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The structural properties of three compositions of Ge-Te liquids (Ge;oTegy, Ge;sTegs, Geayo Tego) are studied from
a combination of density functional based molecular dynamics simulations and neutron scattering experiments.
We investigate structural properties including structure factors, pair distribution functions, angular distributions,
coordination numbers, neighbor distributions and compare our results with experimental findings. Most noticeable
is the good agreement found in the reproduction of the structure in real and reciprocal space, resulting from the
incorporation of dispersion forces in the simulation. This leads to Ge and Te coordination numbers which are
lower than in previous studies and which can now be followed with temperature, while also strongly depending
on the chosen cutoff distance. Results show a gradual conversion of higher coordinated species (Te!, GeV) into
lower coordinated ones at lower temperature, while leaving anticipated coordinations from the octet rule (Te' and
Ge'Y) nearly unchanged. Structural correlations are characterized as a function of temperature and composition.
The vibrational density of states is also measured from inelastic neutron scattering for different compositions
and temperatures, and compared to the simulated counterpart which exhibits a reasonable agreement at low

frequency.
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I. INTRODUCTION

Due to their remarkable transparency in the infrared domain
and their ability to be deposited in thin-film form, chalcogenide
materials are of great interest for optoelectronic and computer
science applications [1-3]. Some chalcogenide systems are
classically studied, such as As-S [4,5], As-Se [6,7], or Ge-
As-Se [8,9], although their transmission domain is limited
in the long infrared wavelengths. Telluride materials have
received an increased attention in the last years because this
transmission domain can be extended up to 20 um [10-12],
and as some applications require microcomponents being able
to work in an extended infrared domain such as spatial inter-
ferometry [13], biosensing, or environmental metrology [14],
different Te-based systems have become particularly attractive,
such as Te-Ge-I [1], Ge-As-Se-Te [15], Te-As-Se [16], or
Ge-Ga-Te [17].

Another important application and source of intense re-
search is related to the use of tellurides as phase-change
materials for data storage in optical disks (DVD-RW) or phase-
change memory (PCM) devices [18,19], the latter being an
electrically driven data storage seen as a promising candidate
for future nonvolatile memories [20]. In both applications, the
data storage relies on the difference in optical or electronic
properties between the crystalline and amorphous phases of
the materials. Tellurides seem to bear the appropriate func-
tionalities regarding such applications. Indeed, they possess
low glass transition temperatures, low band gaps, stability of
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the crystalline and amorphous phases, different optical and
electrical properties, and, finally, a fast recrystallization speed
of the amorphous phase which enables designing appropriate
setups regarding data storage.

However, from a more fundamental viewpoint, amorphous
and liquid tellurides remain to be fully understood as even their
structure is the subject of different interpretations [21,22]. But,
other important and open issues are clearly identified.

First, many telluride alloys display in the liquid phase a
certain number of anomalies. For instance, the existence of
negative thermal expansions has been reported, and these are
found over limited temperature ranges in, e.g., SeTe [23],
STe [24], HgTe [25], InpTes [26], Ga,Tes [26], AsyTes [27],
or Group-IV alloys (Si-Te [28] and Ge-Te [29]), and even
in pure liquid tellurium [30] itself. There have been some
recent computational [31,32] and experimental efforts [33,34]
to understand the origin of this anomaly in elemental Te and
in Ge-Te based alloys, some being based on either voids
and rings [35] or on the investigation of small changes in
the vibrational density of states with temperature [36]. Other
anomalies related to density have been also reported such as
a maxima in specific heat and sound velocity [28]. However,
while some correlations with structural changes have been
clearly identified [31,32], there is no consensus on the under-
lying driving force leading to the observed density anomaly.

Second, a certain number of computational studies us-
ing first-principles molecular dynamics (FPMD) and den-
sity functional theory (DFT) have been reported on, e.g.,
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elemental Te [33] and on tellurium-based alloys containing
a large amount of different alloying elements (SbyTe; [37],
As;Tes [38], GeTe [39-41]). However, in most of these studies,
computed pair correlation functions or structure factors do
not perfectly agree with corresponding experimental measure-
ments from x-ray or neutron diffraction [31,42-44], and are
certainly at a lower level of agreement when put in contrast
with the same kind of study on lighter chalcogenides [45—47].
As a result, the bond distances and the coordination numbers
are overestimated by at least 0.1 A or 3%-4% while some
uncertainty persists regarding the local neighborhood [48,49]
of the Ge atom in, e.g., Ge-Sb-Te alloys, i.e., tetrahedral
or octahedral. Alternative techniques have been proposed
to refine the structure such as reverse Monte Carlo [50] or
isochemical atomic substitution [51,52], but these deviate from
the standard procedure of obtaining an amorphous system
that is the cooling of a melt to lower temperature and its
equilibration. More recently, semi-empirical dispersion forces
have been taken into account in the exchange-correlation
functional of FPMD and these have led to a substantial
improvement of the structure in Ge;sTegs liquids [53]. A
detailed analysis has shown that such dispersion forces indeed
strongly affect the local geometry and first coordination shell
of the atoms while bringing calculated coordination numbers
closer to experimental findings [31,43]. We actually build on
this approach in the present contribution.

Here, we report on the structural properties of three
compositions in binary Ge-Te liquids (GeoTeqy, Ge;sTegs,
GeyoTegg) by combining neutron scattering measurements
at three temperatures with a full analysis from DFT based
simulations including dispersion forces. Except for the eutectic
composition [31,32] (GesTegs), there have been only very
few studies on Te-rich Ge-Te compositions in the literature,
at least in the liquid state [42-44]. A systematic study with
composition may therefore provide insight on how the addition
of germanium atoms affects the chain network structure of
elemental tellurium. This is the main purpose of the paper.
Results show an agreement of very good quality when both the
pair correlation function and the structure factor are compared
to the experimental counterparts. Coordination numbers are
found to be lower than those previously established [31,32].
It indicates that the well-known bond distance problem
encountered in liquid and amorphous tellurides can be solved
by using a phenomenological dispersion correction. The
question of its effectiveness on amorphous structures is still
open. This result actually goes well beyond methodological
aspects, and has quite broad consequences for the field of
phase-change materials. In this field, it has been stressed that
the change from a crystalline to an amorphous structure may
result from changes in local structure from a slightly distorted
octahedral motif in the crystal [18,19] to a significant fraction
of tetrahedral bonding in the amorphous phase. Since it is well
known that octahedra usually share longer bonds as compared
to tetrahedra [54], the obtained reduction of bond distances in
the present systems potentially modifies the structural picture
of liquids and amorphous tellurides while also challenging the
nature of the underlying PCM phenomenon.

We finally calculate electronic properties, and compare
vibrational properties of the liquid to the experimental mea-
surements of the vibrational density of states (VDOS) from
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inelastic neutron scattering, and find a reasonable agreement
at frequencies lower than 25 meV. A decomposition into partial
contributions shows that the VDOS is made of two broad bands
arising from Te and Ge, the former centered at 5 meV, while
the latter is found to be at around 25 meV and shifts with
increasing composition.

The paper is organized as follows. In Sec. II, we describe the
experimental and numerical methods. In Sec. III, we present
the experimental pair distribution functions and structure fac-
tors, and compare with the corresponding computed functions
from simulations. In Sec. IV, we analyze the topology of the
liquid structure as a function of temperature and composition
by computing bond distances, average coordination numbers,
bond angle distributions, coordination number distribution,
and discuss the sensitivity of some of these findings with
respect to the chosen cutoff distance. In Sec. V, we present
the effect of temperature and composition on the electronic
density of states, and compare the measured and computed
VDOS. Finally, we summarize and draw some conclusions.

II. METHODS

A. Experimental methods

Three Ge-Te samples were investigated in this study and
the exact compositions are given in Table 1. The samples were
prepared by direct alloying of high-purity (4N) elements.
The materials (10 g) were synthesized by placing the pow-
dered elements in stoichiometric proportions in a cylindrical
silica ampoule (11 mm inner diameter, 1 mm thick). The
sample-filled ampoules were evacuated to a pressure of about
107> mbar and sealed. Samples were then heated above their
melting point at 10 K/h and homogenized for §hat 7 = 800 K
in a furnace. The same samples were used for neutron diffrac-
tion and inelastic scattering experiments. Neutron diffraction
experiments were performed on D4 instrument of the high-flux
reactor at the Institute Laue Langevin (ILL, Grenoble, France).
The incident neutron wavelength was fixed at 0.4976 A using
the Cu(220) Bragg reflection. The scattered intensities were
measured through an ensemble of 9 moving detector banks
(each of 64 cells) giving access to a k range of [0.4-23.5] AL
A vanadium resistor was used as a furnace in order to perform
the high-temperature measurements. The total structure factors
Sexpt(k) were obtained after standard correction for background
and container scattering, self-attenuation, multiple scattering,
and inelasticity effects. The program CORRECT was used to
perform the analysis [55]. The validity of the correction
procedure was checked using the density values in the liquid
state (see Table I) which were estimated by adjusting the mean
differential scattering cross section per atom in the asymptotic
limit [56]. Densities agree within less than 10% with the ones
published by Tsuchiya [29]. Each sample was measured at
three temperatures in the liquid state (see Table I) and the
temperature accuracy was estimated to be around 10 K.

Inelastic neutron scattering experiments were carried out
at a wavelength of 4.14 A on the IN6 spectrometer at ILL. The
Ge5Tegs sample was measured in the liquid state at 723, 823,
and 923 K, while the Ge;yTegy sample was only studied at 723
and 923 K. A vanadium furnace was also used as the heating
device and the temperature was determined within an accuracy
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TABLE I. Experimental conditions (7 cx) and estimated densities ey in different liquid Ge tellurides: GejoTeqn, GeysTess, and GeyoTego.
Measured ratio Sexpi(k2)/Sexpi(ki) of the first maxima at k; and k, of the experimental structure factor Seyy(k), measured total coordination
number N;g;,t using the minimum r,, of the experimental pair correlation function > Zexpt(r), calculated total coordination number N,' from the
simulated g(r) (see text for details). Measured d?xpt and calculated dl’.h first- (i = 1) and second- (i = 2) neighbor peak positions (in A) of the
total pair correlation function at different temperatures and compositions, together with calculated peak positions dfj" from the partial analysis

(see also Fig. 5). Densities measured by Tsuchiya [29] are indicated.

Topn () pop (A7) S = Sapka)/Seuk)  N&o  rm Ngtd?™df a3 df di} i-j
GejoTegy 923 0.0278(4) 0.81(2) 2.68(4) 322 237(5) 279 289 4.04 401
0.0273 [29]
823 0.0279(4) 0.81(2) 231(4) 3.12 2198) 279 286 4.00 4.05
0.0277 [29]
703 0.0277(4) 0.85(2) 226(4) 3.10 2.093) 276 281 4.06 4.03
0.0283 [29] 2.46,3.73 Ge-Ge
2.67,4.03 Ge-Te
292,411 Te-Te
GesTess 913 0.0283(4) 0.82(2) 2.81(4) 322 236(8) 277 279 399 3.99
0.0282 [29]
833 0.0284(4) 0.82(2) 247(4) 3.13 2202) 277 280 4.00 3.99
0.0286 [29]
683 0.0279(4) 0.90(2) 2424) 3.11 2.064) 272 276 4.05 4.02
0.0292 [29] 2.54,3.78 Ge-Ge
2.68,4.02 Ge-Te
295,402 Te-Te
GeyoTego 923 0.0282(4) 0.83(2) 2.96(4) 3.24 2.3509) 278 276 397 4.03
0.0291 [29]
823 0.0284(4) 0.83(2) 2.644) 3.15 214(2) 276 274 4.00 401
0.0296 [29]
703 0.0280(4) 0.86(2) 251(4) 3.2 21209) 273 273 4.02 3.97
0.0302 [29] 2.57,3.82  Ge-Ge
2.70,3.97 Ge-Te
294,406 Te-Te

of 20 K. The standard corrections were applied to the data.
They consist in normalizing the spectra to identical values,
substracting of the container contribution, and normalizing
to a reference spectrum of an 11-mm-diameter vanadium
cylinder. The data were corrected for the energy-dependent
detector efficiency and time-independent background.
Afterwards, the time-of-flight data were converted into a
dynamical structure factor Sexy(26,w). First, an integration
of Sexpi(26,w) over the accessible w range was done to obtain
the structure factor Sexp(k) over a k range between 0.31 and
2.56 A1 and, thus, checked the validity of the container
subtraction that strongly contributes to the signal. Second,
an integration of S(260,w) over the 20 range accessible to
the experiment (11.9° to 114.9°) was performed in order to
obtain the VDOS g(w). All the correction procedure was
done using the LAMP program [57]. As already highlighted
in our previous studies [36], since the k range available to
the experiment is finite and correlated with the @ range, the
density g(w) is incomplete and slightly distorted. However,
since the (k,w) range was the same for all measurements, it is
reasonable to compare the various VDOS obtained.

B. Computational details

FPMD simulations (CPMD code) have been performed at
constant volume on systems containing 200 atoms (Fig. 1) po-
sitioned in a periodically repeated cubic cell whose size allows

recovering the experimental densities of the liquid. The elec-
tronic structure has been described within density functional
theory (DFT) [58]. A generalized gradient approximation was
used, using an improved scheme for the exchange-correlation
energy obtained by Perdew, Burke, and Ernzerhof (PBEsol)

- P DN

> Te
o Ge

FIG. 1. (Color online) A snapshot of the 200-atoms liquid
Geonego at 923 K.
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previously used for the study of elemental tellurium [33].
Valence electrons were treated explicitly, in conjunction with
Trouiller-Martins norm-conserving pseudopotentials [59]. The
wave functions have been expanded at the I' point of the
supercell on a plane-wave basis set with an energy cutoff £, =
20 Ry. During the Car-Parrinello molecular dynamics (CPMD)
simulation, a fictitious electron mass of 2000 a.u. and a time
step of At = 0.12 fs has been used to integrate the equations
of motion. Temperature control has been implemented for
both the ionic and electronic degrees of freedom by using
Nosé-Hoover thermostats [60] with a frequency of 800 cm ™.

In addition, we have used an (attractive) empirical disper-
sion coefficient (Grimme) correction [61] given by

NoL N
Egisp = —S6 Z Z R—lgfdmp(Rij), (D

i=1 j=i+1 " ij

where N is the number of atoms of the system, C;; is
the dispersion coefficient for atom pair ij, and R;; is the
interatomic distance. A damping function [61] fyu,(R;j) =
(1 +exp[—d(R;j/R; — D]~! has been also used in order to
avoid singularities at short interatomic distances. Here, R, is a
cutoff distance canceling Egisp for R < R.. Parameters for the
Ge-Te systems (R, C;j, d;;) are given in Ref. [53]. However,
a major drawback is the fact that these calculations are not
self-consistent and contain adjustable parameters that correct
the energy of a DFT converged calculation. One has, thus,
to keep in mind that such simulations can not be considered
as deriving from first principles, and may also depend on the
chosen parameters as emphasized in a recent study on liquid
water [62].

For comparison, simulations without the dispersion forces
have been performed under the same thermodynamic condi-
tions, and will serve in the discussion.

The starting configuration of all liquids is a random
structure of Ge and Te atoms fulfilling the desired stoi-
chiometry. Loss of the memory of this initial configuration
is achieved through preliminary runs at 2000 and 1500 K
over 50 ps at densities corresponding to a high-temperature
extrapolation of the experimental density [29] to ensure
P ~ 0. The experimentally measured densities (Table I) were
then chosen for the investigated isotherms. The chosen time
interval leads to corresponding mean-square displacements of
the order of several cell lengths. After equilibrating at the
three target temperatures (923, 823, and 700 K) over 5 ps,
trajectories for each composition have been accumulated over
25 ps each and used for the statistical analysis. The obtained
structure (e.g., Fig. 1) reveals the presence of various structural
motifs (including homopolar Ge-Ge and Te-Te bondings) and
coordinations that are characterized in detail.

III. QUALITATIVE ANALYSIS OF THE DATA

A. Global trends in the experimental data

The experimental total structure factors Sexp (k) for the three
compositions are presented in Fig. 2 for each temperature.
At a given composition, temperature increase results in an
overall damping of the k or r oscillations, but noticeable
changes between low and intermediate temperatures are
observed. Upon temperature increase, peak positions in
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FIG. 2. (Color online) Experimental total structure factor Seyp (k)
for three compositions GejgTegy (a), GesTegs (b), and Ge,gTesy
(c) measured at three temperatures. The corresponding total pair
correlation function ge(r) are presented as insets. In panel (c),
the decomposition from simulation in the partials Sgege(k) (solid
curves) and Sgete(k) (broken curves) is shown for 700 K (green)
and 923 K (black). The arrow indicates the tiny shoulder observed
experimentally [also seen in panel (b) at the lowest temperature, green
curve].
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Sexpt(k) are slightly shifted towards smaller k values, except for
the first peak (located around 2.1 A=) that shows an opposite
behavior. This indicates that the observed changes in the total
structure factors are not only linked to thermal disorder but
also due to some structural modifications in the liquid. These
results are in agreement with previous experimental work
performed on the Ge;sTegs liquid alloys [33]. We furthermore
note that the temperature effect is more important at the
eutectic composition for which the density anomaly is the
more pronounced [29].

It is possible to define an order parameter S = S(k;)/S(k;)
that allows distinguishing between an octahedral liquid (S < 1,
Ge5Tegs for instance) and an tetrahedral one (S > 1, GeSe,
for instance) [63]. Values of this parameter are reported in
Table 1. For all compositions, S is lower than 1 suggesting that
the present liquids display a globally octahedral local order as
also detailed below from the simulation results. However, it can
be noted that S increases with decreasing temperature, which
suggests an increased tendency to form tetrahedral geometries
at low temperature.

Finally, for Ge;sTegs and GeygTesg, a small shoulder is
observed around 1.1 A~!' on the measured Sexpt(k) at the
lower temperature (683—703 K). Such a contribution suggests
structural rearrangements in the medium range order, and
it corresponds to a pseudoperiodicity at distances around
77/k =17 A in real space [64]. The onset of this tiny
shoulder is linked to the increase of Ge content as revealed by
the calculated partial structure factors S;;(k) which show an
increased contribution at 1.12 A~! of the Faber-Ziman partial
structure factor Sgete (k) for Ge,oTegg at the lowest temperature
[703 K, Fig. 2(c)]. This observation is reinforced by the fact
that the positions of the two principal peaks (PPs) at k; and k;
vary slightly with composition: the first peak shifts to higher
wave vector between 10% (2.13 A~') and 15% Ge (2.18 A™1)
for, e.g., 923 K (or lower temperatures). Since this observation
can not be attributed to an important change in liquid density
(Table I), it must therefore be linked to the occurrence of
weaker long-range correlations as the Ge content increases.
Interestingly, this contribution is immediately damped when
the temperature is increased as observed for the eutectic
composition [33]. Amorphous Ge-Te alloys at various Ge
content around the eutectic composition also possess [50,65] a
small prepeak around 1 A~', and it has been proposed that Ge
atoms play a dominant role in this medium range order [50].

The corresponding total pair correlation functions gexp(r)
[Fourier transform of Sey (k)] are presented as insets in
Fig. 2 for each temperature. Here, again, major changes occur
between the lowest (683—703 K) and the other temperatures.
With increasing temperature, the first peak height decreases,
and the minimum at r ~2.5-2.8 A defining the first and
second shells of neighbors tends to disappear. This underscores
a less structured liquid at high temperature. Moreover, the
first-neighbor distance d lexm increases with temperature (from,
e.g., 276 to 2.79 A in Ge o Tegy, Table I), while the second-
neighbor distance d;Xpt slightly decreases (e.g., from 4.02
to 3.97 A in GeyyTesgy), leading to a more compact local
environment.

Using these total pair correlation functions and the exper-
imentally determined densities (see Table I), it is possible to
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obtain a total coordination number N, defined by

N = 47 pee / P gon(r)dr, @)

ro

the lower integration bound ry being fixed to 2.2 A for all
the spectra (see insets of Fig. 2). The values of the upper
bound r,, (given in Table I) are chosen as the value of the
first minimum r,, of the function rzgexpt(r). We emphasize
that Nggp, has no real physical meaning since a binary alloy
is studied here, however, it can be used as an indicator of the
average structural changes undergoing as the temperature and
the Ge content are changed. As seen in Table I, Ngg, increases
with increasing the Ge concentration, which is a rather
expected result since, on average, the addition of a Group-IV
atom (Ge) leads to an increase in coordination number and
network connectivity. Moreover, Ngy,, also increases gradually
with temperature which is consistent with previous studies
on the liquid structure at the eutectic composition [33,34],
indicating that the coordination number of Te is increasing

with temperature.

B. Effect of the dispersion forces on the simulated data

In Fig. 3, we represent a direct comparison of the
experimental total structure factors (same as Fig. 2) with
the corresponding computed neutron-weighted function Sy (k)
defined by

Zi,j CiCjb,'bjSij(k)
2
(22 cibi)

where the concentrations ¢; (i = Ge, Te) depend on the chosen
stoichiometry (e.g., cge = 0.10, 0.15, and 0.20 for GeoTeqg,
Ges5Tegs, and GeyTesy, respectively), and b; are the neutron
scattering lengths given by bg. = 8.185 fm and br. = 5.68 fm,
respectively [66]. The Faber-Ziman partials S;;(k) have been
directly computed from the simulated trajectory (see, e.g.,
Fig. 2). From the figures, one realizes that the calculated
spectra reproduce rather well the experiments over the whole
range of wave vectors, for all temperatures and comPositions,
all curves being nearly superimposed for k < 6 A~!. This
agreement is also evidenced from the represented interference
function 1 (k) = k[S7(k) — 1] which blows up the oscillations
at higher k value [Fig. 3(c)] and provides confidence that
real-space properties at short distance r (r o 1/k) should be
also reasonably well reproduced. We furthermore note that the
presence of dispersion forces [Eq. (1)] leads to a substantial
improvement of the structure factor at different conditions and
increasing Ge composition, the GejoTegp showing the best
agreement with experimental data. Note that the absence of
such dispersion forces leads to a shift towards low-k values of
the peak found at ~ 5.5 A-! [green curve for GejgTeg, see
Fig. 3(c)], and the high wave-vector region appears to be not
very well reproduced.

We now turn to real-space properties. In Fig. 4, we represent
the calculated total pair correlation function g(r) for the dif-
ferent compositions and temperatures. The agreement appears
to be very good, and again, clearly improved with respect
to previous simulations [31,32] on selected compositions
(mostly GejsTegs). The first peaks experimentally observed

Sr(k) = 3
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FIG. 3. (Color online) Calculated total neutron structure factor
S7(k) (a), (b) and interference function k[S7(k) — 1] (c¢) in Ge-Te
liquids for three compositions GeoTeq, GeisTess, and Ge,oTegy and
three temperatures (700, 823, and 923 K, red curves) compared to
results from neutron diffraction (black curves, same as Fig. 2). The
green curves correspond to similar simulation conditions but without
taking into account the dispersion forces of Eq. (1) (see text for
details).
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FIG. 4. (Color online) Calculated total pair distribution functions
g(r) for three compositions GeoTeqy, GejsTegs, and GeygTegy and
three temperatures (700, 823, and 923 K, red curves) compared to
results from neutron diffraction (solid black curves, same as Fig. 2,
and broken curve [31]). In panels (a) and (b), a decomposition into
partials (blue curves) is shown for the Ge,Tegy alloy: Ge-Ge (solid
curve), Ge-Te (broken curve), Te-Te (dotted curve). In panel (c),
green curves correspond to simulations without the dispersion forces
[Eq. (1)]. The arrows indicate the position r;, of respective minima
in GeyoTegg (see text for details).
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atr ~2.77-2.79 A and at r ~ 4 A are very well reproduced
from our simulations for all systems (Table I), both positions
dfh and dﬁh of the main peaks, and peak height being in very
good agreement. Furthermore, simulations display the same
structured pair correlation function as in experiments [31],
revealed by a more pronounced minimum (with respect to
simulations without Grimme correction, see green curves) in
the 3.28-3.42 A range, which leads to a rather well-defined
separation between the first and second shell of neighbors.
For the GesTegs liquid, the minimum of the simulated g(r)
at 700 K actually lies between two sets of experimental
measurements: the present one performed at 683 K, and a
previous measurement by Bergman et al. [31] at 733 K.

A closer inspection shows that the agreement is increased
with Ge composition, the position of first peak in the simulated
g(r) for GeoTeqg being slightly overestimated (2.81 A against
2.76 A experimentally at 703 K, see Table I). This situation
tends to be improved as the Ge composition is increased,
the first peak position being identical with the experimental
counterpart for GegTegg (2.73 Aat703 K). Again, we attribute
this improved agreement with increasing Ge composition to
the effect of the dispersion forces which take into account
the polarizability [61]. The latter is obviously affected by the
increased presence of heteropolar Ge-Te bonds which involve
atoms having different electronegativities (2.1 and 2.01 for
Te and Ge on the Pauling scale [67]). This in turn gives rise
to the possibility of having an increased number of dipolar
interactions and an increased effect due to (Van der Waals)
dispersion forces.

Simulations without such dispersion forces show indeed a
systematic deviation of the main peak of the pair correlation
function [green curves, Fig. 4(c)] which is being shifted to
larger distances by ~0.2 A. This effect is observable for all
compositions, and at all temperatures (not shown). The same
behavior is obtained for the position of the first minimum
which is also shifted to higher distances. For Ge,oTegy at 700 K,
the minimum position is actually increased from rp;, = 3.31 A
to 7min = 3.50 A [arrows in Fig. 4(c)] if dispersion forces
are not taken into account. One can already anticipate that
corresponding coordination numbers will be increased given
that they are usually calculated from the integration of the pair
correlation function up to this first minimum [Eq. (2)]. Using
the latter, the computation of the total coordination number
N}5" from the calculated g(r) (Table I) shows a similar decrease
with temperature when compared to the experimental estimate
of NJ', although differences persist in the absolute value
which arise from the small differences between simulated and
experimental pair correlation functions (Fig. 4). Interestingly,
we note that the improvement of the calculated g(r) is
especially pronounced at low distance (r < 3.5 A) where
the effect of the dispersion forces is not active given that
the damping function fy,, in Eq. (1) cancels for distances
below the cutoff distance R, = 3.45 A (see Ref. [53]). It
thus suggests that taking into account Eq. (1) implies the
presence of attractive Van der Waals forces which mustresultin
more closely connected long-range correlations at 7 > R, and
should therefore affect second and third shells of neighbors
as revealed by the different structure factors [Fig. 3(c)].
Surprisingly, this difference does not show up at large distance
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in the pair correlation function as both simulations lead to an
identical result for r > 4 A.

The calculation of the partial pair correlation function
shows that the main contribution to the first peak found at
r~277-279 A arises from Ge-Te bonds (blue broken
curve in Fig. 4), whereas the second peak is mostly due to
second-neighbor Te-Te correlations which are, in part, due
to Te interchain distances (3.2-3.7 A) remaining from the
initial Te base network [33,68]. For the Ge-rich composition
(GeypTegp), a non-negligible amount of homopolar Ge-Ge
bonds is revealed by the presence of contribution in the partial
gGeGe Which is also detectable at Ge-poor compositions.

IV. TOPOLOGY OF THE LIQUID

‘We now concentrate on the partial coordination numbers of
germanium and tellurium and their evolution with composition
and temperature.

A. Coordination numbers

From the obtained simulated pair correlation functions
(Fig. 5), we obtain by integrating up to corresponding first
minima r y, the partial coordination numbers nGeGe, 2 TeGe, and
nrete for the different compositions and temperatures (Table IT)
using

nij = 471,0/0 rzgij(r)dr. “)
T | T T T | T T T | T T T | T T T
Sr@ | T=923K
4~ ‘ —
i “ GewTego 7
3 /\\//N\\"“"""'”'_
i ’{\ Ge,sTeg,
o\ NS
- J Gey,Teg, -
i | L |\|rmif‘=3|.31|A| oo Gle-ITeI |
2 4 6 8 10
4 T | T T T | T T T | T T T e T 1_Ie T
b -
5 (b) /«\/ N o 10 9?—
- j 7 Ge15Te85
VA
2 — \/ \//\~ S, ]
i /\ Gey,Teq,
1 N/ \’//'\\ —— —
i ,/ Te-Te T
0 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1
2 4 6 8 10

FIG. 5. (Color online) Calculated partial pair distribution func-
tions ggete(r) and grere(r) for three compositions GeoTegg, GesTess,
and Ge,Tegy and two temperatures: 923 K (black curve) and 700 K
(green curve). The arrow indicates the position (3.31 A) of the
minimum at 700 K (see text for details).

174205-7



M. MICOULAUT et al.

TABLE II. Calculated partial coordination numbers 7GeGe, TeGe»
and nrere, coordination numbers nge and nt., and average coordi-
nation number 7 at different temperatures in GejoTeqy, GeysTess,
and GeyyTego liquids. All calculations have been computed at the
corresponding minimum of the relevant partial pair correlation
function [e.g., Fmin = 3.31 Ain gaete(r) for a 700-K liquid GeyoTes,
see Fig. 4]. Numbers are given with an error bar of £0.1.

T (K) Composition ngege MTeGe HTere MNGe  NTe r

923 K Ge o Tegp 0.11 046 2.87 425 334 342
823 K 0.10 047 282 433 329 339
700 K 0.03 047 253 426 3.00 3.13
923 K Ge,5Tess 038 0.71 257 440 328 344
823 K 021 076 257 452 332 351
700 K 034 0.68 240 4.19 3.08 324
923 K GeyoTegp 052 098 196 445 294 3.24
823 K 023 1.02 176 430 277 3.08
700 K 034 1.01 188 437 289 3.19

Note that one has (1 — x)nrege = Xngere With x the Ge
concentration (e.g., x = 0.2 in GeyyTegy). Results indicate
that a change from GejoTegy to GeyoTegy leads, as expected,
to a decrease of the nrre partial coordination number while
an increase of nr.ge is obtained upon Ge addition. From
such numbers, the Ge and Te coordination numbers can be
computed as a function of temperature by nGe = 1GeGe + 1GeTe
and nt. = N1eTe + NTeGe. General trends can be established
although it is important to emhasize that the evolution of the
partials g;;(r) around r = ry,;, leads to variations in n;; and n;
that are driven by the uncertainties on r;,. A detailed analysis
on the effect of the cutoff distance is therefore reported below.

Along the isotherm at 700 K nr. decreases with increasing
Ge content, from 3.00 (respectively 3.34 for 923 K) for
GejoTegy to 2.89 (respectively 2.94) for GeyyTegy. This also
leads to a decrease of the connectivity 7 of the liquid defined
by 7 = (1 — x)nte + xng. which remains nearly unaffected
by the change in composition between 10% and 15% Ge. The
situation is more ambiguous for ng. which is found to either
decrease or increase with temperature and/or composition, e.g.,
steadily increasing with Ge content at high temperature (from
4.30 to 4.45 at 923 K). For the latter system, the results at
700 K are found to be very close to those obtained from a
similar analysis (680 K) which yields [32] partial coordination
numbers ntege = 0.6 (here 0.68, see Table II), nrere = 2.5
(2.40), to finally obtain ng. = 3.7 (here 4.17) and nt. = 3.1
(3.08). It should be stressed that the chosen cutoff (3.2 A
in Ref. [32]) for the calculation of the coordination numbers
was lower than the reported minimum in the pair distribution
function (3.3-3.4 A). We discuss effects of the cutoff distance
below. Similar results have been obtained in Refs. [31,69]
from a structural analysis of GesTegs at different temperatures
around 700 K.

B. Effect of the cutoff distance

To investigate further the effect of a chosen cutoff distance
on the calculation of coordination numbers, we represent
the most relevant running coordination number (ngere) as
a function of the interatomic distance (Fig. 6) for different
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FIG. 6. (Color online) Running Ge-Te coordination number as
a function of interatomic distance, calculated from the integration
of the function r?ggere(r). (a) Effect of temperature (923, 823, and
700 K) on GeygTegp. (b) Effect of composition on the 700-K liquid:
GejoTeqy (black), GejsTegs (red), and GeyyTegy (green). The gray
areas correspond to the zones where ggere 1S minimum (see arrow in
Fig. 5). Horizontal broken lines correspond to ngere = 4 and serve as
a guide. The broken curve in (a) represents results from a simulation
without the dispersion forces, and the arrows indicate either the cutoff
needed to obtain ngere = 4 (3.20 A), or the location of the minimum
(Fmin = 3.53 A) of the corresponding partial pair distribution function
8 GeTe(r )

compositions and temperatures. As shown from the figure,
ngete(r) changes continuously with r, and does not display
a plateaulike behavior typical of amorphous systems [70]
or liquids with well-separated neighbor shells. As a result,
a slight shift in cutoff will strongly affect the value of the
coordination itself, the variation being also important within
the rmin distance interval (gray zones in Fig. 6) for which the
different ggere(r)’s are minimum (e.g., arrow in Fig. 5). This
effect appears to be even more important when the liquids are
considered along an isotherm [Fig. 6(b)] given the way 7, is
changed with composition.

For the GeyoTesp liquid, the simulation without dispersion
forces [green curve in Fig. 4(c)] leads to a systematic increase
of ngere [broken line in Fig. 6(a)] while also increasing the
distance at which ggere(r) is minimum from rp;, = 3.31 Ato
3.53A. Using such simulations, one needs a cutoff distance of
about 3.20 A to obtain a value of ngete = 4 [Fig. 6(a)], whereas
the value of ngere at rmim = 3.53 A will lead to a substantially
higher value for the coordination number (4.68). Furthermore,
once the bond distance problem is solved using the dispersion
correction of Eq. (1), this distance of 3.2 A now appears to lie
on the right tail of the first peak in ggere(7), and certainly not
at its minimum [see also Fig. 5(a)].
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Overall, the present calculations using dispersion forces
improve the short-range structure of Ge-Te compounds
featuring more structured liquids with much shorter bond
distances as compared to previous simulations [31,32], and
a well-defined first shell of Ge and Te neighbors, bringing
not only pair correlation functions in much better agreement
with experiments but also reducing the coordination numbers.
Although there is a general agreement [18,19] on the fact that
the coordination numbers of these systems are not governed
by the “8-N bonding rule” (with N being the total number
of s and p electrons in the outer shell of atoms), the fact that
the first peak of the simulated total correlation function g(r)
has been up to now always found to be broader and shifted
to higher interatomic distances [31,32] has led to a systematic
overestimation of such coordination numbers.

C. Neighbor distribution

From the detailed analysis of neighbors (Table III), further
insight into the network topology and its change with com-
position and temperature can be obtained by following the
coordination distributions Ge! and Te! (I = LILIILIV,V,VI),
these quantities being defined as the average number of atoms
of a given species (Ge,Te) that are /-fold coordinated.

In these Ge-Te liquids, the dominant coordination is Ge'Y
and GeV, and twofold, threefold, and fourfold tellurium, a
result (Table III) that is consistent with the average value nge
and nr. determined previously. At low Ge content (GejoTeq)
and high temperature (923 and 823 K), the liquid structure is
composed of a majority of fourfold and fivefold germanium

TABLE III. Calculated coordination distribution at different
temperatures. The cutoff has been taken at each respective minimum
of the pair distribution function r,;, = 3.41, 3.42, and 3.34 A for
GejpTegp at 923, 823, and 700 K, respectively; rmy, = 3.39, 3.37,
and 3.32 A for GejsTegs at 923, 823, and 700 K, respectively, and
rmin = 3.30, 3.28, and 3.31 A for GeygTegy at 923, 823, and 700 K,
respectively.
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with a non-negligible fraction of sixfold Ge (11.5%-13.6%)
in octahedral symmetry (see below). This fraction tends to
decrease (4.5%) at the lowest temperature (700 K), and a
conversion of germanium from sixfold into fourfold coordi-
nation is observed, accompanied by a moderate decrease of
fivefold Ge. Similarly, one remarks that for tellurium the lower
coordination (Te'") grows at the expense of fourfold Te which
decreases from 23.5% to 16.2% between 923 and 700 K. These
trends are more or less recovered for the other compositions.
When followed along an isotherm, the increase of composition
affects the Ge environment and leaves the Te-based coordina-
tion distribution nearly unchanged between 10% and 15% Ge.
Indeed, increasing the Ge content essentially increases the pro-
portion of fourfold germanium and tends to reduce the fraction
of higher coordinated species (e.g., 13.6% for Ge o Tegy against
4.2% for GeygTesg) while also promoting threefold Ge.

Once again, in order to highlight some more general trends
with composition, we focus on the effect of the chosen cutoff
distance r, that usually serves to determine the coordination
distribution. Figure 7 shows the population of the most relevant
coordination species as a function of r., and it appears that
changes in coordination are moderate when r. is slightly
changed (e.g., £0.05 A). More importantly, one can notice
that the effect of composition on the statistical dependence
with 7, is especially weak regarding the Ge population which
shows virtually no change between GejoTeqy [broken lines
in Fig. 7(a)] and Ge;yTegy (solid lines). This means that the
determination of the coordinations is mostly driven by the

20

Population (%)

i

T (K) Composition I II I v \Y VI

923 K GejgTegp Ge 82 46.0 343 115
823 K 3.5 458 371 13.6
700 K 02 48 61.8 287 45
923 K GesTegs Ge 02 66 514 323 95
823 K 0.1 52 482 352 113
700 K 03 83 672 213 29
923 K GeyoTegp Ge 0.8 104 527 293 6.8
823 K 0.8 112 605 232 43
700 K 03 56 559 314 68
923 K GejpTeg Te 22 257 421 235 58 0.7
823 K 1.2 179 403 301 92 13
700 K 27 354 433 162 23 0.1
923 K GesTegs Te 24 275 423 223 50 05
823 K 22 252 412 243 63 08
700 K 30 382 425 143 19 0.1
923 K GeyoTeg Te 45 351 410 164 28 0.2
823 K 43 442 392 109 13 0.1
700 K 30 355 424 165 24 02

—
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FIG. 7. (Color online) Effect of the cutoff distance r. on the
species population (in %) at 823 K for GegTeqy (broken lines)
and GeyoTegy (solid lines). (a) Population Ge™, Ge'V, and Ge". (b)
Population Te", Te™, and Te'V . The arrows indicate the cutoff distance
used for the computation of the coordination distribution of Table III,
and which correspond to the minimum r;, of GeygTego and GegTeg
in the corresponding pair distribution function (Fig. 4).
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shift with composition of the minimum position 7y, of the
pair correlation function which changes from 3.42 to 3.28 A
between the GejpTegg and GeyyTegg (see caption of Table III).
Given that the experimentally determined minimum distances
Fmin Of g(r) are equal to 3.26 A (Fig. 4) for both compositions,
we have an estimation of the degree of error that is associated
with such kind of calculation. For the Ge;yTegg, one can have
full confidence in the Ge coordination distribution given that
the experimental r,;,, and chosen cutoff r. nearly coincide,
whereas the determined population of Ge coordinations in
GejTeyg is biased by the difference in the minimum position
Fmin Of the experimental and calculated pair correlation
function g(r). The same conclusions are encountered for
the Te-based coordination distributions [Fig. 7(b)] which
furthermore show strong effects with composition when the
population is represented as a function of r..

D. Bond angles

Figures 8 and 9 show the most relevant bond angle
distributions, and display their behavior with either compo-
sition (along the isotherm 823 K) or temperature (for the
GeyoTegyp compound). The bond angle distribution Te-Te-Te
is found to be weakly affected by a change in Ge content
and temperature, as it displays the same shape associated
with a defect octahedral geometry that leads to a dominant
contribution at 90° and a minor one at 2~ 160°. No changes
are found when compared to the same distribution [33] for
elemental Te (T = 970 K), indicating that the angles involved
in such Te-Te-Te chain fragments are weakly affected by the
Ge-induced crosslinking of the structure, even for the Ge-rich
composition Ge,oTego. Similar results are found for bond angle
distributions involving a Ge atom (Te-Te-Ge), which displays
again the same contributions at ~90° and 160°. The latter
(Te-Te-Ge) has an additional contribution at ~60° that we
identify from a visual inspection of the atomic structure with
angles defined by three atoms found within the equatorial
plane of a Te-centered defective octahedra. Finally, we note a

0.02 Te-Ge-Te _|

0.01 —

0.03 T I T I T I T I T I T I T
0.02 —

0.01—

[ I
60 80 100 120 140 160 180

Angle (deg)

FIG. 8. (Color online) Te-Ge-Te and Ge-Te-Ge bond angle dis-
tributions at 823 K for the three compositions GejgTeqy (black),
GesTegs (red), and GeygTegy (green). Note that the Te-Te-Te and
Te-Te-Ge bond angle distributions of GejgTeyy and Ge;sTegs (not
shown) have exactly the same shape as GeoTegy (see Fig. 9).
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FIG. 9. (Color online) Te-Te-Te, Te-Te-Ge, Te-Ge-Te, and Ge-
Te-Ge bond angle distributions and GeyTegy liquid at the three
temperatures: 923 K (red), 823 K (blue), and 700 K (black). The
broken line in the top panel (Te-Te-Te) is the computed bond angle
distribution of a 970-K simulated liquid Te (see text for details).

small change in the Ge-Te-Ge bond angle distribution (Fig. 8)
with a slight increase between GejgTeqy and Ge;sTegs from
contributions of 80° but this difference could also arise from
the small statistics given the limited number of Ge atoms at
smaller compositions.

More changes appear when the bond angle is followed
(Fig. 8) with temperature at a given composition GeyyTeg,
this being particularly visible for the bond angle distributions
involving a Ge atom. With decreasing temperature, the shift
to higher angles between 923 and 823 K of the distribution
Te-Ge-Te is a direct indication that the average fraction of
tetrahedral sites is increasing as already emphasized from the
evolution of the order parameter S. Similarly, the sharpening
of Ge-Te-Ge distribution indicates the tendency towards an
increased well-defined environment.

V. VIBRATIONAL AND ELECTRONIC
DENSITY OF STATES

The vibrational density of states (VDOS) g(w) of the
different Ge-Te liquids is represented in Fig. 10 for selected
temperatures, and compared to our experimental measure-
ments, using the Fourier transform of the velocity-velocity
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FIG. 10. (Color online) Computed and experimental vibrational
density of states (VDOS) in Ge-Te liquids. (a) Experimentally
measured VDOS of Ge;jsTegs at 723 K (black), 823 K (red), and
923 K (blue), compared to the computed VDOS at 700 K (green
curve). (b) Measured VDOS of GeygTeg at 723 K (black) and 923 K
(red), compared to the computed VDOS at 700 K (green curve). (c)
Computed partial contribution (Ge, black and Te, red) to the VDOS
at 700 K.

autocorrelation function
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We remark that the low-frequency region of the VDOS is
very well reproduced [Figs. 10(a) and 10(b)] and consists
for both investigated systems (Ge;sTegs and GeygTesp) in a
main peak centered at ~10 meV, together with a shoulder at
slightly higher frequency (~20 meV) followed by a decrease.
The calculated VDOS actually reproduce with a reasonable
agreement the VDOS at low frequency (E < 30 meV) but
decreases much more rapidly to zero at higher frequency. We
remind that since the available £ = hw range is correlated
with a finite k range, g(w) is incomplete and slightly distorted.
In this respect, the shapes of both experimental and theoretical
curves are quite similar to those obtained in a study on different
tellurides [36].
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FIG. 11. (Color online) Computed electronic density of states of
liquid (700 K, black and 923 K, red) Ge o Teqg, GesTess, and GeygTeso
alloys. The green curve is a calculation without the dispersion
correction of Eq. (1).

The structure of the contribution at ~25 meV changes
in an important fashion with composition as seen from the
partial contributions [Fig. 10(c)]. The peak associated with
Ge-based vibrations shifts indeed to lower frequencies [arrows
in Fig. 10(c)].

Figure 11 shows the electronic density of states (EDOS)
of the three compositions at two different temperatures (700
and 923 K). The computation has been performed over five
independent configurations of each liquid composition, prior to
a wave-function optimization and an eigenvalue (Kohn-Sham
energies) calculation. We notice that the global profile remains
nearly the same for all compositions with mainly two s bands
between —14 and —6.0 eV, well separated from the valence
p-band structure. However, the minimum at the Fermi energy
becomes more pronounced as the temperature is decreased
from 923 to 700 K. Effects of composition are essentially
visible in the 4s Ge band located at ~—7 eV which shows an
increase in intensity as the liquid evolves from Ge;gTegy to
Geoneg().

These trends are consistent with earlier findings [40], and it
should be noted that the absence of the dispersion correction of
Eqg. (1) does not modify the global shape but tends to reduce the
pseudogap at the Fermi energy, a result that seems consistent
with the reduction of the bond lengths which lead to a more
localized electronic structure.

VI. CONCLUSIONS

Liquids belonging to the Ge-Te family are not only at the
basis of important optoelectronic applications when alloyed
with appropriate elements, they also display a variety of
intriguing phenomena among which is the so-called “density
anomaly” [29]. The understanding of these phenomena and
the description of their properties including their structure is
the subject of intense research.

Here, we have studied the structure of three compositions in
the Ge-Te binary by combining molecular simulations, neutron
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diffraction, and inelastic neutron scattering experiments. We
have focused on three target compositions Ge o Teqg, GesTego,
and GeyTegy and three temperatures (923, 823, and 700 K).
Such systems have been studied for quite some time in the
literature but only at low temperature in the amorphous phase,
or restricted to a single composition (essentially the eutectic
GejsTegs). Here, Ge-Te liquids are studied in a systematic
fashion under temperature and Ge content change, in a
combined effort using both theory and experiments. With
respect to previous studies on the same systems [31,32],
this study furthermore marks a clear improvement when
both simulated and experimental structural properties are
compared. This is especially appealing from the agreement
obtained in the reproduction of the pair correlation function
in real space, and the structure factor in reciprocal space, this
statement being valid for all compositions and temperatures.
We identify the origin of the improvement in the account
of a dispersion (Grimme) correction [61] which handles in
a semiempirical way effects of polarizability that contribute to
Van der Waals forces. As a general result, most typical bond
distances of Ge-Te liquids are reproduced with confidence,
among which the distance corresponding to the first peak of
the pair correlation function g(r), identified with contributions
coming from both Ge-Te and Te-Te bonds.

Regarding structural properties, our first-principles model
shows that the coordination numbers are decreased with
respect to previous findings, a result that arises not only
from the fact that the first peak in g(r) is reproduced with
a very good accuracy, but also from the calculated value of the
first minimum of the pair correlation function which is now
found to be very close to its experimental counterpart. At all
compositions and for all temperatures, the structure is made of
a majority of Ge in defective octahedral geometry as detected
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from the bond angle distributions, with coordination numbers
between 3 and 6, whereas tellurium is found to have mostly
a large amount of twofold and threefold atoms, the former
increasing with decreasing temperature at the expense of the
latter.

Given these results, what are the broader perspectives of
this work? Obviously, taking into account dispersion forces in
molecular simulations resolves the well-known bond distance
problem encountered in all previous DFT-based simulations of
amorphous or liquid tellurides. It is not clear at this stage if such
improvements will remain at low temperatures once the liquids
have been quenched to the glass, but it suggests that similar
telluride liquids may be improved using the same scheme. As
a final comment, it should be emphasized that the way these
attractive forces affect the structure is not straightforward.
In fact, they are only effective at large distances when the
damping function is active (r > R, = 3.45 A) but they
essentially improve the short-range structure and solve the
bond distance problem, while leaving structural correlations
at larger distances (r > R.) nearly unchanged.
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