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Phase change or Ovonic memory technology has gained much interest in the past decade as a viable solution
for the rapid increase in the demand for memory storage. Thisunique technology, first proposed by S. Ovshinsky
in 1968, is based on storing information on crystalline and amorphous phases of a material. Most common
phase change materials (PCMs) use chalcogenide alloys suchas the Ge2Sb2Te5 (GST225). However, while
the structure of its crystalline phase is relatively well characterized as consisting of a rhombohedrally distorted
rock-salt lattice, the corresponding amorphous phase remains still poorly understood. Here, we show that119Sn
Mössbauer spectroscopy and angular constraint counting ofsimulated structures can provide a quantitative
measure of sp3 tetrahedral fraction of Ge opr Si cation in amorphous phase change binary tellurides GexTe1−x
and SixTe1−x. This represents the first quantitative estimate of such local structures, and reveals the fraction to
be nearly 50 %, and to evolve with fractionx of the Group IV cation.
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Phase change phenomenon involves a transition between
a crystalline conducting state and an amorphous semi-
conducting one [1, 2], with attendant changes in electronic
density of states and band gap. It has, therefore, been rec-
ognized that typical structural motifs (tetrahedra, octahedra)
should play an important role in phase switching phenomena
because of a change in nature of chemical bonding reflected
by different electronic orbitals. The sp3 hybridized tetrahedra,
typical of covalent semiconductors, involves for instanceonly
s electrons whereas an octahedral (s,p) bonding facilitatecon-
duction. The local structure of such phase-change tellurides
has been revealed from extended x-ray absorption fine struc-
ture (EXAFS) experiments [3, 4], and one has found that Ge
atoms actually switch from a 6-fold octahedral coordination in
the crystalline phase to a 4-fold coordination in an amorphous
one.

The nature of this 4-fold Ge, whether a pyramidal (i.e.
"defect-octahedral", DO) or a tetrahedral (T) unit, and its frac-
tion, has been debated, and still remains unresolved. In ad-
dition, some conclusions based on EXAFS [5] and Reverse
Monte Carlo simulations [6] have contradicted each other
[3, 4]. This may simply result from uncontrolled sample pro-
cessing [7] or deposition methods [8, 9] which can dramat-
ically affect the physical behavior including the local struc-
ture. First Principles Molecular Dynamics (FPMD) simula-
tions have been used to provide additional information [10–
13] on the atomic coordination and geometry, and these have
shown that the Te-coordination is larger than 2, whereas most
of Ge is 4-fold with a finite fraction being sp3 tetrahedral.
However, the way this fraction is computed remains largely
qualitative. Akola and Jones [10] assign tetrahedral charac-
ter if all Ge-centred bond angles are greater than 100o but this

must obviously give rise to some uncertainties given that bond
angles involved in the two geometries (DO and T, 90o and
109o) are close, and display distributions leading to a possible
overlap. Alternatively, Raty and co-workers [11] used a bond-
length argument in Ge1Sb2Te4, remarking that the fourth-
neighbor distribution of a Ge atom is bimodal, depending on
wether it is three- or four-fold (tetrahedrally) coordinated. Fi-
nally, Caravati et al. [13] calculate a local order orientational
order parameter distribution that reveals tetrahedral character
[14] but the integration of this distribution that yields the esti-
mate depends unfortunately on the integration boundaries.

Fingerprints of tetrahedral geometries have also been re-
cently provided using either simulated Raman spectra [15] or
X-ray Absorption Near Edge Structure spectroscopy [16] but
the question of finding an explicit signature, and a quantitative
measure of sp3 tetrahedral Ge as a function of thermodynamic
conditions (e.g. composition) in phase-change telluridesre-
mains a largely open issue.

In the present Letter we address thecentral question of
the nature of structural motifs and chemical bonding by in-
vestigating two binary amorphous tellurides, GexTe1−x and
SixTe1−x with x ≤20%. We propose two new methods in
the context of phase change materials, an experimental and a
theoretical one, that can determine without ambiguity the na-
ture of the local structures (different geometry), their fraction,
and their evolution under moderate compositional changes in
the amorphous phase. Compared to previous experimental
and theoretical studies, the present results mark compelling
progress in the characterization of the topology of phase-
change materials given that, ultimately, it is the signature of
local structures and their fraction that controls functionality.
We find that at low Ge and Si content (x=14-15%), both Si-Te



Figure 1:119Sn Mössbauer spectra of amorphous GexTe1−x (a) and
SixTe1−x at selected compositions. According to reference com-
pounds, spectra can be deconvoluted into two sites T, tetrahedral
(red), and DO (pyramidal, blue), the latter being schematically rep-
resented by an octahedral site with two vacancies.

and Ge-Te binary are dominated by sp3 tetrahedral fractions
in the 55-70% range. However, with only a slight increase of
x=18%, in the Ge-Te binary, the sp3 tetrahedral fraction dra-
matically lowers to near 42% with Ge atoms predominantly
found in an octahedral geometry. On the other hand, in the
Si-Te binary, the sp3 tetrahedral fraction displays the oppo-
site behavior, and increases up to≃ 92 % forx=20 %. These
estimates established from a direct measurement (Mössbauer
spectroscopy), and qualitatively recovered from the simula-
tion, unravels the central role played by sp3 tetrahedral motifs
and provides, given the abundance of such structural motifs,
support to phenomenological models of the phase change phe-
nomenon [3]. Taken together, these results allow reconsider-
ing in a rather deep and quantitative fashion the local structure
of amorphous tellurides, while also revealing important impli-
cations for the phase change mechanism itself.

We rely on119Sn Mössbauer spectroscopy that allows for a
detection of local structuresvia the nuclear hyperfine structure
[17] (δ-isomer shift, and∆-quadrupole splitting), and leads
to a direct observation of site geometry. For the theory part,
we use First Principles Molecular Dynamics (FPMD) simula-
tions. Details on the experiments and on the obtained struc-
tural properties of the amorphous telluride models, can be
found in the supplementary material section.

We first focus on the experimental signature. The local en-
vironment of Ge and Si has been probed using a novel char-
acterization technique in the context of phase change materi-
als - 119Sn Mössbauer spectroscopy [17]. One dopes traces
(≃1 wt%) of 119Sn by reacting nearly 100 % isotopically en-
riched pure elemental Sn in the glass of interest. In trace
amounts,isovalentSn will replace Si and Ge local environ-

Table I: Experimentally measured (Expt.) and calculated (Simul.)
fractionηT (in %) of tetrahedral sites in amorphous Ge-Te and Si-Te
with changing content.

Ge10Te90 Ge15Te85 Ge17Te83 Ge18Te82 Ge20Te80

Expt. 57.0±1.1 57.9±1.2 41.6±0.8

Simul. 62.3±3.4 65.4±2.0 54.6±1.6

Si14Te86 Si16Te84 Si18Te82 Si20Te80

Expt. 69.9±1.4 73.6±1.5 74.2±1.5

Simul. 87.3±2.9 91.8±2.8

ments in the network, and reproduce the Group IV atom
local geometry and chemical bonding. When Sn is in a
sp3-tetrahedral bonded state as a dilute substituent in c-Si,
one observes a narrow Mössbauer resonance (Γ=0.80 mm/s
to be compared with the Heisenberg principle determined
natural linewidth of 0.69) with unique chemical shift of
δ=1.65±0.02 mm/s with respect to Sn4+ (see spectra in Suppl.
Material), this shift being characteristic of tetrahedrally co-
ordinated Sn. Similarly, the Sn2+ oxidation state is found in
crystalline SnTe which has an octahedral geometry as in GeTe
[2], as revealed by a Mössbauer resonance at an isomer shift
of δ=3.33±0.02 mm/s. Furthermore, since there are no vacan-
cies in this perfect rocksalt-type structure of two Sn- and Te-
sublattices, no quadrupole splitting is observed [17] which in-
dicates presence of a octahedral coordination, i.e. the absence
of vacancies in the immediate environnement of Sn.

Figure1 shows the Mössbauer spectra of 2 selected compo-
sitions in each telluride system, and these can be deconvoluted
into a singlet (red curve) with isomer shiftδT ≃ 1.92(2) to
1.98(2) mm/s range, and a doublet (blue curve) with an isomer
shift, δDO ≃ 3.17(2) to 3.24(2) mm/s range, and a quadrupole
splitting of ∆ ≃0.73(3) to 1.08(3) mm/s range, but with ob-
served linewidths,Γ ≃0.94(3) to 1.07 mm/s suggestive of
rather well defined local environments. The minimum observ-
able natural (uncertainty principle) linewidth is 0.69 mm/s.
The singletδT close to the chemical shift of c-Si, is a clear
indication of the presence of tetrahedral (T) coordinationand
sp3 bonding, similar to what is observed in corresponding se-
lenides [18]. The resonance doublet centred atδDO highlights
the presence of Sn in octahedral sites. In contrast with a single
resonance peak found in c-SnTe, in the amorphous phases one
observes an electric field gradient responsible for the doublet
∆, which arises from the fact that Sn is in adefectoctahedral
configuration given that a majority of Ge is four-fold coordi-
nated (see below, and Ref. [19]). Once the integrated area of
T and DO resonances is calculated, one obtains the fraction
of T and DO local structures, and the fractionηT of tetrahe-
dra (TableI). The two binary tellurides actually display quite
different behavior. In the Ge-Te, the DO-pyramidal geome-
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Figure 2: (Color online) a) Calculated total pair correlation function
g(r) of Ge15Te85, Ge20Te80, Si14Te86 and Si20Te80, compared to the
corresponding experimental function from neutron diffraction (red,
[19]). The green curve corresponds to a simulation that does not
take into account the correction due to dispersion forces [20]. b)
Simulated Te-X-Te (X=Ge,Si) bond angle distribution in amorphous
Ge15Te85, Ge20Te80, Si14Te86 and Si20Te80. The broken vertical line
corresponds to the angle of 109o.

try, while representing minority sites atx=15%, grows rapidly
with increasingx and becomes the dominant motif close to
Ge20Te80. This behavior is in sharp contrast to the case of
the Si-based analogue, which displays already a large fraction
of T sites at low (14%) Si content (69.9%), and with grow-
ing x, this fraction increases mildly to 74.2% at Si18Te82. The
opposite trends between Ge-Te and Si-Te alloys can be re-
lated to the known crystalline polymorphs (GeTe and Si2Te3)
that dominate the local structure at higher modifier content,
and which display for the Group IV atom an octahedral and a
tetrahedral environment, respectively [21, 22].

The present findings onηT (x) are actually qualitatively con-
sistent with those determined from models of amorphous Ge-
Te and Si-Te using our FPMD simulations, which reproduce
quite accurately the structure [19] in real space (Fig.2a), and
lead to coordination numbers rGe=4.16, rSi=3.97, and rSi=3.99
for Ge20Te80, Si14Te86 and Si20Te80, respectively.

The bond angle distribution around Ge and Si (Te-Ge-
Te and Te-Si-Te) already shows the difference in geometry
between the two systems (Fig.2b) because Si14Te86 and
Si20Te80 display a distinct peak at 109o in the Te-Si-Te bond
angle distribution, indicative of the tetrahedral geometry. Both
Ge15Te85 and Ge20Te80 have their bond angle distribution
shifted to lower angles (95-100o), together with a small contri-
bution at 160o, which indicate a predominantly DO geometry
for Ge. As already noticed before [10, 11], these "global"
bond angle distributions do not permit accessing the precise
population of tetrahedra.

To detect and calculate quantitatively their population, we
use algorithms that enumerate angular topological constraints
[23], but in contrast with a previous work [24], we do not per-
form an initial search of tetrahedral units using a bond length
argument [11], and fully rely on angular excursions that are
computed on-the-fly. We follow individually over the simu-
lation trajectory the Na=N(N-1)/2 angles defined by a set of
N first neighbors around a central Ge or Si atom (in the fol-
lowing, we choose N=6). Over the simulated trajectory (i.e.
with time), these individual angles define a partial bond angle
distribution out of which a mean̄θ and a standard deviation
σθ can be computed foreachGe/Si atom of the system. If the
number of low standard deviationsσθ around an atom is six,
a tetrahedron is identified because this geometry is defined
by six rigid angles [10] that give rise to corresponding low
standard deviations (Fig.3a). In this respect, this dichotomic
selection rule differs from previous methods that relie on con-
tinuous structural parameters. Averages over the system then
leads to a precise fractionηT of Ge or Si tetrahedra that com-
pares favourably to the experimental estimate (TableI). Once
the six angular excursions are identified, Figure3b shows in-
deed that the associated system-averaged mean angle is equal
to 〈θ̄〉 ≃ 109o (blue arrows), and a corresponding bond angle
distribution (Fig. 3c) peaks at 109o. Both Si-Te and Ge-Te
systems display a similar distribution, the latter being iden-
tical to the corresponding Se-Ge-Se distribution [23] in the
isochemical Ge20Se80 whereηT=100%. The similarity be-
tween the Si- and Ge-based bond angular distribution of T-
sites is also consistent with the identical isomer shiftδT found
in Mössbauer spectroscopy (Fig.1a and b) for GexTe1−x and
SixTe1−x (red)

The remaining non-tetrahedral (nT) Ge and Si geometry
can now also be characterized. In Ge20Te80, only three an-
gles are found to have small angular excursions (σθ ≃ 10-17o,
red bars/angles for1Ge2(n=1),1Ge3(n=2) and2Ge3(n=6), Fig.
3a), and are associated with the first three neighbors of Ge at
distances of about 2.69±0.07Å, and with angles found at̄θ ≃
98o (red arrows, Fig.3b). This defines a pyramid with a trian-
gular basis having the Te-Te bonds as edges, and a Ge at the
remaining vertex, similar to the pyramidal geometry found in
As2Se3 for which 3 rigid angles are obtained [25]. This leads
to a similar bond angle distribution (orange curve, Fig.3c).
However, in the first coordination shell a fourth neighbor (Te)
is found at a slightly larger distance (2.96 Å), and the associ-
ated angles (1Ge4(n=3), 2Ge4(n=7) and3Ge4(n=10)) exhibit
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Figure 3: a) Standard deviation〈σθ〉 for arbitrary angle numbers n
(0<n<Na=15) around Ge atoms in amorphous Ge20Te80 split into
two categories: Ge atoms having 6 lowσθ’s (blue), and Ge atoms
having not such sixσθ’s (red). The arrows indicate the relevant an-
gleskGem(n) serving for the discussion. Herem andk < m are the
Te neighbors, and labelled according to their distance withrespect to
the central Ge atom. b) Corresponding Ge-centred angles〈θ̄〉. The
broken lines correspond to the Ge15Te85 compound. Colored arrows
indicate angles which can be considered as rigid (because ofpanel
a) and which serve to cross-check the angles (≃109o or ≃98o) of
the local geometries. c) Bond angle distribution of identified tetra-
hedral (T)/non-tetrahedral (nT) Ge and Si in Ge20Te80 (black) and
Si20Te80 (red). The green curve corresponds to the Se-Ge-Se bond
angle distribution in the isochemical Ge20Se80 [23], and the orange
curve corresponds to the simulated Se-As-Se bond angle distribution
of pyramidal As in amorphous As2Se3 [25].

much larger angular excursions (25-35o, red bars/angles 3,
7 and 10, Fig. 3a) indicating a much softer geometry with
corresponding angles found at 105-115o (Fig. 3b). We re-
cover similar results for the remaining Ge10Te90, Ge15Te85,
and Si14Te86.

Having established the fractionηT of such sp3 tetrahe-
dral structures, we then address the question of their oc-
curence with decreasing temperature for a selected composi-
tion (Ge20Te80). An investigation at different liquid tempera-
tures T (923 K, 823 K, 700 K) of Ge20Te80 shows that the the
fractionηT (T) does not follow the probabilityx4(T) of finding
a 4-fold Ge, the latter being found to increase with decreas-
ing temperature, and grows from 45 % at 923 K to 77 % at
300 K. We find indeed that tetrahedra represent minority sites
at 923 K (20 %) but then steadily increase down to room tem-
perature where they represents the dominant motif (54.6 %,
TableI).

Given the high content of tetrahedra for this compound
(Fig. 1a, and TableI), an immediate consequence of the
present findings is that changes in bonding and geometrical
motifs should definitely play an important role in the phase
change phenomenon. First, the conclusion traces back to a
proposed mechanism [3] for the crystal-amorphous transition,
related to the local switching (an "umbrella flip") of Ge atoms
from an octahedral to a tetrahedral environment. This pic-
ture has been challenged in the literature from FPMD simula-
tions disregarding dispersion forces but such simulations(as
the green curve in Fig.2) usually lead to a systematic overes-
timation of the Ge-Te bond lengths and Ge coordination num-
bers with respect to experiments [19]. They also lead to a
significantly higher fraction as we have calculatedηT=23.4 %
for Ge20Te80 that also manifest in a different shape for the to-
tal bond angle distribution (green curve, Fig.2b). Simulations
with dispersion corrections (black curve in Fig.2) exhibit an
increased agreement with experiments, and lead to reduced
bond lengths thus promoting an increased tetrahedral bond-
ing, a feature quite well established when bond lengths are
followed during a controlled tetrahedral to octahedral conver-
sion under pressure [26].

The determined bonding characteristics leads to even
broader consequences. With an average number of (s,p)
electrons usually larger than four, sp3 hybridization in phase
change materials seems unlikely at a first glance, as it should
lead to a similar octahedral structure for both the crystalline
and amorphous phases. Indeed, sp3 tetrahedral geometries
would involve occupied (but energetically unfavourable) sp3

anti-bonding states, and lead to the absence of resonance
bonding which seem to control [27] a certain number of elec-
tronic properties (e.g. contrast) for phase change applications.
This seems consistent with the fact that the ease of phase
switching is directly linked to small ionicity and a limitedde-
gree of hybridization [1], enabling resonance p-electron bond-
ing to prevail. However, given the obsered large number of
sp3 hybridization found in the present Ge-Te binary, one is
led to believe that only a fraction (1-ηT) of Ge atoms must
be involved in such p-bond driven phase-change mechanism.



While we cannot further comment on popular phase-change
alloys (e.g. GeTe or Ge2Sb2Te5) given our investigated com-
positions, because of a large fraction of Ge being in sp3 hy-
bridization, only select number of atoms must obviously be
subject to resonance bonding in order to drive the properties
of e.g. the Ge20Te80 compound which has been found to ex-
hibit [28] more promising switching temperatures (crystalliza-
tion/melting) when compared with GeTe or the GST225, indi-
cating that it may also be a competitive candidate for memory
applications.
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