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a b s t r a c t
Structural relaxation of amorphous phase-change-memory materials has been attributed to defect-state
annihilation from the band gap, leading to a time-dependent drift in the electrical resistance, which hinders the development of multi-level memory devices with increased data-storage density. In this computational study, homogeneous electric ﬁelds have been applied, by utilizing a Berry-phase approach with
hybrid-density-functional-theory simulations, to ascertain their effect on the atomic and electronic structures associated with the mid-gap states in models of the prototypical glassy phase-change material,
Ge2 Sb2 Te5 . Above a threshold value, electric ﬁelds remove spatially localized defects from the band gap
and transform them into delocalized conduction-band-edge electronic states. A lowering of the nearestneighbor coordination of Ge atoms in the local environment of the defect-host motif is observed, accompanied by a breaking of 4-fold rings. This engineered structural relaxation, through electric-ﬁeld tuning
of electronic and geometric properties in the amorphous phase, paves the way to the design of optimized
glasses.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
The future of energy-eﬃcient computing will increasingly move
from being computer-centric to being memory-centric. The rapid
development of big-data analytics and artiﬁcial intelligence demands a fundamental change in the current computing systems,
which are based on a von Neumann architecture; therefore, novel
data-storage and data-processing technologies are under intense
development nowadays [1,2]. The concept of storage-class memory
(SCM) has been put forward, based on emerging ultra-low-power,
non-volatile memory technologies, to bridge the gap of rapid access time between memories and data-storage systems [3].
Phase-change random-access memory (PCRAM) is a novel technology that is currently used in the OptaneTM SCM product, since
it features great scaling potential (down to a few nm), implemen-
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tation in 3D, reliability, low cost and simplicity [4]. In PCRAM
devices, non-volatile data storage is based on the metastable
structural phases of a chalcogenide memory material, with the
digital information being encoded through reversible and rapid
(‘phase-change’) transformations between a low-resistance crystalline phase (the “1-bit”) and a high-resistance glassy phase (the
“0-bit”) by the application of suitable electrical pulses [5]. Ge-Sb-Te
chalcogenide alloys display an ultra-fast (∼ ns) crystallization, that
is appropriate for PCRAM technology, and currently, the canonical
composition, Ge2 Sb2 Te5 (GST-225), is utilized as the core material
for PCRAM programming [6].
A spontaneous structural relaxation of the amorphous state
(“aging”) created via a melt-and-quench process is evident in all
types of glassy materials [7]. The timescale of this process varies
by several orders of magnitude among different glasses. In phasechange materials, it can take place rather quickly and it has been
identiﬁed as being a potential source of the undesirable timedependent increase in electrical resistance (“drift”) in PCRAM devices [8], which threatens the development of multi-level storage
in such non-volatile memories.
Upon structural relaxation, the amorphous (glassy) phase
evolves with time towards an energetically favorable glassy state
[9]. During this process, one would expect in-gap defect states
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to disappear gradually with time, in order to reduce the overall
free energy of the system, thus resulting in more energetically stable structures, and hence leading to an increase of the resistance
[10,11]. Experimental studies on glassy GeTe have indicated a shift
of the in-gap defects and band edges away from the Fermi level
upon structural relaxation, simply owing to a stretching of the density of states, which also leads to a movement of the Fermi level
nearer to mid-gap [12–14].
The annealing of coordination defects in amorphous phasechange materials is a very slow process, and, therefore, a complex
task to simulate. The structural relaxation of amorphous GeTe has
been studied by chemical substitution [15] and by metadynamics
[16]. These studies show that the relaxation of the glass breaks
Ge–Ge bonds, favoring three-fold coordinated Ge and Te atoms and
p-bonding type, while also an increase of the band gap of the
glass was observed. In another modeling study of amorphous GeTe,
replica-exchange molecular-dynamics simulations were employed,
together with ﬁrst-principles calculations [17]. The authors indicated a correlation between the structural relaxation (and hence
the resistance increase) and the annihilation of structural defects
responsible for localized electronic states, which occurs via a lowering of the Ge coordination and a series of collective rearrangements of the defect complexes [17,18].
Fantini et al. reported experimentally that resistance drift (and
hence structural relaxation) in the amorphous state of phasechange memory materials can be accelerated by the application
of an external electric ﬁeld to the memory cell [19]. In addition, a kinetic model that describes the amorphous network in
terms of many two-level systems with distributed activation energies was utilized to interpret their experimental measurements.
Then, their ﬁndings were explained by considering the energybarrier-lowering effect induced by the external bias on the ensemble of the two-level systems to lower the internal total energy of the system over time [19]. However, it should be noted
that such physical modeling does not account for the electronic
structure of the glassy material and the presence of defect-related
localized electronic states inside the band gap, as well as at the
band tails, which are known to be present in amorphous phasechange memory materials (and an intrinsic property of any disordered non-metallic material [20]), and which can affect resistance
drift [10,12,13].
In our recent work [21], using hybrid density-functional-theory
simulations, we identiﬁed and characterized the atomic (geometric) and electronic structures of the mid-gap electronic states in an
ensemble of 30 models of amorphous GST-225, generated using a
machine-learned, Gaussian Approximation Potential [22]. The calculations demonstrated that 5-coordinated Ge atoms are the dominant local defective bonding environments which are mostly responsible for hosting the mid-gap electronic states [21]. The analysis revealed that the mid-gap defect states are strongly spatially
localized on crystalline-like atomic fragments within the amorphous network, consisting of groups of high-coordination Ge atoms
and 4-fold ring structures [21]. It is noted that 4-fold rings have
been previously identiﬁed as an essential feature of the amorphous
structure of GST-225 [23,24].
We note that localized gap states (strictly) related to Ge–Ge
bonds, similar to those which have been identiﬁed in the binary
material, amorphous GeTe [15,16], are absent from our GST-225
amorphous models. This is probably due to the under-estimation
of the amount of homopolar bonds and the proportion of tetrahedral Ge environments in the GAP-generated glass structures compared with DFT-generated models [22]. Nevertheless, it is important to highlight that, even though GeTe is a material that is a parent phase of GST-225, it has a much simpler structure compared to
the complex atomic environments of the ternary GST-225 material,
which implies that the atomic geometries of the localized mid-gap

defect states in GST-225 might differ from those observed for the
relevant defects in amorphous GeTe. Moreover, the model structures generated with the GAP potential are not missing any of the
atomic environments believed to be present in amorphous GST225, and they can be indeed representative of the glass [21,22].
It is well established that structural relaxation of the glassy
phase involves the breaking of bonds and rearrangement of the
structure, which can be an extremely slow process. In this study,
we aim to achieve a fundamental understanding, at the atomistic
level, of the effect that an applied electric ﬁeld has on the spatial localization and atomic character of the mid-gap defect electronic states in glassy phase-change-memory materials. We utilize
a Berry-phase approach to include an external electric ﬁeld, combined with density-functional theory (DFT) calculations using nonlocal exchange-correlation functionals, in order to explore its effect
on the position of the in-gap states in the band gap, their degree of
spatial localization, and the local atomic environments which host
them.
In this way, we provide an accurate picture of the interplay between an electric ﬁeld and defect states in the band gap of the
glassy state of the GST-225 phase-change-memory material. We
demonstrate how an external electric ﬁeld can be used to engineer
defect annihilation in amorphous phase-change materials, and we
highlight this as an example of electric-ﬁeld tuning of electronic
behavior in glasses.
2. Computational details
An ensemble of 30 independent, amorphous 315-atom supercell GST-225 models was generated following a melt-and-quench
approach, by classical molecular-dynamics simulations employing
a machine-learned, Gaussian Approximation Potential for Ge-Sb-Te
materials [21]. The atomic geometry of the model glassy structures
was further optimized using DFT calculations, and the electronic
structure of the glassy models was calculated in order to identify
and characterize the mid-gap electronic states, and hence to obtain
a statistically signiﬁcant understanding about these defects present
in the band gap of the amorphous material. Details about these
simulations, the quality of the generated amorphous models and
the intrinsic nature of the mid-gap defect states can be found in
our previous work [21].
In this study, in order to simulate the effect of an external electric ﬁeld on the atomic geometry and electronic structure of amorphous GST-225, model structures that exhibit defect-related electronic states within the band gap were selected from the ensemble database. In particular, three glass model structures were examined in detail: M1 with a well-deﬁned mid-gap defect state, M2
with a shallow defect state, and M3 with two defect states within
the band gap.
The Berry-phase approach, within the modern theory of polarization [25–28], was employed to compute the effect of an applied
periodic electric ﬁeld on in-gap defect states in the GST-225 amorphous models. In order to study the impact of the intensity of the
external electric ﬁeld, seven different ﬁeld strengths were applied,
varying by intervals of 50 0 kV cm−1 , viz. 50 0, 10 0 0, 150 0, 20 0 0,
250 0, 30 0 0 and 350 0 kV cm−1 . The effect of the direction of the
polarization vector of the external electric ﬁeld was investigated
by applying two different intensities of electric ﬁelds (500 and
2500 kV cm−1 ) along seven different directions within the cubic
simulation cell containing the model amorphous network, namely
001, 010, 100, 110, 101, 011 and 111.
Density-functional theory (DFT), as implemented in the CP2K
code [29], was used to optimize the geometries of the amorphous GST-225 structures, under the application of an external
electric ﬁeld, and to calculate their electronic properties. The CP2K
code uses a mixed Gaussian basis set with an auxiliary plane2
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wave basis set to represent the electrons in the modeled system
[30]. Periodic-boundary conditions were enforced in all the calculations. All atomic species were represented using a double-ζ
valence-polarized (DZVP) Gaussian basis set [31], in conjunction
with the Goedecker-Teter-Hutter (GTH) pseudopotential [32]. The
plane-wave energy cut-off was set to 400 Ry. The atomic geometry
of the glass models, under the application of an external periodic
electric ﬁeld, was optimized, and the electronic structure was calculated by using the non-local PBE0 functional [33]. We note that
the amount of exact exchange and the cut-off radius of this hybrid functional can be adjusted to achieve an optimal accuracy for
the electronic structure of the particular system under study. In
this work, an amount of 25% for the Hartree-Fock exchange, with
a cut-off radius of 3 Å for the truncated Coulomb operator, were
employed. The inclusion of the Hartree-Fock exchange with this
speciﬁc parametrization provides a more accurate description of
the band gap and the localized defect states in our GST-225 glass
models [21,34]. The computational cost of hybrid-functional calculations was reduced by using the auxiliary density-matrix method
(ADMM) [35], as successfully employed in several previous modeling studies of amorphous materials [21,34,36,37].
The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was
applied in the geometry optimizations of the amorphous structures
in order to minimize the total energy of the modeled systems. The
BFGS corresponds to a local-search optimization algorithm, which
implies that, in this process, the geometry optimizer moves “downhill” on the potential-energy surface into the local minimum. The
convergence criterion for the forces on atoms of the current conﬁguration in an iteration step was 0.023 eV Å−1 , while the rootmean-square (RMS) force was required to be smaller than 2/3 of
the maximum force. Moreover, the change in the total energy of
the glass model between the ﬁnal optimized geometry and the
second-to-last iteration of the calculation was minimized to within
10−4 eV. A detailed description on the working principle of the
BFGS algorithm is given in the Supplementary Materials.

ligible (see top panel in Fig. 1(a)). In contrast, after the application
of the high electric ﬁeld, the Sb contribution becomes more significant for this electronic state, which now resides at the bottom of
the conduction band (see bottom panel in Fig. 1(a)).
The energy position of the Fermi level in the total electronic
densities of states of the GST-225 glass model M1, for all the different applied electric ﬁelds, is shown in Fig. 2(a). The Fermi level
lies deep in the band gap, between the mid-gap electronic state
and the valence-band maximum, in the original, zero-ﬁeld GST-225
amorphous model. It can be observed that the Fermi level moves
towards the conduction-band edge (higher-energy values) with increasing electric-ﬁeld intensity (as also shown in Fig. 2(b) where
the evolution of the Fermi level versus the intensity of the applied
electric ﬁeld is presented), but, at the same time, the HOMO-LUMO
band gap is slightly changing as well. After the application of a
2500 kV cm−1 electric ﬁeld, the mid-gap state has been removed
from the band gap of the glass, while the Fermi level now lies approximately in the middle of the band gap.
In order to highlight the signiﬁcance of atomic relaxation of
the amorphous model, due to the application of an electric ﬁeld,
on the shift of the mid-gap state to the bottom of the conduction band, a single-point, hybrid-DFT electronic-structure calculation was performed for the GST-225 model M1 by keeping the
atoms in the simulation box ﬁxed at the positions of the original,
zero-ﬁeld geometry, while applying a 2500 kV cm−1 electric ﬁeld
along the 111 direction. The total DOS before and after the application of the electric ﬁeld shows that the mid-gap state remains
intact at its energy level in the band gap of the glassy model (see
Fig. S1), indicating that the electric ﬁeld itself cannot induce the
relevant elimination of the defect state, as is shown in Fig. 1(a)
for the same model after the geometry optimization of the glass
structure under the application of the high external electric ﬁeld.
In order to determine whether the effect of an electric ﬁeld on
the electronic structure of amorphous GST-225, with respect to the
annihilation of mid-gap defect states, is permanent (at least from
the perspective of the static simulations presented herein), the geometry of the relaxed glass system after the application of the
electric ﬁeld was re-optimized, with a hybrid-DFT calculation, after
turning off the electric ﬁeld. The total DOS of the ﬁnal relaxed glass
structure M1 with the applied electric ﬁeld, and the subsequent
geometry relaxation without the electric ﬁeld, are shown in Fig.
S2(a). It is noteworthy that the action of the high external electric
ﬁeld causes an irreversible modiﬁcation in the electronic structure
of the glassy model, since no in-gap defect states re-appear after
cessation of the applied electric ﬁeld.
The same effect of an electric ﬁeld on the electronic structure of
amorphous GST-225 can be observed in the glassy model M3 with
two in-gap states, a mid-gap defect state and a shallower in-gap
electronic state, located at 0.35 eV and 0.15 eV, respectively, below
the bottom of the conduction band. The application of a 2500 kV
cm−1 electric ﬁeld eliminates both the gap electronic states, resulting in a “clean” band gap, as can be seen from a comparison between the top and bottom panels in Fig. 1(b).
The total DOS, for all the different intensities of the applied
electric ﬁeld for the three amorphous GST-225 models studied in
this work, are shown in Fig. S3. For applied external electric ﬁelds
with intensities up to 20 0 0 kV cm−1 , the in-gap electronic states
remain intact at their energy positions in the band gap of the glass.
For the glass model which exhibits only a shallow in-gap electronic
state (model M2), located at 0.17 eV below the bottom of the conduction band, an electric ﬁeld higher than 30 0 0 kV cm−1 was required to remove the defect state from the band gap.
We note that Zener breakdown, associated with the electricﬁeld-induced tunneling of electrons from the valence band to the
conduction band, should not occur in the simulations presented in
this study. The threshold Zener-breakdown voltage for the amor-

3. Results and discussion
3.1. Effect of an electric ﬁeld on the electronic structure
The effect of the intensity of the applied electric ﬁeld on
the mid-gap electronic states was investigated by applying ﬁeld
strengths ranging from 500 to 3500 kV cm−1 , in 500 kV cm−1 intervals, along the same body-diagonal direction, 111, within the
cubic supercells containing the model amorphous networks. Periodic spin-polarized hybrid-DFT calculations were employed to optimize the geometry of the glass structures, under the application
of an external electric ﬁeld, and to calculate their electronic structure.
The total and partial electronic densities of states (DOS, PDOS,
respectively) of the glass model M1, before and after the application of a high external electric ﬁeld, are shown in Fig. 1(a). The
electronic-structure calculations show a band gap of 0.6 eV for the
relaxed ground state, while the unoccupied mid-gap defect state
is located at 0.27 eV below the bottom of the conduction band.
In Fig. 1(a) (bottom panel), it can be observed that the application of a 2500 kV cm−1 electric ﬁeld eliminates the mid-gap defect
state from the electronic structure of the glass model, transforming
it into a conduction-band-minimum electronic state; this results
in a Kohn-Sham band gap of 0.66 eV, slightly larger than that of
the zero-ﬁeld glass structure. The calculated value of the band gap
agrees very well with the experimentally reported values for amorphous GST-225, ranging between 0.6 and 0.8 eV [38,39]. Before the
application of the electric ﬁeld, the mid-gap defect state is dominated by the contribution from Te-atom states, with a contribution
also from Ge-atom states, while the Sb contribution is almost neg3
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Fig. 1. Effect of an electric ﬁeld on the electronic structure of glassy GST-225. Total and partial electronic densities of states (DOS/PDOS) near the top of the valence band
and the bottom of the conduction band before and after the application of a 2500 kV cm-1 external electric ﬁeld along the 111 direction for: (a) a GST-225 model structure
with a mid-gap defect state in the band gap (model M1) and (b) a GST-225 model structure with two in-gap states in the band gap (model M3). In-gap defect states are
eliminated from the electronic structure of both glass models due to the electric-ﬁeld-induced atomic relaxations of the amorphous structures.

Fig. 2. Evolution of the Fermi level as a function of the applied electric ﬁeld. (a) Total electronic densities of states (DOS) near the top of the valence band and the bottom
of the conduction band for the GST-225 glass model M1, originally with a mid-gap defect state, after the application of periodic electric ﬁelds ranging from 500 to 2500 kV
cm-1 along the 111 direction. The position of the Fermi level in the band gap of the modeled system is indicated, in each case, with a colored dashed vertical line. (b)
Energy position of the Fermi level in the band gap of the glass model versus the intensity of the applied electric ﬁeld. The Fermi level moves towards the conduction-band
edge with increasing electric-ﬁeld intensity.

phous GST-225 models studied here, with a band-gap energy of ∼
0.6 eV, would be ∼ 2.4 V (VZ ∼ 4 Eg /e) [40]. The voltage across the
2.2 nm cubic simulation cell of the model glassy structures, corresponding to an observed typical threshold electric ﬁeld of 2500 kV
cm−1 , is 0.55 V, smaller even than the band-gap potential value itself. Moreover, Zener breakdown should not be involved in the observed ﬁeld-induced behavior of the mid-gap defect states, since
the electronic states that are eliminated from the band gap are unoccupied, so that there are no electrons in such levels able to tunnel to the conduction band.

band-edge electronic state. It has been established that the midgap defect states are strongly spatially localized in the glassy GST225 model structure [21]. In order to examine, quantitatively, the
effect of an applied external electric ﬁeld on the degree of spatial localization of the mid-gap electronic state, as well as of each
single-particle Kohn-Sham state in the electronic structure of the
amorphous model M1, the inverse participation ratio (IPR) was calculated for each value of electric-ﬁeld intensity, ranging from 0 to
2500 kV cm−1 . We note that this IPR method has been previously
widely used to characterize the localization of vibrational and electronic states in amorphous materials [41–44].
The IPR spectrum near the valence- and conduction-band edges
for the GST-225 glass model M1, before and after the application
of the 2500 kV cm−1 electric ﬁeld, is shown in the top panels of
Fig. 3(a) and 3(b), respectively. One can clearly observe that the
mid-gap defect state is fairly strongly localized, with an IPR value
of ∼ 0.05. The application of an above-threshold external electric

3.2. Effect of an electric ﬁeld on electron localization
In glass model M1, electric ﬁelds above a threshold intensity of
∼ 1500 kV cm−1 , viz. 2000 kV cm−1 and 2500 kV cm−1 , remove
the mid-gap electronic state from the band gap, as can be observed
in Figs. 1 and S3, essentially transforming it into a conduction4
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Fig. 3. Effect of an electric ﬁeld on electron localization. Top panels: Total electronic density of states (DOS–black solid line), near the top of the valence band and the bottom
of the conduction band of the amorphous GST-225 model M1: (a) before; and (b) after the application of a 2500 kV cm−1 external electric ﬁeld along the 111 direction.
The corresponding values of the inverse participation ratio (IPR) for the Kohn-Sham orbitals are highlighted with red spikes. Bottom panels: Molecular orbitals of the original
mid-gap defect state (left), and the corresponding electronic state shifted to the bottom of the conduction band after the application of the electric ﬁeld (right). The 2500 kV
cm−1 electric ﬁeld transforms the localized mid-gap defect state into a delocalized conduction-band-minimum electronic state. Ge atoms are blue, Sb are red, and Te are
yellow. The atomic bonds in the rest of the amorphous network are rendered in gray. The purple and blue isosurfaces, in both conﬁgurations, depict the molecular-orbitalwavefunction amplitude of the respective electronic state, and are plotted with isovalues of +0.015 and -0.015, respectively (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article).

ﬁeld reduces dramatically the spatial localization of the previously
mid-gap defect state, which now lies at the bottom of the conduction band, resulting in an IPR value of ∼0.02; essentially, it cannot
be considered as a localized defect state anymore. In addition, the
applied electric ﬁeld causes a decrease in the degree of localization of every electronic state near the tail of the conduction band,
resulting in a near-constant IPR value throughout the conduction
band, together with an almost linear conduction-band edge in the
DOS of the glass model, while a similar effect is also observed in
the valence band. Fig. S2(b) shows that the delocalization of the
electronic states at the band edges remains unchanged after cessation of the applied external electric ﬁeld.
The bottom panels of Fig. 3(a) and (b) show the molecular orbitals of the original, zero-ﬁeld mid-gap electronic state, and of
the translated electronic state at the bottom of the conduction
band after the application of an electric ﬁeld with an intensity of
2500 kV cm−1 , respectively. The strongly localized character of the
original mid-gap defect state has been lost, since the translated
conduction-band-edge electronic state becomes delocalized within
the amorphous network, clearly highlighting the marked effect of
above-threshold electric ﬁelds on the degree of spatial localization.
Clima et al. showed, using DFT simulations, combined with
a Berry-phase approach, that the application of a strong electric
ﬁeld results in wider conduction-/valence-band tails in amorphous
GeSe-based selector materials [45]. They argued that the applied
electric ﬁeld can lead to delocalization of tail- and mobility-gapstates, as well as to some sort of charge-carrier re-population [45].
The IPR spectra for applied sub-threshold electric ﬁelds, of intensities 50 0, 10 0 0, 150 0 and 20 0 0 kV cm−1 , for the glass model
M1, are shown in Fig. S4. It can be observed that, for values of
electric ﬁeld up to 20 0 0 kV cm−1 , the mid-gap defect state maintains its strongly localized character. It is interesting to highlight
that for the 20 0 0 kV cm−1 electric ﬁeld, even though the mid-gap
state has been moved to the bottom of the conduction band, the

IPR value indicates that it is still a rather localized electronic state,
suggesting that it corresponds to a defect state in the tail of the
conduction band.
The evolution of the IPR value of the electronic state, which was
originally a mid-gap state in glass model M1, versus the intensity
of the applied electric ﬁeld is presented in Fig. S5; it can be observed that the electronic state remains localized within the amorphous network for values of electric ﬁeld up to 20 0 0 kV cm−1 ,
whereas extensive delocalization of the electronic state is indicated
by the remarkable drop of the IPR value for the 2500 kV cm−1 applied external electric ﬁeld.
The signiﬁcant threshold electric-ﬁeld-induced delocalization of
the electronic states in the tail of the conduction (and valence)
band of the simulated amorphous GST-225 model could have implications related to the electrical conductivity of the glassy material. This observation resembles the model proposed by Lebedev and Rogachev to explain threshold switching in chalcogenide
glasses [46] (a breakdown in electronic resistance by three orders
of magnitude in amorphous GST-225, for instance [47]), wherein it
is presumed that an electric ﬁeld can decrease the energies of localized tail states in the band gap, and even destroy them if they
are shallow enough, except that we ﬁnd that high electric ﬁelds
can effectively eliminate and delocalize even mid-gap states, as
well as tail states. However, we note that such a correlation, at
the atomistic level, would require further (transport) calculations
in order to conﬁrm it.

3.3. Local atomic structure and delocalization
Structural modiﬁcations in the atomic geometries, that host localized mid-gap defect states eliminated due to an applied high
electric ﬁeld, can be highlighted through a direct visualization of
the relevant wavefunctions in the GST-225 glass models.
5
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Fig. 4. Correspondence of the atomic geometry and the degree of electron localization. Atomic structure and molecular orbital of: (a) The original mid-gap electronic state
in the band gap of the zero-ﬁeld glassy GST-225 model M1. (b) The electronic state after the application of a 20 0 0 kV cm−1 electric ﬁeld along the 111 direction. (c) The
electronic state after the application of a 2500 kV cm−1 electric ﬁeld along the 111 direction. The localization of the electronic state is correlated with the atomic geometry
that is acting as host, which can be inﬂuenced by the application of a suitable external electric ﬁeld. Ge atoms are blue, Sb are red, and Te are yellow. The bonds in the rest
of the amorphous network are rendered as sticks, colored according to the type of atoms involved in the bonding. The purple and blue isosurfaces, in every conﬁguration,
depict the molecular-orbital-wavefunction amplitude of the relevant electronic state, and are plotted with isovalues of +0.015 and -0.015, respectively (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

The molecular orbital of the mid-gap electronic state in glass
model M1, before the application of an electric ﬁeld, is shown
in the upper panel of Fig. 4(a). One 5-coordinated Ge atom and
one 6-coordinated Ge atom form the local atomic environment in
which the mid-gap defect state is localized in the amorphous network (lower panel). In addition, a Ge–Te–Ge–Te 4-fold ring contributes to the picture of the host structural motif for the midgap defect state. It is noted that these observed local environments
are in accordance with the previous ﬁndings from an ensemble of
thirty GST-225 model structures [21].
After the application of the 20 0 0 kV cm−1 external electric
ﬁeld, we observed that the mid-gap electronic state was removed
from the band gap and appeared at the bottom of the conduction
band. Nevertheless, the degree of spatial localization of the newly
formed electronic state remained very strong (Figs. S4 and S5).
The molecular orbital of the electronic state in this case, shown
in the upper panel of Fig. 4(b), reveals that the atomic geometry
that hosts the localized state has changed only slightly from the
atomic geometry of the original, zero-ﬁeld mid-gap defect state.
The initially 6-coordinated Ge atom becomes 5-coordinated, while
the other Ge atom, in the motif of the defect, maintains its 5-fold
coordination, and the 4-fold ring structure remains intact (lower
panel). This is an indication that, even though the high electric
ﬁeld removed the mid-gap defect from the band gap, the localization of the electronic state is strongly connected to the relevant
atomic geometry, and in particular to the local environment of the
5-coordinated Ge atoms and the 4-fold ring structure, distinctive
for the mid-gap electronic states in GST-225 [21].
A subsequent increase in the intensity of the applied electric
ﬁeld, viz. to 2500 kV cm−1 , leads to complete delocalization of
the conduction-band-edge state (Fig. S5). In order to examine how
this translates to any possible modiﬁcation of the atomic environment that was hosting the mid-gap defect, the wavefunction of
the molecular orbital for this case is shown in the upper panel of
Fig. 4(c). It can be clearly observed that the local atomic environments of the two Ge atoms that were involved in the localization
of the zero-ﬁeld, mid-gap defect state in glass model M1 have been
transformed, after the application of the 2500 kV cm−1 electric

ﬁeld, from being 5- and 6-coordinated to both being 4-coordinated,
while also one of the Ge–Te bonds in the original 4-fold ring is
broken (lower panel). In an extended view of the molecular orbital, it can be seen that the electronic state is no longer localized
on the initial atomic motif, but instead it is now delocalized in the
periodic cell of the GST-225 glass structure, involving several Sb
and Ge atoms with 3- and 4-coordinated local environments.
The correlation between the applied electric ﬁeld, the transformation of a mid-gap defect state to a conduction-band-edge state,
and the change in the degree of its localization and the atomic geometry which hosts the localized mid-gap electronic state, is also
found in the case of the GST-225 glass model M3. The original midgap defect state is localized on an atomic fragment that consists of
a small group of four Ge atoms, of which three are 5-coordinated
and one is 4-coordinated, as shown in Fig. S6(a). The application
of a 2500 kV cm−1 electric ﬁeld removes both the in-gap states
from the band gap, while the mid-gap defect now lies at the bottom of the conduction band. All of the previously 5-coordinated
Ge atoms in the structural motif of the electronic state become 4coordinated, while the previously 4-coordinated Ge atom becomes
3-coordinated, as can be seen in Fig. S6(b).
The ﬁeld-induced atomic displacements for the three component species (Ge, Sb and Te) were calculated in the glass model
M1 to investigate how changes in the atomic geometry correlate
with the transformation of a localized mid-gap defect state to a delocalized conduction-band-edge state under the application of the
2500 kV cm−1 external electric ﬁeld along the 111 direction. The
local atomic structure hosting the delocalized electronic state (after), which lies at the bottom of the conduction band, differs, on
average, from that hosting the localized mid-gap electronic state
(before) by 0.14 Å, 0.08 Å and 0.11 Å displacements of the Ge, Sb,
and Te atoms, respectively.
The individual displacements of all the 315 atoms in glass
model M1 are presented as a function of the distance of each atom
from the center of mass of the mid-gap defect state in Fig. 5(a),
and they provide information on the spatial range of displacements
of the atoms within the glass network due to the application of the
2500 kV cm−1 electric ﬁeld. Clearly, the atoms that experienced
6
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Fig. 5. Effect of an electric ﬁeld on the atomic displacements. (a) Atomic displacements for Ge, Sb and Te atoms in the relaxed amorphous GST-225 structure M1 after the
application of an electric ﬁeld (2500 kV cm−1 , 111 direction), as a function of the distance of each atom from the center-of-mass of the mid-gap defect. (b) Visualization
of the distribution of atomic displacements for all the 315 atoms in the glass model M1 after the application of the high electric ﬁeld. The color palette between blue and
red indicates the value of the atomic displacement and ranges from 0 to 1.1 Å. (c) Local environment of the two Ge atoms that correspond to the atomic motif that hosts
the localized mid-gap defect state of the glassy model M1 before the application of an electric ﬁeld (left) and the local environment of the same two Ge atoms after the
application of the 2500 kV cm−1 electric ﬁeld along the 111 direction (right). Ge atoms are blue and Te are yellow. Atoms that participate in the structural motif of the
defect experience large displacements after the application of the external electric ﬁeld (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article).

the largest displacements are those which take part in hosting the
electron localization of the original mid-gap defect. In addition, the
displacements of all the 315 atoms in the glass model M1 are plotted as a color map in Fig. 5(b), while Fig. 5(c) shows the atomic
geometry of the mid-gap defect before and after application of the
2500 kV cm−1 electric ﬁeld. The 6-coordinated Ge atom (denoted
as Ge1 ) that participated in the structural motif which hosted the
localized mid-gap electronic state experiences a displacement of
0.86 Å, which is signiﬁcantly larger than the average Ge displacement in the glass structure, while also the other, 5-coordinated,
Ge atom (denoted Ge2 ) undergoes a displacement of 0.34 Å, which
is also appreciably larger than the average value (0.14 Å). In addition, one of the tellurium atoms (denoted as Te6 ), which is initially
shared between the 5-coordinated (Ge2 ) and 6-coordinated (Ge1 )
germanium atoms and part of a 4-fold ring, experiences a displacement larger than 1 Å, associated with breaking one of the Ge–Te
bonds (Ge2 –Te6 ), and hence leading to a rupture of the Ge–Te–Ge–
Te ring. The displacements of all the atoms (three Ge and seven Te
atoms) that correspond to the geometry of the cluster hosting the
mid-gap defect can be seen in Table S1.
The application of a high electric ﬁeld results in the initially 6coordinated Ge1 atom becoming 4-coordinated by breaking two of
the bonds, Ge1 –Te1 and Ge1 –Te5 , while the initially 5-coordinated
Ge2 atom becomes 4-coordinated as well, by losing the Ge2 –Te6
bond. We note that for 5-/6-coordinated Ge atoms, the bonds
related to the axial, almost-linear, Te–Ge–Te triatomic conﬁgurations are the most polarizable and thereby, potentially, the most
susceptible to bond breaking. Very recently, it was reported that
these are also the sites where hyperbonding occurs in amorphous
chalcogenides [48]. Hence, from the analysis presented here, it
seems that a high electric ﬁeld has a tendency preferentially to
break these axial long bonds (viz. Ge1 –Te1 , Ge2 –Te6 ), transforming the Ge atoms to 4-coordinated conﬁgurations. It is noted that,
in this analysis, we consider bond formation to occur between two

nearby atoms as long as the interatomic distance between these
two atoms is shorter than or equal to 3.2 Å.
In order to assess further the overall effect of the electric ﬁeld
on the local atomic structure of the glass model, the total radial
distribution function (RDF) was computed for the initial state of
the GST-225 amorphous model M1, as well as for the same model
after the application of electric ﬁelds, with intensities 50 0, 10 0 0,
150 0, 20 0 0 and 2500 kV cm−1 , along the 111 direction. The calculated average RDFs are shown in Fig. S7(a); no signiﬁcant differences can be observed in the overall relaxed glass geometry before and after the application of the external electric ﬁelds. Therefore, there are no substantial modiﬁcations of the short-range order within the amorphous network overall, while the observed
structural transformations in the vicinity of the defect cannot be
associated with any melting of the glass structure.
A Bader-charge analysis was performed for the atomic species
in the GST-225 glass model M1 to provide some further, electronicstructure-oriented, information on the structural modiﬁcations due
to the application of the external electric ﬁeld. The Bader ionic
charges were computed from the total electronic charge density
by using the scheme described in Ref. [49]. The average Bader
charges (in atomic units) for Ge, Sb and Te atoms are shown in
Fig. S7(b), for applied electric ﬁelds ranging from 0 to 2500 kV
cm−1 , and it can be observed that the average values for all three
atomic species in the model structure remain almost the same, before and after the application of the electric ﬁelds. This supports
the argument that the overall relaxed amorphous structure, after
the application of high electric ﬁelds, does not differ much from
the initial glass structure, despite the removal of the mid-gap defect from the band gap and the subsequent delocalization of the
state at the conduction-band edge, highlighting that the observed
structural modiﬁcations have a rather local character.
The distributions of the calculated Bader ionic charges of the
glass model M1, before and after the application of the 2500 kV
7
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cm−1 electric ﬁeld along the 111 direction, are shown in Fig. S8,
in which no clear systematic variations can be observed. However,
the Bader charges of the particular atoms (three Ge and seven Te
atoms), that form the local environment hosting the localized midgap state in the zero-ﬁeld glass model M1 (Fig. 4(a)), do exhibit
signiﬁcant changes associated with the ﬁeld-driven transformation,
as can be seen in Table S1. The application of the 2500 kV cm−1
electric ﬁeld leads to a reduction of the Bader charge for the two
5- and 6-coordinated Ge atoms, which reﬂects the ﬁeld-induced
lowering in their coordination to 4-fold, and the consequent modiﬁcation of their local environments. Hence, higher-than-threshold
electric ﬁelds mainly affect the region of the structural motif that
hosts the localized mid-gap defect state of the zero-ﬁeld glassy
model.
The average ﬁeld-induced atomic displacements for Ge, Sb and
Te species in the glass model M1 are shown in Fig. S9, for applied
electric ﬁelds ranging from 0 to 2500 kV cm−1 . It can be observed
that the atomic displacements for below-threshold intensities (500,
10 0 0 and 150 0 kV cm−1 ) of the electric ﬁeld (for which the midgap state remained unaffected in the band gap) are smaller compared to the atomic displacements for the above-threshold values
(20 0 0 and 2500 kV cm−1 ) of the electric ﬁeld (for which the midgap state was eliminated from the band gap). This comparison
of the overall atomic displacements inside the amorphous model
highlights further the importance of the atomic relaxations, due to
the electric ﬁeld, on the shift of the defect level towards the bottom of the conduction band.
It should be noted that performing molecular-dynamics (MD)
simulations with an applied electric ﬁeld would be able to provide
a more coherent picture about the dynamics inside the amorphous
material. However, performing DFT-MD simulations with a periodic
electric ﬁeld in a glassy material, such as GST-225, with a narrow
band gap is very challenging. Nevertheless, the geometry optimizations with hybrid-DFT calculations of the amorphous structure, carried out here, give a sense of the spatial atomic movements inside
the glass structure due to the application of electric ﬁelds, which
provide a useful insight, especially with respect to the modiﬁcation
of the atomic environments that host the localized mid-gap states
in the glass model, and the subsequent annihilation and delocalization of these electronic states.

different directions indicate a systematic effect with respect to the
elimination of the mid-gap electronic state from the band gap. For
all the electric-ﬁeld polarization vectors studied here, the mid-gap
defect state was removed from the electronic structure and transformed into a conduction-band-edge tail state, as shown in Figs.
S17–S23. Hence, the intensity of the applied electric ﬁeld seems to
play a more critical role than its polarization-vector direction, relative to the orientation of the defect atomic environment hosting
the mid-gap state in the simulation cell, with respect to the elimination of the electronic state from the band gap of the glass, at
least for the electric ﬁelds studied here.
The total electronic densities of states before and after the application of a 2500 kV cm−1 electric ﬁeld, along the 001 direction within the amorphous network, for the GST-225 model M1,
are presented in Fig. 6(a) for comparison with Fig. 1(a) for the case
of the 111 direction. It can be observed, as discussed above, that
the electric ﬁeld has a strong effect on the electronic structure of
the glass, by removing the mid-gap defect from the band gap and
turning it into a conduction-band-edge electronic state (the transformation is highlighted by the brown dashed arrow). The effect
of the electric-ﬁeld polarization vector on the localization of the
electronic state needs to be addressed also here, together with any
correlation with possible changes in the atomic geometry of the
mid-gap defect. The molecular orbital of, and the atomic geometry
hosting, the newly formed conduction-band-tail state, after the application of the external electric ﬁeld along the 001 direction, are
shown in Fig. 6(b). The previously localized mid-gap defect state
(see Fig. 3(a)) becomes a highly delocalized electronic state in the
periodic cell of the amorphous structure. The black dashed frame
highlights the atomic geometry of the two Ge atoms that previously formed the structural motif which hosted the mid-gap state.
A comparison with their initial local environments (see Fig. 4(a))
indicates that their atomic geometry has been signiﬁcantly modiﬁed, since the previously 6- and 5-coordinated Ge atoms become
4- and 3-coordinated, respectively, while the 4-fold ring is ruptured. A comparison with the effect of the 2500 kV cm−1 electric
ﬁeld along the 111 direction (see Fig. 4(c)) shows that both applied electric ﬁelds delocalize the initial mid-gap electronic state.
However, the two electric ﬁelds, applied in different directions,
modify the initial atomic geometry of the mid-gap defect in rather
different ways; nevertheless, a common feature is the lowering of
the coordination number for the two Ge atoms involved.
The strong connection between electron (de)localization and
atomic geometry of the host motif of the electronic state is also
highlighted by visualization of the molecular orbital after the application of a 2500 kV cm−1 electric ﬁeld along the 011 direction
within the amorphous network, shown in Fig. S24. Although the
mid-gap state has been removed from the band gap of the glassy
model (see Fig. S20), a strong spatial localization is maintained for
the newly formed conduction-band-edge electronic state. An inspection of the atomic geometry that hosted the initial mid-gap
defect reveals that it has not changed signiﬁcantly after the application of the high electric ﬁeld along the 011 direction, since a
5-coordinated Ge atom and the 4-fold ring structure remained in
the relevant local hosting environment. This indicates that the degree of spatial localization of the electronic state is strongly correlated with the atomic geometry of the original mid-gap state, and
it supports the above, similar, observations from the results for different intensities of the electric ﬁeld applied along a given direction within the glass network.

3.4. Effect of the electric-ﬁeld polarization vector on the mid-gap
states
The effect of the direction of the polarization vector of the applied external electric ﬁeld on the mid-gap defect states was investigated by applying electric ﬁelds with an intensity both at the
lower end of the range of the ﬁelds studied here, viz. 500 kV
cm−1 , and also at the higher end of the range, viz. 2500 kV cm−1 ,
along seven different directions within the amorphous network
relative to the cubic simulation cell, namely 001, 010, 100,
011, 101, 110 and 111. We should note, though, that obtaining a complete picture about the effect of the electric-ﬁeld direction in amorphous structures is an arduous task because of the
very computer-intensive nature of these ﬁeld-related simulations.
Nevertheless, we believe that the calculations presented here give
an indication of the behavior and provide instructive observations
about the elimination of mid-gap electronic states and their subsequent delocalization.
The total densities of states for the relaxed GST-225 glass model
M1, before and after the application of a 500 kV cm−1 electric ﬁeld
along the seven different directions, are shown in Figs. S10–S16. In
all cases, the applied electric ﬁeld does not affect signiﬁcantly the
mid-gap electronic state of the glassy model, since the defect state
maintains its position in the band gap. In contrast, the results of
the application of a 2500 kV cm−1 electric ﬁeld along the seven

3.5. Structural relaxation of the amorphous models
It has been previously observed that GST-225 glass models with
additional electronic states in their band gap have a higher total
energy than do models with a “clean” band gap, indicating that the
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Fig. 6. Effect of electric-ﬁeld polarization vector on the mid-gap states. (a) Total electronic densities of states (DOS) near the top of the valence band and the bottom of the
conduction band before and after the application of a 2500 kV cm−1 periodic electric ﬁeld along the 001 direction for the GST-225 glass model M1. The mid-gap defect state
is eliminated from the electronic structure and transformed into a conduction-band-minimum tail state, as highlighted with the brown dashed arrow. (b) Atomic structure
and molecular orbital of the respective conduction-band-edge state. The application of the high electric ﬁeld results in a delocalized electronic state. This is accompanied by
signiﬁcant modiﬁcations in the atomic geometry (shown inside the black dashed frame) that hosted the original mid-gap defect within the amorphous network. Ge atoms
are blue, Sb are red, and Te are yellow. The atomic bonds in the rest of the amorphous network are rendered in gray. The purple and blue isosurfaces depict the molecularorbital-wavefunction amplitude of the electronic state, and are plotted with isovalues of +0.015 and -0.015, respectively (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article).

glassy structures with in-gap defect states tend to be less favorable
from an energetic perspective [21]. In this study, the energy difference of the model structures before and after the application of
the threshold electric ﬁelds was computed to get an indication of
the degree of structural relaxation due to the shift of the localized
in-gap states towards the bottom of the conduction band.
The calculated total energies of the relaxed glass model M1 after the application of the 2500 kV cm−1 electric ﬁeld along the
001, 010, 100, 011, 110, 101 and 111 directions, that
led to the elimination of the mid-gap defect from the electronic
structure of the amorphous model (see Figs. S17–S23), are lower
by 3.23 eV, 1.16 eV, 1.51 eV, 0.53 eV, 0.61 eV, 1.94 eV and 0.13 eV,
respectively, compared to the total energy of the relaxed ground
state of the zero-ﬁeld model structure. Moreover, the application
of the 20 0 0 kV cm−1 electric ﬁeld along the 111 direction, which
also removed the mid-gap state (see Fig. S4(d)), resulted in a conﬁguration which was lower in energy by 0.12 eV. It is interesting
to highlight that, for the same glass model, the variations in the
lowering of the energy among the different applied electric ﬁelds
stems from the fact that the structural modiﬁcation of the local
motif that was hosting the defect was different after the application of electric ﬁelds with different polarization-vector directions
(111 vs. 001, for instance).
The calculated total energy of the relaxed glass model M3 after the application of the 2500 kV cm−1 electric ﬁeld, which removed both the mid-gap and shallow defect states from the band
gap, is lower by 1.31 eV compared to the total energy of the relaxed ground state of the zero-ﬁeld model structure. Finally, in the
amorphous model M2, the threshold electric ﬁeld (3500 kV cm−1 )
eliminated the shallow defect from the band gap of the glass and
resulted in a structure which was lower in energy by 2.73 eV.
The calculated energy differences, in the three glass models
studied here, highlight that the electric-ﬁeld-induced elimination
of mid-gap defect states leads to structural relaxation of the amorphous structure. Zipoli et al. [17] reported that the annihilation
of structural defects from the band gap of amorphous GeTe results in a lower-energy model structure by approximately 1.0 eV,
while even larger energy differences have been reported by Raty

et al. [15] upon structural relaxation, also in models of glassy GeTe.
Hence, from an energetic point of view, aging of the amorphous
state in chalcogenide glasses is accompanied by a substantial energy lowering of the model system, which is also the case in our
GST-225 model glassy structures, where the energy difference before and after the application of the threshold electric ﬁeld is signiﬁcant.
The defect-state annihilation from the band gap of amorphous
GeTe upon thermal annealing has been correlated with the breaking of stretched Ge–Te bonds [17,18]. A lowering in the local coordination due to the breaking of unfavorable Ge–Ge bonds in models of amorphous GeTe has been also associated with the structural
relaxation of this glassy material [15]. In addition, atomic rearrangements related to the removal of residual resonant-like bonding from the amorphous network have been suggested as being responsible for the structural relaxation of amorphous phase-change
materials [50].
In this study, we demonstrated how the weak, polarizable
bonds in 5-coordinated Ge atoms within the GST-225 amorphous
structure can break under the application of high electric ﬁelds,
resulting in the engineered (i.e. without thermal annealing) annihilation of mid-gap defect electronic states and the sequential
structural relaxation of the glassy model systems. This is in accordance with the experimentally reported electric-ﬁeld-induced acceleration of the spontaneous structural relaxation in amorphous
phase-change memory materials [19]. It is worth mentioning that
the threshold electric ﬁelds used here, which lead to the observed
bond breaking in the amorphous models, are considerably lower in
intensity (by more than one order of magnitude) than the ﬁelds reported for bond dissociation in water [51] or crystalline MgO [52],
for instance.
4. Summary and conclusions
In this study, the Berry-phase formalism, within the modern
theory of polarization, has been utilized to apply external, ﬁnite,
periodic electric ﬁelds to glassy models of the phase-change memory material, Ge2 Sb2 Te5 (GST-225). Hybrid-DFT calculations were
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employed to optimize the geometry of the amorphous models, before and after the application of the electric ﬁelds, and to calculate
their electronic structure, in order to shed light on the effect of the
applied electric ﬁelds on localized mid-gap defect electronic states
present in the glassy GST-225 material.
The application of a suﬃciently high external electric ﬁeld removes mid-gap defect states from the band gap of the GST-225
glass and transforms them into electronic states lying at the bottom of the conduction band, as a result of the electric-ﬁeldinduced atomic relaxations of the amorphous structure. The degree
of spatial localization of these newly formed conduction-band-edge
states is strongly governed by the atomic geometry that hosts the
original mid-gap state. If the applied electric ﬁeld is below the
threshold needed to modify signiﬁcantly the structural motif that
is hosting the defect, then the electronic state, even though it is
pushed to the bottom of the conduction band, maintains a strongly
localized character. Only above-threshold values of the electricﬁeld intensity, combined with an appropriate direction of its polarization vector relative to the orientation of the defect atomic geometry in the simulation box, and which are suﬃcient to change
the local bonding environment of 5- and 6-coordinated Ge atoms,
responsible for the spatial localization of the mid-gap defects in
amorphous GST-225, are able to transform the translated electronic
state in the conduction-band tail to a delocalized state. Therefore,
an appropriate ﬁeld-induced lowering of the coordination number
of Ge atoms, i.e. to become 4-coordinated, as well as breaking of
4-fold (Ge–Te–Ge–Te) rings, seem to be essential for delocalization
of conduction-band-edge states.
Understanding the effect of an external electric ﬁeld on the
electronic structure of chalcogenide materials, in particular amorphous GST-225, is imperative for the design of phase-change memory devices with improved performance. The calculations presented in this study link changes in the electronic density of states
to modiﬁcations in the local atomic structure of the glass, and
establish the necessary conditions that are required for localized
mid-gap electronic states to be eliminated from the band gap and
become delocalized conduction-band-edge states.
Consequently, the present results provide signiﬁcant insights,
that blend both electronic and structural aspects, into the atomistic
picture of the effect of an applied electric ﬁeld on the localized
mid-gap defect states in amorphous phase-change memory materials, while they also provide statistical conﬁrmation of the speciﬁc modiﬁcations in the local environment of the atomic geometry hosting the defect which lead to structural relaxation of the
glassy model systems.
In summary, a suitable materials-engineering concept has been
demonstrated, where the application of an electric ﬁeld can be utilized for controlling the distribution of localized states within the
band gap of a chalcogenide glassy structure, by tailoring its electronic and atomic structures accordingly, in order to tune the extent of the band tails. Our ﬁnding can be useful for potentially mitigating time-dependent resistance “drift” in phase-change memory
devices, thereby facilitating the realization of multi-level storage
operation in future PCRAM devices. Moreover, this study provides
a general example for electric-ﬁeld tuning of the amorphous structure (state) of functional materials.
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