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Dynamics of the Negative Thermal Expansion in Tellurium Based Liquid Alloys
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Negative thermal expansion (NTE) in tellurium based liquid alloys (GeTeq and GeTe,,) is analyzed
through the atomic vibrational properties. Using neutron inelastic scattering, we show that the structural
evolution resulting in the NTE is due to a gain of vibrational entropy that cancels out the Peierls distortion.
In the NTE temperature range, these competing effects give rise to noticeable changes in the vibrational
density of states spectra. Additional first principles molecular dynamics simulations emphasize the role of
the temperature dependance of the Ge atomic environment in this mechanism. For comparison, we
extended our study to Ge,Sb,Tes and Ge;Sb,Te, phase-change materials.
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Not all materials expand when heated. The thermal
expansion of condensed matter is the rule, due to the
anharmonicity of the interatomic potential, but there are
some exceptions, in solids and even in liquids, the most
famous example being water in a 4 K range above its
melting point [1]. As discussed by Barrera et al. [2], a
negative thermal expansion (NTE) is observed in systems
with different types of structures and bonding mechanisms:
in alkali halides with rocksalt structure, in semiconductors
with zinc blende structure, or in more complex structures
made of rigid units bonded through bridging atoms. Some
show a NTE over more than 1000 K [3]. This NTE behav-
ior, often referred to as the “‘density anomaly,” is also
observed in some low coordinated liquid structures.
Liquid compounds such as HgTe [4], In,Te; [5], Ga,Tes
[5], As,Tes [6] display a negative thermal expansion in a
limited temperature range and the alloys Ge, Te;_, (0 <
x < 0.2) [7] show the same behavior close to the melting
point, either in the supercooled liquid (e.g. pure tellurium
[8]) or in the thermodynamically stable liquid. In this latter
case, the effect is most prominent around the eutectic
concentration (Ge;sTegs, referred to here as GeTeq) be-
tween 633 and 733 K. It has been extensively studied by
thermodynamic (density [7], specific heat [9]) and electri-
cal resistivity measurements [10]. These anomalous varia-
tions in macroscopic properties have been related to
structural changes, experimentally [11,12], or by first prin-
ciples molecular dynamics (FPMD) [13]. These studies led
to a picture of a p-bonded liquid in which atoms have an
octahedral environment. This octahedral local structure is
distorted at low temperature by a Peierls-like mechanism,
leading to a larger atomic volume. At higher temperature, a
more symmetric structure is recovered, together with a
smaller volume because the longer bonds are more easily
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shortened than the shorter ones are elongated. This pro-
posed mechanism displays some analogy with the « = 8
transition of the crystalline Ge-Te compound [14] that
results from the disappearance of the Peierls distortion
stabilizing the low temperature «-GeTe phase. However,
no driving force for this gradual structural change in the
liquid state could be clearly identified up to now and the
first goal of the present work is to investigate this NTE via
an analysis of the dynamical properties of liquid GeTeq and
GeTe,. Neutron inelastic scattering is the method of
choice to measure the interatomic force constants as a
function of the temperature around the NTE. We have
extended our study to the dynamical structure of
Ge,Sb,Tes and Ge;Sb,Te, liquid alloys. These are typical
materials that form the active layer of phase change (PC)
nonvolatile data storage devices. They do not exhibit any
NTE in the stable liquid state, but adopt, like GeTeq, a
mostly octahedral local order, as evidenced by FPMD [15]
and by an extensive set of neutron scattering measurements
performed at various temperatures [16].

In this Letter we identify the driving force for the NTE:
we demonstrate the role of the vibrational entropy by
performing measurements of the vibrational densities of
states (VDOS) of GeTes, GeTe;,, Ge;Sb,Te; and
Ge,Sb,Tes at various temperatures by neutron inelastic
scattering on the IN6 spectrometer at the ILL (Grenoble).
For GeTeg, measurements were performed at 673, 773 and
873 K. For GeTe, they were made at 643, 683, 693, 703,
763 and 873 K. For Ge;Sb,Te, and Ge,Sb,Tes the tem-
peratures were 973, 1073, and 1173 K. The usual correc-
tions were applied to the data: normalization of the spectra
to identical values, subtraction of the quartz contribution
and normalization to a reference spectrum of a 6 mm
diameter vanadium cylinder. The data were corrected for
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the energy dependent detector efficiency and time-
independent background. The time-of-flight data were con-
verted into a dynamical structure factor S(26, w). An in-
tegration of S(26, w) over the 26 range accessible to the
experiment (10° to 115°) was performed in order to obtain
the VDOS, n(w) [17]. Finally, the experimental VDOS was
normalized to unity. As the g-range available to the ex-
periment is finite and correlated with the w range, the n(w)
density is incomplete and slightly distorted. However,
since the (¢, w) range is the same for all measurements,
comparisons of n(w) are reliable. The measured VDOS’s
are presented in Fig. 1. The error bars are estimated at
+2%. The overall shapes are quite similar for the four
systems studied, with noticeable contributions up to
~40 meV and a main broad peak around 10-20 meV.
Close to zero energy transfer, the full contribution of the
quasielastic neutron scattering (QENS) due to diffusion in
the liquid could be removed, while it still contributes at
higher energies. For this reason, the VDOS increase
steeply (almost linearly) at low energies. This effect is
steeper at higher temperature for GeTe, and independent
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FIG. 1 (color online). Evolution of the VDOS with tempera-
ture for Ge;Sb,Te, (a), Ge,Sb,Tes (b), GeTe;, (d), and
GeTeg (e), obtained on IN6. Total VDOS obtained from S(g, o)
calculated on MD simulated Ge,Sb,Tes and GeTeg structures
are plotted on (c) and (f) (dotted lines), jointly with the differ-
ences between VDOS and VDOSsump; see Eq. (4) (plain lines).

of T for PC materials. Accordingly, in the scattering func-
tion S(g, @) (in which the QENS signal is most evident)
GeTe, materials show a significant temperature depen-
dence of the width of the QENS signal, whereas the
QENS signal of PC materials is essentially temperature
independent. Moreover, these measurements produce con-
trasted results concerning the temperature dependence of
the VDOS. The Ge;Sb,Te, and Ge,Sb,Tes VDOS’s re-
main essentially unchanged in the 200 K range spanned.
On the contrary GeTeq and GeTe;, VDOS’s show signifi-
cant changes with temperature. Between 18 and 35 meV,
the vibrational modes are shifted towards lower energies
(or frequencies) when temperature is increased within the
range of the NTE. This redshift is consequently related to
the structural changes that are associated to the density
anomaly. Since it appears in the medium to high frequency
side of the VDOS, we may assume that it concerns mostly
Ge-Te bonds (involving the lightest atoms, Ge). To quan-
tify the shift of the vibrational modes to lower energies, we
fitted the spectra with a sum of two Lorentzian functions,
whose centers are indicated in Table I. We can see that the
low energy part of the spectra remains roughly stable, for
all the compounds, in the experimental temperature range.
The center of the second Lorentzian, at higher energy,
remains almost constant with temperature, within the ac-
curacy of the experiments, in Ge,Sb,Tes and Ge;Sb,Te,.
On the contrary, in GeTe;, and GeTeg, the change of the
vibrational modes is rather sharp: the second peak center
shifts, respectively, by —23% and —24% while increasing
temperature.

This analysis is coherent with the study of the VDOS’s
of liquid GeTeg and Ge,Sb,Tes that were calculated on
atomic trajectories obtained using FPMD (VASP code)
[18,22]. We calculated the total dynamical structure factor
S(g, w) and the partial dynamical structure factors S (g, @)
(for each type of element) on the molecular dynamic
trajectories obtained for GeTes and Ge,Sb,Tes. We inte-
grated the total and partial structure factors obtained from
simulations over the same g range as accessible on the IN6
experiment, to obtain the total and partial vibrational den-
sities of states

S(g, w) — VDOS, (D

S,(g, ) = VDOS,, for Ge, Sb or Te atoms. (2)

The total VDOS are plotted (dashed lines) in Fig. 1(c) and
1(f). The FPMD results are in qualitative agreement with
the experimental trends: in the case of GeTeq, we see a
shift of the high frequency tail (which ranges from 18 to
30 meV) towards lower energies with increasing tempera-
ture and no evolution of this part of the spectra in the case
of Ge,Sb,Tes. Nevertheless, in the simulations, the vibra-
tional frequencies are about 30% lower than in the experi-
ment, meaning that the calculated vibrational modes are
too soft. This is in line with the observation that the
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TABLE I

Centers (in meV) of the two peaks obtained by a fit of the experimental density of vibrational states with a sum of two

Lorentzian curves (and the standard deviations), for every compound, at the different temperatures.

Composition Ge;Sb,Tey Ge,Sb,Tes GeTeq, GeTeq

Temperature 973 K 1173 K 973 K 1173 K 643 K 873 K 673 K 873 K
First peak 7.1(2) 6.4(1) 6.5(1) 6.4(1) 6.9(1) 6.7(1) 7.4(1) 6.3(1)
Second peak 18.8(3) 17.9(2) 17.6(2) 17.0(2) 20.4(4) 15.6(7) 22.4(2) 16.3(3)

computed local structure [13] is not distorted enough,
leading to a too broad first neighbor peak in the pair
correlation function and a too low second peak in the static
structure factor as compared to the experiments [11].
However, the trends are reproduced and further analysis
of the simulation results confirms that the high energy
modes that appear between 18 and 30 meV in GeTeq at
low temperature corresponds to Ge atoms contributions.
Because of this general lowering of vibrational frequencies
compared to the experiment, the diffusion contribution to
the spectra (which arises at low energy) is dominating and
partly obscuring the expected frequency shift. To remove
the contribution of diffusion to the spectra, we proceeded
as follows. We summed the partial VDOS,, obtained in
Eq. (2), weighted by the concentration ¢ of each element
(Ge, Sb, or Te), and obtained, for GeTes and Ge,Sb,Tes, a
VDOSmmp that contains all the homopolar vibrational

information, as well as the full diffusive part of the spectra

> c(eh)VDOS,(el).  (3)
el=Ge,Sb, Te

VDOS g, =

The differences between the VDOS obtained from total
S(¢, ) and the VDOSy,, give VDOSy;¢, which contains

all interactions except the homopolar ones, and without the
atomic diffusion

VDOS g = VDOS — VDOSqp . 4)

Finally, those differences, plotted in Fig. 1 for Ge,Sb,Tes
(c) and GeTeg (f), were normalized to unity. This decom-
position emphasizes the temperature evolution of the high-
est frequency modes in GeTeg.

Actually, the observed redshift of the VDOS correlated
with the volume contraction induced by a temperature
increase in Ge, Te(, _,) alloys (0 = x = 0.20) can be easily
interpreted within the distorted octahedral liquid model
briefly sketched in the introduction. Since the liquid is
essentially chemically ordered in the temperature range
of the NTE, Ge atoms reside inside distorted octahedral
cages with six Te neighbors. Because of the Peierls insta-
bility, that has been shown to remain active also in disor-
dered structures [23], the local environment is distorted at
low temperatures: one Ge atom is more strongly bonded to
some Te atoms (typically three or four) and more loosely
bonded to the remaining ones. The shorter and stronger
Ge-Te bonds correspond to higher vibrational frequencies.
When temperature increases, as shown by combining neu-

tron elastic scattering and EXAFS [12], the Ge and Te
average coordination number increases (at variance with
usual liquids) while the volume shrinks as sketched in
Figs. 2(a) and 2(b). There is nevertheless an apparent
paradox: the cage surrounding a Ge atom shrinks but at
the same time the nearest neighbor distances elongate. This
is also observed in the & — f transition of the crystalline
GeTe compound, and in pure Se and Te [24] alike. In GeTe
the volume shrinks by = 1% at the « — [3 transition but at
the same time the short interatomic distances increase by
+2.4% (and simultaneously the long distances decrease by
—2.8%) [25]. Our FPMD simulations on GeTeq, per-
formed at two different densities for low and high tem-
peratures, reproduce this behavior. The three-body
correlations for almost aligned triplets of atoms centered
on Ge (bonds aligned within 15°) in GeTeg, at 653 and
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FIG. 2 (color online). (a) Sketch of the low temperature struc-
ture with a Ge atom in a larger volume distorted octahedral
environment. (b) At higher temperature, the local environment of
Ge atom inside the octahedral cage becomes more symmetric
because vibrational entropy becomes larger. (c) and (d) Three-
body correlation function for almost aligned triplets of atoms,
centered on Ge atoms, calculated on simulated GeTeg structures,
at 653 K (left panel) and 873 K (right panel). Almost aligned
means that the bond angle between the two bonds is larger than
165°. Contours are drawn between 35% of the maximum value
and maximum value of normalized correlation [from light grey
to black (red to blue)].
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873 K, are plotted in Figs. 2(c) and 2(d). The two distinct
maxima observed at 653 K clearly indicate a tendency to
alternate short r, and long r; almost aligned bonds, which
is coherent with the distortion scheme presented in
Fig. 2(a) at low temperature. At 873 K, the volume is
smaller and the short and long bonds alternation around
Ge atoms becomes much weaker, consistent with the sym-
metrization depicted in Fig. 2(b).

We can use the experimental VDOS to estimate the
vibrational entropy of the system, S,;,, along the NTE
[26]. In order to quantify its variation, AS,;,, for GeTeg
between 673 and 873 K, we can approximate the contri-
bution of the VDOS redshift to the vibrational entropy
using [27]:

S.s(T) = 3R f n()[{(hw /2kT) coth(hw /2kT)}

— In{2 sinh(hw /2kT)}dw. (5)

Taking the value at 673 K as the reference, the vibrational
entropy contribution between 673 K and 873 K, AS,
reaches 8.9 J/mol - K. Formula (5) is valid for harmonic
normal modes and does not take into account the tempera-
ture derivative of the VDOS. The neglected contribution is
estimated to 1.0 J/mol - K. The total entropy change, AS,
between both temperatures, calculated by integrating the
experimental C,/T data [9], is equal to 14.3 J/mol - K.
The AS is thus largely due (69%) to the vibrational con-
tribution, that overcompensates the internal energy loss in
the Gibbs energy balance.

The behavior is totally different for the PC-materials.
Their VDOS and their structure factors S(q) [28] are nearly
independent of T above the melting temperature. From that
we deduce that both the structure and the force constants
are roughly temperature insensitive. This is related to the
normal evolution of the atomic volume with respect to
temperature.

Depending on the relative magnitude of the energy
gained by the Peierls-like distortion (AFE) and the vibra-
tional entropy gained (T AS,;,) when the local symmetry is
recovered, the NTE domain would correspond to
TAS,;, = AE. The heavier the p-bonded elements, the
lower the Peierls distortion energy. For pure Te, the NTE
occurs in the undercooled temperature range. An addition
of Ge increases the Peierls distortion energy and a NTE is
observed above the melting point because the melting
temperature is lower. In conclusion, we have shown that,
in rich-Te alloys, the gain of vibrational entropy is the
driving force for the observed NTE. We may expect this
mechanism to apply to all Peierls distorted p-bonded ele-
ments and alloys, provided that the melting temperature is
smaller than the distortion energy.
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