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The structural, vibrational, and electronic properties of low-
temperature supercooled GeTe, are studied using density func-
tional theory (DFT). Two models have been considered: an
ordinary melt-quenched system containing a majority of defect-
octahedral germanium atoms, and a relaxed one obtained from
a quenched SiTe, rescaled structure which contains mostly
tetrahedral germanium, while leaving the Te environment
preserved. The tetrahedral system exhibits an increased agree-
ment with the experimental structure factor S(k), the pair

1 Introduction It is the great merit of Stanford
Ovshinsky that, happily accumulating experiments on
electrical switching in the late 1960s, he could propose a
revolutionary mechanism [1] for data storage from phase
change materials (PCMs) which are now at the heart of the
multi-billion world-wide industry of computer memories.
Given the time needed to transform his first laboratory device
into a routinely used 100 Go BlueRay disk, nearly 40 years,
the successful story of Ovshinsky’s invention not only brings
us back to other modern creations of humankind. It also
illustrates at the very best level the large time interval needed
to accept scientifically a breakthrough in fundamental
science, and to design applications from the discovery prior
to its potential large-scale industrial production. On this
special occasion of Stan’s 90th birthday, it is therefore a great
pleasure to dedicate this article to him.

At the early stage of PCM history, amorphous telluride
systems have been identified as an interesting class of materials
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distribution function g(r), and the infrared absorption spectrum.
Itis suggested that the fraction of tetrahedral Ge must be higher as
usually believed. In addition, we provide the calculation of the
125Te wideline NMR spectra. While the latter do not agree with
recent experimental findings, both systems exhibit important
significant differences in the widths of the computed spectra.
These exploratory calculations clearly show that NMR will be
an interesting probe that deserves further investigations for the
experimental determination of the local geometry.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with phase-change properties. In fact, they have low melting
and glass transition temperatures, and an important optical and
electrical contrast between the crystalline and amorphous
phase [2]. Another well-documented application, independent
of PCMs, deals with the fact that amorphous tellurides display
an exceptionally large optical transmittance domain which
makes their use as waveguides for infrared integrated optics
extremely interesting [3].

Whatever the considered complex ternary or quaternary
telluride, the base material used for the optimization of
functionalities is the Ge-Te binary which has received a
huge attention, and is rather well documented in the literature
[2]. Focus on the phase change compositions GeTe and
GeTeg, and particularly on structure [4—6], has somewhat
overshadowed other interesting properties which can exhibit
a certain number of remarkable anomalies with changing
temperature or composition [7]. The latter allows also to tune
the connectivity of the amorphous network so that a flexible
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to rigid transition is expected in tellurides [8] similarly to
Ge-Se glasses [9].

When applied to telluride systems, FPMD usually
overestimates the bond lengths, among which the Ge-Te
one. This leads to a disagreement between theory and
experiment (e.g., neutron diffraction) in the reproduction
[5, 6] of the pair distribution function g(r), and especially the
first peak measured at 2.60 A corresponding to the Ge-Te
bond distance déeTQ [10], to be compared with the calculated
value [11] of 2.68 A in GeTe.

One should furthermore remark that the local geometry
strongly influences the Ge-Te bond length. It has been
indeed suggested that the fourfold germanium was existing
under two types of local structures: a tetrahedral one and a
defect octahedral one with two vacancies. Tetrahedral Ge
leads to four very close neighbors around 2.8 A whereas
the dominant defect-octahedral geometry has bonds which
are much longer (3.13 A) [4, 6, 12, 13]. In this respect, it is
tempting to investigate the effect of an increased fraction
of tetrahedral Ge on the structural observables. The picture of
a tetrahedral Ge in amorphous tellurides, responsable for
phase-change properties, has been first proposed by
Kolobov et al. [14] on the basis of X-ray fine absorption,
but several experimental and numerical studies have
proposed an alternative picture consisting of a structure
made of a majority of defect-octahedral Ge [12, 13, 15].
Simulated Ge-Te systems obviously contain tetrahedral Ge.
The fraction can be estimated from the charge localization
through a Wannier function analysis [16]. Also, a calculation
of the vibrational properties has shown that there is a specific
signature of tetrahedral Ge in the Raman spectra [15], and
that their presence can be merely quantified through an
orientational order parameter [13].

In the present contribution, we are guided by the same
motivation as the one sketched in many of the afore-
mentioned references, i.e., we ask the question of how a
standard DFT approach which is known to produce a
structure disagreeing with experiments, the usual bond
distance problem, can be modified in order to improve
accuracy. While acknowledging the RMC refinement [17]
as a promising pathway, an alternative strategy can be
proposed. Here, we investigate the structural, electronic,
and vibrational properties of a supercooled GeTe, having
a majority of tetrahedral germanium. Results are compared
with a benchmark GeTe, obtained from a usual melt-
quenched liquid using FPMD. The latter contains a majority
of defect-octahedral Ge as in previous studies for different
compositions [4, 6, 12, 17]. The GeTe, compound itself
has not received much attention although it has been
shown recently that films [18] have a higher crystallization
temperature and a lower melting temperature when com-
pared with GeTe and the ternary Ge,Sb,Tes, indicating that
this compound may also be a competitive candidate for
memory applications.

How can one build such GeTe, tetrahedral models? We
consider an isochemical compound, that is a melt-quenched
tetrahedral SiTe,, which is used as starting configuration for
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a low temperature GeTe,. Such a strategy has been used in
the past to investigate, e.g., germania based on models of the
isochemical silica [19]. It has been also used recently [20] in
order to study an ideal amorphous Ge,Sb,Tes using the
isochemical Si»As,Ses. However, in contrast with the latter,
in the present contribution we have substituted only one type
of atom in order to probe the sensitivity on the local Ge
structure, while leaving the Te environment preserved.
Inspection of the pair distribution functions (pdfs, Fig. 1)
obtained from FPMD (see Methods section below) shows
indeed that SiTe4 and GeTe, mostly differ in the environ-
ment involving the Group IV atom, while the Te-Te
correlation appears to be nearly unchanged. The Si—Te pdf
displays a very sharp peak indicative of a well-defined local
geometry as in other archetypal tetrahedral liquids such as
GeSe,; [23], as also detected from the Te—Si—Te bond angle
distribution (inset B of Fig. 1). The latter displays indeed the
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Figure 1 (online color at: www.pss-b.com) Pair distribution
functions at 450 K in GeTe, (red) and SiTe, (black). The insert A
and B shows the bond angle distributions X—Te—X and Te-X-Te
(X =Ge, Si), respectively.
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usual tetrahedral angle (109°) whereas contributions at 90°
and 180° for the GeTe, clearly indicate an octahedral
environment. On the contrary, the pdfs of GeTe, are found to
be similar to those obtained for a close composition [5]. The
difference in structure can be qualitatively explained from
the crystalline counterparts. The Si-Te system crystallizes
in a trigonal Si,Te; structure which is tetrahedral [21]
and contains homopolar Si-Si bonds, whereas the Ge-Te
crystalline form is found at 50% Ge and is made of two
embedded rocksalt-type sub-lattices [22] containing either
Ge or Te with no Ge—-Ge bonds. The corresponding liquid
and amorphous local structures are therefore reminiscent of
the crystals, and may also provide some very basic under-
standing on the large difference between homopolar
distributions Ge—-Ge and Si-Si.

Here it is shown from FPMD that simulated structural
properties of a tetrahedral GeTe, model leads to an increased
agreement of the total neutron structure factor, the pair
distribution function, and the infrared absorption spectrum.
An analysis of the structure, bond distances, and coordina-
tion numbers is provided. The tetrahedral system also shows
an increased gap at the Fermi energy. Finally, we compute
the NMR spectra for both systems which shows a much
broader distribution for the octahedral GeTe,.

2 Computational methods FPMD simulations
have been performed at constant volume on a system
containing 200 (160 Ge/Si and 40 Te) atoms positioned in
a periodically repeated cubic cell whose size followed
exactly the experimental density of the liquid [7, 24] at the
desired temperatures. The electronic structure was described
within density functional theory (DFT) and evolved self-
consistently during the motion [25]. A generalized gradient
approximation was used, based on the exchange-correlation
energy obtained by Perdew, Burke, and Ernzerhof [25].
Valence electrons have been treated explicitly, in conjunc-
tion with Trouiller—Martins norm conserving pseudopoten-
tials. The wave functions have been expanded at the I"point
of the supercell on a plane wave basis set with an energy
cutoff E.=20Ry. In the FPMD simulation, a fictitious
electron mass of 200 a.u. (i.e., in units of mea% where m, is the
electron mass and ay is the Bohr radius), and a time step of
Ar=0.12fs have 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 [25].

The two systems (GeTe4 and SiTe,) have been cooled
from 2000 K (starting random configuration) down to 450 K
(obtained structure in Fig. 1) at an approximate cooling rate
of 10Kps™', corresponding to temperature intervals of
AT=200K at which trajectories of about 25 ps have been
accumulated. On the overall, this corresponds to a cooling
time of about 250 ps. At 450 K, the SiTe, atomic positions
(properly rescaled) have been used as starting configuration
for a GeTe, system which has been relaxed at 450K over
25 ps. Ultimately, the system had a total energy which was
lower by 0.088 eV atom ' as compared to the melt-quenched
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GeTey. Details on the structure of liquid and amorphous
SiTe, will be reported elsewhere. In the following, we
compare various properties calculated from this relaxed
structure (termed Tetra hereafter) with those obtained for the
ordinary melt-quenched GeTe, (termed Octa hereafter).

DFT NMR calculations were carried out with
Quantum Espresso [26] using the Gauge-Including Projected
Augmented Wave (GIPAW) method [27] with a single
Baldereschi point (and the same DFT functional and norm-
conserving pseudopotentials employed during the melt-
quench procedure). GIPAW outputs were processed using
the fpNMR software in order to perform the simulations of
the NMR spectra, as described in Ref. [28]. The calculations
have been performed using the 25 ps relaxed configurations.
Only 125Te (I=1/2) wideline NMR results are reported,
considering that experimental data have been reported
recently [29]. The calculated 125Te NMR chemical shifts
are reported with respect to crystalline GeTe (calculated
isotropic chemical was fixed at —4000 ppm), following
standard procedure described in Ref. [28].

3 Results In Fig. 2, we show the comparison between
the calculated structure factor St(k) of the two GeTey
systems (Tetra and Octa) and the experimental counterpart
[10, 30]. At a global level, the Tetra system leads to a clear
improvement in the shape of St (k) for all wavevectors. We
find not only an improved agreement in the low wavevector
region (k~1 A~"), but also for all the main peaks located at
2.1,3.3,and 5.1 A*I, the main peak at 2.1 Al being, in fact,
overestimated in the Octa system. Finally, one can notice
that the width of the peaks is also substantially improved
when one increases the fraction of tetrahedral Ge. We
acknowledge the improved reproduction of the high-k tail of
the secondary peak at 3.3 A~!, butalso an increased accuracy
for the region between 3.8 and 5 A~!. For the high wavector
region, an increased agreement is also obtained, under-
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Figure 2 (online colorat: www.pss-b.com) Total neutron structure
factor St(k) of Octa- or Tetra-GeTe, (red curves), compared to
available experimental data in the liquid (700 K, solid line [30]) and
in the amorphous phase (broken line) [10].
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scoring that the local structure may also be improved, as
discussed below.

Figure 2 represents the first piece of evidence that an
increased fraction of tetrahedral germanium concurs to
improve the long-range behavior, while the changes induced
in the short-range range behavior are smaller. An analysis of
the Faber—Ziman partial structure factors (not shown)
indicates that most changes are found in Sgete(k), while the
two other partials Sgege(k) and Stere(k) are almost 1dentlcal
In particular, the difference observed in the region 3.8-5 At
between the Tetra and the Octa system (Fig. 2) are also
recovered in Sgete(k) Which signals that the disagreement
between the structure of an Octa system and experimental
data at this lengthscale arises from the Ge—Te correlations.

The total pair distribution function of the Tetra and Octa
system are shown in Fig. 3, and compared to experimental
data [10, 30]. First, it should be remarked that the Tetra
system leads, in fact, to shorter bonds as compared to the
Octa GeTey, a result is not only a consequence of the initial
Si—Si and Si-Te distances (Fig. 1) which are shorter (and
the box size of SiTe4 which is larger), but also a result of
the presence of the majority of tetrahedral motifs which are
found to display shorter Ge-Te bond distances than the
Ge-Te in defective octahedra obtained in melt-quenched
amorphous phases [13]. The low-r side of the principal
peak (PP) located at 2.72 A [10, 30] is better reproduced and
arises from several contributions: homopolar Ge-Ge and
Te-Te bonds found at d}., = 2.45 A and dhore = 2. 934,
respectlvely, and heteropolar Ge-Te bonds calculated at
dGeTe = 2.64 A (Table 1). The overestimate of drore =2.93 A
is one of the salient features of the PBE pseudopotential for
Te [32] which leads to a contribution on the high-r side of
the PP. We notice that the obtained bond distances are close
to those obtained from a DFT simulation of as-deposited
GST (d(l}eTe =2.69 A) where tetrahedral Ge dominates [33].
The system obtained in a tetrahedral geometry is found to
display an increased structuration, reminiscent of the initial
SiTe, system, as seen from the more pronounced minimum
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Figure 3 (online color at: www.pss-b.com) Total pair distribution
function g(r) of Octa- (red) or Tetra-GeTe, (blue), compared to
experimental results (700 K (circles) [30]; 300 K (squares) [10]).
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Table 1 Calculated position (in A, +0.03 A) of the first peak d; !
(bond distance) and second peak d2 of the pdfs in GeTe,, having a
majority of tetrahedral or octahedral Ge.

octa tetra exp.

dlece 2.56 2.45

e 3.85 3.72

dre 2.74 2.64 2.62 [31]
2.63 [10]

ore 4.38 4.14

dore 3.05 2.93 2.82 [31]

e 4.14 3.98

found at 3.4 A. In addition, simulation shows that Ge has a
well-defined range of bond-distances and a gap before non-
bonding distances, a situation thatis clearly met in the observed
experimental pair distribution function [10] in Te-rich Ge-Te
binary glasses (here at 3 A, see Fig. 3).

From the partials, we extract the corresponding coordina-
tion numbers (at the minimum ry, of the pdfs) which are equal
t0 NGege(rm =2.87 A) =0.32, nree(rm =340 A) =1.12 and
NGere =448, and npere(rm=3.51A)=3.01 for the Octa
system. This leads to coordination numbers equal to ng, = 4.8
4.8 and np.=4.13, a result which exceeds by far what is
expected from experiments [31, 35]. Note that usually an
arbitrary (lower) cut-off distance is chosen for all pairs
(typically 3. 2A) which brings results closer [17] to exper-
imental findings. For the Tetra system, one obtains
NGeGe(rm = 2.86 A) = 0.85, NTeGe(ln = 3.14 A)=080 and
NGete = 3.2, and nyere(rm = 3.27 A) =2.08 which leads to

Ge =4.05 and ny.=2.88, in closer agreement with results
from other MD studies but different from those obtained from
X-ray absorption (n. =2.0 £ 0.1 [31]).

The study of the local topology of both systems (Table 2)
shows that the Tetra system contains a larger amount of
fourfold Ge atoms (87%) while defect Ge™" and Ge" appear
in higher fractions in a melt quenched GeTe,, leaving only
58% of Ge'. An increased fraction of twofold Te atoms is
also obtained, consistently with the estimation from the pair
distribution functions performed above.

In addition, we compute the departure from pure
chemical order. For a perfect chemical network, all Ge

Table 2 Nearest neighbor analysis and average number of neigh-
bors of Ge (3,4,5) and Te (1, 2, 3) at 3A (in %), together with an
estimate of the departure from a chemically ordered network (AA,
AB, BB, see text for details). Comparison with GeSe, [34].

1 2 3 4 5 AA AB BB
octa Ge 5 25 58 12 24 50 26
Te 34 54 12
tetra Ge 5 87 8 27 50 23
Te 31 60 9
GeSey 26 47 23

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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= index. Figure 5 shows the computed IR spectra o(w)n(w)

’§ 60 for both systems, compared to experimental data from

S 10 Maurugeon et al. [39]. Clearly, the Tetra model reproduces

& the main absorption band found at 780 cm ™!, whereas it is

3 20 completely absent for the Octa system which shows a main

= peak at a somewhat higher frequency (1081cm™"), and
0 . P R AR does not show any marked absorption frequency at the
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Figure 4 (online color at: www.pss-b.com) Electronic density of
states of the Octa (red) or Tetra (black) GeTey.

atoms are indeed connected by Te, dimers. We concentrate
on the twofold atoms only (54% in Octa and 60% in the
Tetra) and compute for these the probability of having either
two Te neighbors (BB motif, at least Ge-Te-Te-Te-Ge,
see Ref. [34]), either one Ge and one Te neighbor (AB
motif, Ge-Te-Te-Ge) and two Ge neighbors (BB motif,
Ge-Te-Ge, representative of the GeTe, stochiometry). In a
chemically ordered system, one expects the fractions of AA,
BB, and AB connections to be 0, 0, and 100%, respectively.
Table 2 shows results for both Tetra and Octa systems which
display nearly the same departure from a chemically ordered
network with a close fraction of 25:50:25. Furthermore, one
sees that these fractions are also close to those found for lighter
chalcogenides such as GeSe, [34]. One therefore concludes
that the connectivity of GeTe, involving the twofold Te atoms
resembles very much to the one found in the selenide
analogue, this conclusion being valid for both models.

4 Electronic structure Figure 4 shows the electronic
density of states (EDOS) of the Tetra and Octa systems.
While the global EDOS profile remains the same with two
s-bands between —14 and —6.2 eV, well separated from the
valence p-band structure, one finds an increased pseudo-gap
at the Fermi energy in the Tetra system. The latter shows in
fact a marked minimum which is much more pronounced as
compared to the Octa system. The width of this pseudo-gap
(determined from the EDOS decrease to the minimum at the
Fermi energy) is found to be 0.83 and 0.89 eV for the Octa
and the Tetra system, respectively, to be compared to the
experimental value of 0.86—093 eV measured in amorphous
GeTe, [36].

5 Infrared spectra An additional means that can be
used to discriminate between the Octa and the Tetra model is
provided by the calculation of the infrared vibrational
properties. During the DFT calculation, the total dipole
moment M(t) can be directly calculated [37] and contributes
via the Fourier transform of the dipole—dipole autocorrela-
tion function to the IR absorption spectrum using the
maximum entropy inversion method [38]:

a(w) = %’m /0 S e MOM©O)dr, (1)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

experimentally observed one. A vibrational analysis of an
isolated GeTe,,, tetrahedron shows that the low frequencies
(contributions at w =112, 150, and 170 cmfl) are associ-
ated with symetric and antisymetric bending, and symetric
stretching Ge-Te modes, respectively. The present results
validate from the vibrational analysis the possibility of
an increased fraction of tetrahedral germanium in GeTe,.
However, one should keep in mind that the reproduction of
such spectra is highly model sensitive [40].

6 '**Te wideline NMR spectra We finally present a
first NMR calculation of the Tetra and Octa GeTe,. On the
one hand, '*Te NMR has been recently clearly established
as a promising technique to study the short-range order in
tellurides [29, 31, 41]. One the other hand, calculations of
NMR interactions in solids with the GIPAW method are now
well established [42]. The combination of both approaches
(now generally referred to as first-principles NMR, f{pNMR)
offer therefore unique novel opportunities to provide new
insights into the structure of these materials. Detailed
fpNMR analysis of the present models is out of the scope
of the present work, but we present preliminary results
showing how the two studied models differ in their NMR
spectral signature.

Although it has been found that both Octa and Tetra
systems were displaying to some extent similar structural
correlations through the g(r) or S(k) functions, it appears
clearly from Fig. 6 that NMR is able to discriminate between

E T 0,7
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=] :\\ 8
e} F\ c
= 0.4 — \ ©
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3k g
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Figure 5 (online color at: www.pss-b.com) Computed infrared
absorption (IR) spectra (rescaled) of GeTe, for the Tetra (broken
red curve) and Octa model (broken black curve), compared to
experimental IR absorbance data (solid line, right axis) [39]. Note
that the steep decrease in the experimental spectrum at ~550 cm ™'
arises from a strong increase of the measured transmission

coefficient T, T being nearly zero for w < 500 cm ™.
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Figure 6 (online color at: www.pss-b.com) Top: Simulated '*Te
wideline NMR spectra (red curve) of c-GeTe compared to the
corresponding experimental analogue (black), together with the
experimental spectra of amorphous GeTe, [29]. Bottom: Simulated
'2>Te wideline NMR spectra of the Octa (red) and Tetra system
(black), and crystalline GeTe (same as top). Left inset shows typical
wideline NMR lineshape for a single site, as induced by chemical
shift anistoropy (CSA). Right inset shows the distribution of iso-
tropic chemical shift for both models.

the two dominant environments, tetrahedral or octahedral.
Indeed, while the anisotropy of the chemical shifts appears
to be substantially overestimated for both, with a peak
maximum at 4100 and —2000ppm for the Tetra and
Octa systems, respectively (to be compared with the one
found experimentally at 800 ppm [29]), one finds that the
dispersion of the chemical shift is much more pronounced
in the Octa system. In wideline NMR, width of the lines is
both reflective of the anisotropy of the chemical shift (CSA)
and dispersion of the isotropic chemical shift §;5, and
CSA values, as induced by the structural disorder (insets of
Fig. 6). From a NMR point of view, the Tetra model seems
to be more ordered and somewhat in better agreement
with the experimental data. Because of the contribution of
distribution of both §;s, and CSA, use of more advanced
techniques in future as described in Ref. [43] will clearly
provide better insight into experimental data.

Nonetheless, the significant discrepancy between simu-
lated and experimental data deserves some comment. The
origin of this important difference cannot only arise from
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temperature effects (here 450 K) which usually broaden the
NMR peaks [42]. Given the high sensitivity of NMR to
fine structural variations (such as bond angle distribution and
interatomic distances), this could also simply result from
the structural models themselves. It would therefore be
interesting to compare the method with other reference
composition including, e.g., other elements such as As or Sb
[29]. Work in this direction is in progress.

Another possible origin is the fact that we compute only
the chemical shift interactions. If both systems exhibit some
metallic properties (as shown from the presence of a pseudo-
gap in Fig. 4), then Knight shift contribution would have to
be incorporated (but presently no code implemented in this
calculations).

7 Summary and conclusions In the present contri-
bution, we have investigated some of the structural,
vibrational, and electronic properties of two possible models
of GeTe,: a system with a majority of octahedral Ge obtained
after a standard melt-quench, and a GeTe, generated from a
relaxation of the isochemical SiTe, containing only tetra-
hedra. Results show that for the latter an increased agreement
on structure and IR absorption is obtained when compared to
experimental data. The local topology shows an increased
fraction of defect coordinations (three and fivefold) in the
octahedral GeTe, whereas the number of twofold Te is
increased in the SiTe, based system. On the contrary, the
connectedness of the network does not seem to be sensitive to
the local geometry as departure from chemical order (i.e.,
100% Ge-Te-Te—Ge) is found to be very similar, and also
close to the parent system GeSe4. An preliminary analysis of
the NMR spectra shows that an increased computational
effortis clearly needed to simulate properly the experimental
spectra, although the tetrahedral system already displays
the standard features of the experimental NMR spectrum.
These results indicate that NMR is a promising technique for
the investigation of PCMs [41].

On a more general ground, the present numerical study
shows, again, that an amorphous system obtained from a
Molecular Dynamics simulation represents only an ultrafast
quenched high-temperature liquid. In covalent chalcogen-
ides, it is known that such liquids contain a large number of
mis-coordinated atoms and defect geometries [44] which
are frozen down to low temperature due, in part, to the
minuscule relaxation. In the covalent or semi-metallic
tellurides, such effects seem to be even enhanced. These
are well-known flaws of the technique, and one is therefore
left with alternative strategies for the investigation of
systems having no rigid geometries such as the one induced
by sp” hybridization.
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