] In our case,
however, phonons with higher energy are still propagative, as we
have seen in our IXS measurements, suggesting an effect of the
nanostructure limited to phonons with wavelengths longer than
2 nm (and energies corresponding to the DOS excess intensity),
which are mostly diffusively scattered at the interfaces. Molecular
dynamics simulations on the real system are planned for identi-
fying the effect of the nanostructuration on such phonons and
the origin of the diffusive thermal transport.

4. Conclusion

We have presented an experimental study of thermal transport in
a GeTe nanocomposite made of nanograins of crystalline GeTe in-
tertwinned with amorphous carbon, combining the macroscopic
measurement of thermal conductivity with the microscopic in-
vestigation of phonon dynamics in the meV energy range. We
have found that, the total thermal conductivity is reduced by a
factor of seven at low temperature and four at room tempera-
ture, due to a concomitant reduction of both electronic and lattice
contributions. This latter, of only 0.87(7) Wm−1K−1 at room tem-
perature, exhibits a glass-like behavior, increasing with tempera-
ture. We have shown that, the low value of the lattice thermal con-
ductivity can be explained by an enhanced boundary scattering,
whose strength is much larger than in nanocrystalline GeTe, due
to the elastic contrast with amorphous carbon. The glass-like tem-
perature dependence can be understood in terms of a dominant
role of boundary scattering and diffusive vibrational modes, as
already reported in theoretical studies on amorphous/crystalline
nanocomposites.[16,60,61] Indeed, not only the diffusive contribu-
tion from optic modes becomes more important in GTC9 with re-
spect to GeTe, but also, similarly to the molecular dynamics stud-
ies, an excess intensity is found in the density of states at wave-
lengths comparable with the nanostructure lengthscale, suggest-
ing that acoustic modes with those energies are strongly scat-
tered by the elastic nanoheterogeneities and loose their propaga-
tive character contributing thus diffusively to thermal transport.
In order to definitely confirm this interpretation, it is necessary
to obtain a direct measurement of phonon attenuation at wave-

lengths between 2 and 20 nm, for which other experimental tech-
niques are needed. This is the case of the laser ultrasonics, which
has already been successfully used in GeTe, although at longer
wavelengths.[68]

It is worth underlining that the lattice thermal conductivity
value obtained at room temperature for GTC9 is comparable
with what has been obtained in other GeTe-based materials devel-
oped for thermoelectric applications (see Ref. [69] and references
therein for a review). Specifically, doping or co-doping to intro-
duce point defect scattering has led to kL = 0.6 − 1.4 Wm−1K−1,
the lowest value corresponding to Ge0.5Pb0.1Bi0.4Te,[70] i.e., an al-
ready strongly modified stochiometry. Similar values have also
been obtained in solid state solutions and ascribed to phonon
scattering by nanoprecipitates. Specifically, the pseudo-binary al-
loys (GeTe)x(AgSbTe2)100 − x (TAGS-x), exhibit kL = 0.8 Wm−1K−1

for x = 85,[71] and a ultralow kL = 0.5 Wm−1K−1 was obtained in
(GeTe)x(AgSbSe2)100 − x (TAGSSe-x) for x = 80,[72] as well as in
Ge1 − xPbxTe with x = 0.13-0.25[73] due to the presence of nano-
precipitates with size ranging from a few to tens of nm. Moreover,
there is still room for improvement in GTC nanocomposites. In-
deed, as the DOS excess intensity becomes more important and
the thermal conductivity gest smaller with increasing carbon con-
tent, an even more diffusive behavior could be expected in richer
carbon nanocomposites, which could thus allow to achieve the
amorphous limit.

On a more general ground, beyond the specific case of GeTe,
these results give an experimental evidence of a glass-like phonon
dynamics and thermal transport in a nanocomposite, which
confirms the many recent theoretical results and allows to as-
sess the parallelism between nanocomposite and glasses, due
to the presence in both of elastic heterogeneities. It is impor-
tant to notice that, the relevance of the evidenced mechanism
will depend on the actual material investigated and the temper-
ature range of application, as phonon lifetime is the result of
a competition between different scattering mechanisms, which
is phonon wavelength and temperature dependent. We expect
this enhanced scattering to effectively affect thermal transport
in materials where intrinsic phonon mean free paths are longer
than the nanostructure lengthscale down to nanometric phonon
wavelengths. When this is the case, our findings open the way
to the possibility of engineering materials with glassy thermal
features by directly manipulating the distribution of the elastic
heterogeneities: tuning its strength by choosing the component
materials, thus the elastic contrast, and selecting the wavelength
range of the affected phonons by choosing the nanostructure
lengthscale.

5. Experimental Section
Sample Synthesis and Characterization: Thin films of variable thickness

of the homogeneous amorphous alloy GeTe1 − xCx (GTC) had been syn-
thesized by magnetron co-sputtering from a GeTe and a C target in Ar-
gon atmosphere on a 200 nm silicon wafer. For electric measurements, a
500 nmm SiO2 layer was added on top of the wafer. All the films were
then capped in situ with 20 nm amorphous SiN for avoiding any oxi-
dation. Two C atomic contents were studied in this work, 9.1 (GTC9)
and 16% (GTC16), and obtained by changing the relative sputtering pow-
ers applied to the two targets. The Ge and Te concentrations were as-
sessed by Rutherford Back Scattering (RBS), while the one of C by Nuclear
Reaction Analysis (NRA). The thickness and density were measured by
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X-Ray Reflectivity both at the CEA-LETI and at SOLEIL synchrotron radia-
tion source, at the DiffABS beamline (XRR). The amorphous alloy had been
previously investigated both experimentally and theoretically,[42,74] reveal-
ing no phase-separation. GTC amorphous phase was a homogeneous al-
loy where C was present in C chains of various lengths (2–5 atoms), but
bonded to Ge and, with a less extent, to Te. A thermal annealing with a
ramp rate of 10 Kmin−1 was performed for inducing crystallization, while
monitoring in situ the electrical resistivity by a four point probe method.
The dramatic decrease of the resistivity allowed indeed to clearly iden-
tify the crystallization onset and completion, as well as the crystalliza-
tion of the excess Ge, which was expelled during the process.[38,42] As
the crystallization temperature strongly increases with C content,[42] all
GTC films were annealed up to 500° C, temperature at which the crystal-
lization process was found to be complete for all C contents. Pure GeTe
was prepared following the same procedure, carrying the annealing up to
450° C, for letting the grain grow (GeTe), and in one case stopping it just af-
ter crystallization completion, at ≈310 ° C, and quenching the sample, for
stopping the grain growth and obtaining a sample with nanometric grains
(nGeTe).

Crystalline structure was investigated by X ray diffraction at the diffrac-
tion center Henry Loncharbon (Lyon, France), using a Bruker D8 diffrac-
tometer in Bragg-Brentano Geometry with 𝜆= 1.54 Å and a 𝜃-2𝜃 geometry.
LaB6 and Al2O3 powder were used to calibrate the diffractometer resolu-
tion. Transmission electron microscopy was used to investigate the mi-
crostructure of nanocomposites. More details are in the Supporting Infor-
mation. The Raman signal from amorphous carbon in GTC9 was collected
using a LabRAM HR Evolution Raman Spectrometer, from Horiba Scien-
tic, at the Centre Commun de Microspectrometrie Optique (CECOMO) in
Lyon, with a laser wavelength of 532 nm, and in a backscattering configu-
ration.

The Hall resistivity, giving access to the charge carrier density, was mea-
sured at CEA-LETI SPINTEC varying the magnetic field between −1.5 and
+1.5 T, perpendicularly to the surface of the sample. An applied current
of 100 μA was imposed between two terminals and the voltage measured
between the other two, in a Van Der Paw configuration., as a function of
the magnetic field.

Experimental Techniques: Thermal conductivity was measured using
the 3𝜔 technique for temperatures from 100 to 300 K on films deposited di-
rectly on silicon. A 60 nm thick Al2O3 insulating layer was deposited on the
capping SiN layer (20 nm), to perfectly electrically isolate the thermome-
ters. A 5 nm thick adhesion Ti layer was deposited prior to the deposition
of the Pt thermometer (95 nm thick). Four different thicknesses from 100
to 1000 nm, were measured for each sample, for disentangling the inter-
face thermal resistance at the sample-substrate/sample-thermometer or
sample-transducer interface from the intrinsic signal from the sample.[75]

The analysis of the x ray diffraction pattern confirmed that the microstruc-
ture was thickness independent. Consistency of thermal measurements
results indicate that there was no thickness-dependence of the thermal
conductivity at all investigated temperatures between 100 nm and 1 μm,
confirming previous results on pure GeTe thin films.[39,76] As mentioned
in the Results section, GTC16 only had one thickness, 1μm. The thermal
conductivity was measured at room temperature and the interface thermal
resistance was assumed to be the same as in GTC9. As a consequence,
this measurement was affected by a larger uncertainty than the one re-
ported, and is considered as giving only an indication of the effect of an
increasing carbon content. More investigations are needed for assessing
the role of the carbon proportion in the samples. For the nGeTe sam-
ple, the lower annealing temperature leaves some residual stress in the
thin film, which caused its delamination during the technological steps
for preparing the 3𝜔 measurements. For this reason, it was measured us-
ing the thermoreflectance technique (TR). Measurements were performed
on nGeTe deposited directly on silicon. The SiN capping layer was re-
moved and replaced by a 5 nm amorphous carbon layer and 100 nm
Au film. Four different thicknesses were measured to extract the intrinsic
nGeTe thermal conductivity.[77] The GeTe material annealed at 450 ° C was
also measured with the TR to confirm the consistency of results between
the two techniques. A value of 3.5(6) W/(m K)−1 was obtained, against
3.8(6) W/(m K)−1 with the 3𝜔 technique.

Phonon dynamics at room temperature was investigated using Inelas-
tic X ray Scattering (IXS) at the ID28 beamline of ESRF. 1 μm thick films
deposited on silicon were mounted vertically and aligned in order to work
close to the critical angle and reduce as much as possible the contribu-
tion form the substrate. The incoming X-ray wavelength was 0.697 Å and
the energy resolution 2.8 meV. The strong small angle scattering hindered
the visibility of phonons with energy smaller than 7 meV. The vibrational
density of states was measured using the Inelastic X-ray Scattering tech-
nique with Nuclear resonance Analysis (IXS-NRA) at the ID18 beamline of
ESRF.[54] The same films as measured by IXS were used, mounted horizon-
tally, in a grazing incidence geometry to reduce the substrate contribution.
Details on the data treatment and analysis are reported in the Support-
ing Information.

Electric resistivity was measured by means of the Van der Paw technique
in a He-compressor between 20 and 300 K. Squared 1 cm size thin films
were deposited on SOI, and gold contacts were deposited by lithography at
the four corners after local removal of the SiN capping layer. The contacts
with the measurement setup were thus made by wire-bonding on gold.

Theoretical Methods: The ab-initio calculation were performed us-
ing the VASP package,[78] together with PAW potentials[79,80] and the
Perdew-Burke-Ernzerhof (PBE) exchange correlation functional.[81] The
planewaves energy cutoff was 227 eV. The initial structure of GeTe was
fully relaxed until the forces on individual atoms were less than 10−4 eV
and residual stress tensor values were smaller than 0.01 kBar. To include
temperature effects onto the vibrational properties, molecular dynamics
simulation were performed for 15ps on a 6 × 6 × 6 supercell of 432 atoms
for GeTe with Gamma point sampling of the Brillouin zone using a 3fs time
step and a Nosé-Hoover thermostat. The TDEP package[82] was used to
compute the phonon properties at finite temperature. The TDEP fit of the
second and third order forces was performed using 500 equally spaced
configurations along the MD trajectory. The rhombohedral unit cell of
GeTe was used for calculations. The phonon branches reported in Figure 3
have been calculated along the high symmetry directions Γ − L, Γ − X and
Γ − T, with L = [0 0.5 0], T = [0.5 0.5 0.5] and X = [0 0.5 0.5] as expressed
in the relaxed reciprocal cell units. The absolute value of the directional
wavevector has been calculated for plotting the dispersions together with
the experimental data.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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