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 A B S T R A C T

The localized states in the band gap of amorphous phase change alloys like Ge2Sb2Te5 control the electrical 
conduction via the Poole–Frenkel mechanism. Understanding the origin of in-gap states and their evolution 
in time during aging of the glass is therefore important for the control of the resistance drift in phase 
change memory devices. Here, we use a machine learning interatomic potential to generate several models 
of Ge2Sb2Te5 whose electronic structure is then analyzed within density functional theory with a hybrid 
functional. A detailed statistical analysis of the structural motifs on which the in-gap states are localized, reveals 
that the vast majority of in-gap states involve wrong bonds (homopolar or Ge–Sb bonds) often accompanied by 
Ge in tetrahedral configurations or overcoordinated Ge and Sb atoms. Metadynamics simulations mimicking 
glass aging support the picture that structural relaxations lead to the depletion of in-gap states and then to 
an increase of resistance. The simulations thus provide important insights for the mitigation of the resistance 
drift in phase change memory devices.
1. Introduction

Chalcogenide alloys are exploited in electronic non-volatile mem-
ories named phase change memories (PCM) which rely on the fast 
and reversible transformation between the crystalline and amorphous 
phases induced by heating [1–5]. The two phases feature a large 
difference in electrical resistivity that allows encoding a binary in-
formation which is read by a measurement of resistance at low bias. 
The writing/erasing operations require higher voltage pulses to induce 
either the melting of the crystal and subsequent amorphization (reset) 
or the recrystallization of the amorphous phase (set). The modulation 
of the size of the amorphous region during reset or the partial recrys-
tallization during set also allows encoding several discrete or analog 
resistance levels for in-memory and neuromorphic computing [6–8]. 
As the amorphous phase is metastable, it is subject to aging with 
time due to structural relaxations that drive the system toward a more 
ideal, i.e. stress and defect-free, glass. These structural changes lead 
to an increase in electrical resistivity with time [9]. This phenomenon 
called drift is described by a power law function 𝑅 = 𝑅𝑜(𝑡∕𝑡𝑜)𝜈 where 
𝑅 and 𝑅𝑜 are the resistance at time 𝑡 and 𝑡𝑜 and 𝜈 is the drift ex-
ponent [10]. We note, however, that deviations from this law have 
been observed at short and long times in the binary phase change 
compound GeTe [11] which is the parent compound of the prototypical 
phase change material Ge2Sb2Te5 (GST) lying on the GeTe–Sb2Te3
tie-line. The drift should be kept as low as possible as it affects the 
reliability of PCM and hinders the realization of multilevel cells and 
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the operation of neuromorphic devices [12]. Although some options 
have been proposed to mitigate this problem, either by changing the 
programming protocol [13] or the device architecture in the so-called 
projected PCMs [14], it would be desirable to control and reduce drift 
at the material level. To this aim a better understanding of this process 
at the atomistic level seems mandatory. Several explanations have been 
proposed for the resistance drift over the years (see Refs. [15–17] for 
a review).

It was initially assumed that the drift arises from the relaxation of 
the stress upon time leading to an increase in the band gap [18]. In fact, 
a lower drift is measured in eventually stress-free GST nanowires [19], 
while in PCMs the amorphous phase is under compressive stress due to 
the embedding in the denser crystalline matrix. However, it was later 
shown that both as-deposited amorphous GST and stress-free films gave 
the same drift exponent [20]. A more viable and alternative scenario 
was then proposed in which the drift results from relaxations of local 
defective structures of the amorphous phase towards a more stable 
and ideal glass [21]. These structures give rise to Urbach tails and 
localized shallow or deep electronic states in the mobility gap. These 
states control the thermally activated sub-threshold conductivity which 
is typically described by the Poole–Frenkel model [21,22]. This model 
is based on the assumption that most thermally generated holes (elec-
trons) are trapped in localized states, i.e. in hole (electron) traps arising 
from in-gap states within the mobility gap. The applied electric field 
promotes the transfer of holes (electrons) from the traps to the valence 
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(conduction) mobile states for low trap densities (Poole–Frenkel) or a 
trap-to-trap thermally assisted hopping for high trap densities (Poole). 
As a result, the resistance shows an Arrhenius behavior 𝑅 = 𝑅∗𝑒𝐸𝐴∕𝑘𝐵𝑇

with a zero field activation energy given by 𝐸𝐴 = 𝐸𝐹 −𝐸𝑉 𝐵 , where 𝐸𝐹
is the Fermi level, and 𝐸𝑉 𝐵 is the valence band mobility edge for a p-
type semiconductor like GST [21,22]. Extended Urbach tails and a large 
density of empty and filled states in the gap (trap states for electrons 
or holes), have indeed been invoked to explain modulated photocurrent 
experiments in amorphous GeTe and GST [23,24]. In GST the resistance 
drift is due to a logarithmic increase with time of the activation energy 
for conduction 𝐸𝐴 [9], but in other phase change alloys, for example 
GeTe, the prefactor 𝑅∗ (see above) equally contribute to the drift with 
a power law dependence on time [25]. The widening of the band 
gap and the reduction of valence Urbach tail would shift the valence 
band (VB) mobility edge to lower energy [26], while the reduction 
of deep states and of the conduction band (CB) tail will shift upward 
the Fermi level. These effects would all concur to an increase of the 
activation energy 𝐸𝐴 for a p-type disordered semiconductor [21]. In 
the scenario in which the drift is due to structural relaxations, defects 
with the lowest activation barriers relax first. Numerical simulations 
based on a phenomenological Poole–Frenkel model reproduced the 
logarithmic increase with time of 𝐸𝐴 (𝛥𝐸𝐴 ∝ 𝑙𝑜𝑔 𝑡) by assuming a 
suitable distribution of energy barriers for structural relaxations and 
a suitable dependence of the activation energy for conduction on the 
density of in-gap states [26]. This picture can also explain the observed 
acceleration of the drift by an applied electric field by assuming that 
the field induces a reduction of the activation barrier for structural 
relaxations [27]. Instead of a distribution of activation energies that get 
eroded with time, the kinetics of structural relaxations was described 
in Ref. [28] by a single activation energy for collective transformations 
that change with time due to aging.

A correlation between drift, the widening of the band gap and the 
reduction of Urbach tails was indeed provided by optical ellipsometry 
measurements on GST [29]. The measurement of 𝜀∞ by Fourier trans-
form infrared spectroscopy (FTIR) also confirmed the widening of the 
band gap with time [30]. In another study on a-GeTe, a widening of the 
optical gap was observed upon aging, but not a change in the Urbach 
tail [24]. On the other hand, modulated photocurrent experiments 
showed a decrease in the density of deep in-gap states, but an increase 
in the density of shallow states close to the VB [24]. It was also 
shown by differential scanning calorimetry that the resistance drifts 
simultaneously with a release of enthalpy due to structural relaxations 
of the glass [31].

More recently, it was proposed that drift can arise from thermal 
detrapping of carriers from localized states in the gap and not from 
the removal of these states by structural relaxations [32]. This scenario 
is based on the assumption that carriers follow a non-equilibrium 
distribution after the reset process due to a very fast cooling. This 
scenario is supported by experimental evidence of a reduction of the 
drift by photoexcitation, even at very low temperatures, which seems 
more consistent with a change in the population of trap states than 
to an enhancement of structural relaxations [33]. Moreover, it has 
also been recently proposed that resistance drift originates from a 
change with time of the Schottky barrier height for hole injection at 
the interface [34]. Anyway, the nature and abundance of the localized 
states in the mobility gap play a crucial role in these two latter scenarios 
as well.

Experimental information on the nature of in-gap states in GST 
came from Ge K-edge X-ray absorption near-edge structure (XANES) 
spectrum [35]. It was shown that the drift was correlated with the 
reduction of a step-like feature in the pre-edge XANES spectra that 
was assigned to tetrahedrally coordinated Ge with the aid of electronic 
structure calculations [35]. The XANES spectrum thus suggests that the 
drift is correlated with a reduction of Ge in tetrahedral sites. It is also 
known from atomistic simulations based on Density Functional Theory 
(DFT) that tetrahedral configurations of Ge are favored by homopolar 
2 
Ge–Ge bonds in GST and GeTe [36–38].  In DFT models  [36,39,40], 
only a minority fraction of Ge atoms displays a tetrahedral bonding 
geometry in GST or GeTe, as most atoms are in a pyramidal or defective 
octahedral configurations.

DFT calculations provided some insights on the effect of aging 
on the electronic properties of GeTe [41–43] (see Refs. [16,17] for 
a review). Using a computational alchemy method, it was shown in 
Ref. [41] that the removal of Ge in tetrahedral configurations and of 
Ge–Ge bonds leads to a widening of the band gap and the disappearance 
of in-gap localized states with at the same time a lowering of the total 
energy. It was also shown that the disappearance of the in-gap states 
results from the removal of Ge–Ge bonds, whereas the widening of the 
band gap was resulting from the enhancement of the Peierls distortion 
in pyramidal and defective octahedral configurations [41]. At the same 
time, a direct simulation of the aging process was reported in our 
previous work [42] by making use of a machine learning potential 
for large scale simulations and of the metadynamics technique to 
accelerate structural transformations. The simulations revealed that the 
removal of Ge–Ge homopolar bonds and of tetrahedra leads indeed to 
the reduction of localized in-gap states, to a widening of the band gap 
and to an overall gain in the total energy. In another study, Zipoli 
et al. [43] generated several small amorphous models (216 atoms) of 
GeTe by using a classical potential and different strategies to enhance 
the sampling of the potential landscape in the amorphous phase. Then, 
DFT calculations on these models provided a correlation between the 
local structure and the optical conductivity. Once more, the change 
in the conductivity was ascribed to the reduction in the fraction of 
tetrahedral Ge and of homopolar Ge–Ge bonds, which led to a decrease 
in the number of in-gap states and to a shift of the Fermi level closer 
to midgap. However, we mention that a combined measurement of 
electrical resistivity and grazing X-ray absorption spectroscopy [44] 
predicted an increase in the fraction of Ge–Ge bonds with aging which 
is in conflict with the theoretical and EXAFS data quoted above. The 
reason for this discrepancy remains to be addressed.

From the theoretical side, the nature of the in-gap states in GST 
was addressed in an early DFT work for a 270-atom model [45], where 
localized states at the CB edge were assigned to chains of Sb–Te bonds, 
while both a midgap state and a state at the VB edge were localized 
on an overcoordinated Ge atom in a cluster of four-membered rings 
reminiscent of a crystal-like environment. A subsequent analysis on 
four 459-atom models also revealed states at the CB tail localized on 
tetrahedral Ge atoms and states at the VB tail localized on p-type lone 
pairs of Te [46], but a comprehensive statistical analysis was not pro-
vided. In a later series of studies [47–49] a machine learning Gaussian 
Approximation Potential (GAP) [50] was exploited to generate several 
amorphous models (thirty 315-atom models and one 900-atom model) 
by quenching from the melt. The mid-gap states of these models ob-
tained by DFT calculations were localized mainly on over-coordinated 
(5- and 6-fold) Ge atoms in a crystal-like local environment [47]. 
Other states at CB edge were shown to act as traps for electrons that 
become localized on chains of axial bonds (bonding angles close to 
180◦ in defective octahedral geometries) [48]. However, this analysis 
was based on amorphous models featuring a strong underestimation 
of the fraction of homopolar Ge–Ge bonds and tetrahedral geometries 
compared to other DFT models in literature [36,39,40,51]. As these 
latter structural features were shown to control the in-gap states in 
GeTe, it is still uncertain whether they may play an important role in 
GST as well.

To address this issue, in this work we exploit a different machine 
learning interatomic potential (MLIP) for GST that we have recently 
devised and which better reproduces the fraction of wrong bonds in the 
amorphous phase (homopolar and Ge–Sb bonds that are not present in 
the crystalline phases) [52,53]. Analogously to the previous work in 
Ref. [47], we generated many amorphous models by quenching from 
the melt whose electronic structure was then analyzed within DFT by 
using a hybrid functional [54], to better reproduce the band gap. Then, 
metadynamics simulations [55–57] have been performed to remove the 
in-gap states and mimic the drift process.
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2. Methods

We generated several amorphous models by quenching the melt 
in molecular dynamics (MD) simulations by using both a MLIP and 
a DFT framework. The MLIP for GST was developed in our previous 
work [52] using the neural network (NN) scheme implemented in the 
DeePMD package [58–60]. The NN was trained on a DFT database of 
energies and forces of about 180,000 configurations of small supercells 
(57–108 atoms), computed by employing the Perdew–Burke–Ernzerhof 
(PBE) exchange and correlation functional [61]. The potential was 
validated on the structural and dynamical properties of the liquid, 
amorphous and crystalline phases [52,62] and it was exploited to study 
the crystallization kinetics in the bulk, in heterostructures [53] and 
in a multimillion-atom model of a PCM cell [63]. NN-MD simulations 
were performed with the DeePMD code using the Lammps code as 
MD driver [64], a time step of 2 fs, and a Nosé-Hoover thermostat in 
the NVT ensemble [65,66]. DFT-MD simulations were also performed 
using the CP2K suite of programs [67,68] and the same theoretical 
framework used to generate the MLIP, i.e. the PBE functional and norm-
conserving pseudopotentials [69,70] with four, five and six valence 
electrons for Ge, Sb and Te. The Kohn–Sham (KS) orbitals were ex-
panded in a Triple-Zeta-Valence plus Polarization Gaussian-type basis 
set, while the charge density has been expanded in a plane-wave basis 
set with a cut-off of 100 Ry to efficiently solve the Poisson equation 
within periodic boundary conditions using the Quickstep scheme [67,
68]. Brillouin Zone integration was restricted to the supercell 𝛤  point.

Cubic supercells of different sizes were used at the experimental 
density of the amorphous phase (𝜌 = 0.0309 atom/Å3) [71]. The 
amorphous GST (a-GST) models were generated by quenching from the 
melt which was prepared in turn from a random model initially heated 
at 2000 K for 10 ps and then equilibrated at 1000 K for 15 ps. The 
system was then quenched to 300 K in 100 ps and then equilibrated at 
this temperature for 10 ps. In this way, we generated 30 NN 297-atom 
models. Other 10 DFT 216-atom models were generated by quenching 
independent configurations from the same trajectory of the liquid at 
1000 K. A single larger 999-atom model was also generated by NN-MD. 
Other four 459-atom amorphous models at a slightly different density 
(0.030 atoms/Å3) were taken from Ref. [46]. Then, the geometry 
of all models was optimized at 0 K (both DFT and NN models) at 
the PBE level, up to a force tolerance of 10−4 Ry/bohr. Finally, the 
models were further relaxed with the hybrid functional HSE06 [54], 
to better reproduce the band gap, up to a force tolerance of 3 ⋅10−4
Ry/bohr. The electronic density of states (DOS) was computed at the 
HSE06 level from KS orbitals at the supercell 𝛤 -point broadened by a 
Gaussian function with a standard deviation of 13.6 meV. The geometry 
optimization at the HSE06 level, starting from models relaxed at the 
PBE level, occasionally leads to breaking and formation of new bonds. 
Therefore, also to be consistent with the functional used to compute the 
DOS, we decided to relax all models at the HSE06 level. To quantify 
the localization properties of individual KS states, we computed the 
inverse participation ratio (IPR) which is defined for the 𝑖th state by 
∑

𝑗 𝑐
4
𝑖𝑗∕

(
∑

𝑗 𝑐
2
𝑖𝑗
)2 where 𝑗 runs over the Gaussian-type orbitals (GTOs) 

of the basis set, while 𝑐𝑖𝑗 are the expansion coefficients of the 𝑖th KS 
state in GTOs. According to this definition, the value of the 𝐼𝑃𝑅 varies 
from 1∕𝑁 for a completely delocalized KS state where 𝑁 is the total 
number of the Gaussian-type orbitals of the basis set, to one for a mode 
completely localized on a single orbital.

3. Results and discussion

3.1. Validation and structure of the amorphous models

Before discussing the electronic structure of the a-GST models, we 
recall the structural properties of bulk amorphous GST as emerged from 
previous DFT works [36,39,40] and from our previous work on the 
development of the MLIP [52]. Te atoms are mostly 3-coordinated in 
3 
Table 1
Fraction (%) of the different types of bonds over the total number 
of bonds in the 7992-atom model of a-GST from NN simulations 
of Ref. [52].
 with Ge with Sb with Te 
 Ge 2.34 3.50 42.57  
 Sb – 3.38 43.71  
 Te – – 4.48  

Fig. 1. Distribution of the coordination numbers resolved per chemical species 
in the 7992-atom a-GST model of Ref.  [52]. The distributions are computed 
by integrating the partial pair correlation functions up to the bonding cutoff 
given in Table  2 (see Ref. [52]).

a pyramidal geometry (three bonding angles of 90◦), Sb atoms are 
both 3-coordinated in a pyramidal geometry and 4- or 5-coordinated 
in a defective octahedral environment (octahedral bonding angles but 
coordination lower than six), Ge atoms are mostly in pyramidal or 
defective octahedral geometry with a minority fraction in tetrahedral 
geometries favored by Ge–Ge and Ge–Sb bonds [36]. Defective oc-
tahedral geometries involve axial bonds, i.e. a pair of bonds with 
bonding angle close to 180◦. A quantitative measure of the fraction of 
tetrahedral environments in the NN models of a-GST was obtained in 
Ref. [52] from the local order parameter 𝑞 introduced in Ref. [72]. It 
is defined as 𝑞 = 1 − 3

8
∑

i>k(
1
3 + cos 𝜃ijk )2, where the sum runs over the 

pairs of atoms bonded to a central atom 𝑗 and forming a bonding angle 
𝜃ijk . The order parameter is 𝑞 = 1 for the ideal tetrahedral geometry 
of 4-coordinated atoms, 𝑞 = 0 for the 6-coordinated octahedral site, 
𝑞 = 5/8 for a 4-coordinated defective octahedral site, and 𝑞 = 7/8 for a 
pyramidal geometry. A fraction of Ge atoms in a tetrahedral geometry 
(GeT) of about 28% was obtained in Ref. [52] by integrating the 𝑞
parameter between 0.8 and 1 as discussed in previous works [73]. 
The large majority of bonds are Ge–Te and Sb–Te bonds with a small 
fraction of wrong bonds (homopolar Ge–Ge, Sb-Sb, Te-Te bonds and 
Ge–Sb bonds) as shown in Table  1 for a 7992-atom model generated 
by NN-MD in Ref. [52]. The partial pair coordination numbers for the 
same model given in Table  2 show a very good agreement between NN 
and DFT results for the wrong bond as already anticipated. We also 
report in Fig.  1 the distribution of the coordination numbers for the 
different species in the 7992-atom a-GST model of Ref. [52] that will 
be useful in the analysis of the in-gap states.

3.2. Electronic structure and in-gap states

Turning now to the discussion of the electronic properties, we 
first discuss the electronic structure of the large 999-atom model after 
which we will analyze the nature of the in-gap states emerged from 
the statistics on the small models. The DOS and IPR of the 999-atom 
model are shown in Fig.  2 which also displays the isosurface of the 
most localized KS state: the highest occupied molecular orbital (HOMO) 
which is a hole trap, the lowest occupied molecular orbital (LUMO) 
and the LUMO+1 which are deep electron traps, and the LUMO+2 
shallow electron trap. The HOMO is localized on a 6-coordinated Ge 
atom in a crystal-like configuration. The LUMO is localized on the 
axial Ge–Te bonds of an overcoordinated Ge atom. The LUMO+1 is 
localized on the axial bonds of a long chain Sb–Sb–Ge–Sb–Te–Sb–Sb 
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Table 2
Average coordination numbers for different pairs of atoms in a-GST at 300 K generated from DFT (216-atom 
models, in parenthesis) and NN (7992-atom models) simulations from Ref. [52]. Error bars for DFT (NN) data are 
obtained from the analysis of four (two) models. The bonding cutoff are those chosen in Ref. [52] corresponding 
to 3.2 Å for all pairs except for Sb–Te for which a longer cutoff value of 3.4 Å was used.
 Ge Sb Te  
 Total 4.18 ± 0.01 (4.17 ± 0.10) 4.44 ± 0.01 (4.40 ± 0.05) 3.14 ± 0.01 (3.16 ± 0.05) 
 With Ge 0.38 ± 0.01 (0.34 ± 0.05) 0.29 ± 0.01 (0.26 ± 0.05) 1.40 ± 0.01 (1.42 ± 0.02) 
 With Sb 0.29 ± 0.01 (0.26 ± 0.05) 0.55 ± 0.01 (0.51 ± 0.10) 1.44 ± 0.00 (1.45 ± 0.05) 
 With Te 3.51 ± 0.01 (3.57 ± 0.05) 3.61 ± 0.01 (3.63 ± 0.10) 0.29 ± 0.01 (0.28 ± 0.02) 
Fig. 2. (a) Electronic density of states (DOS) and Inverse Participation Ratio (IPR) of the 999-atom model. The zero of energy is the highest occupied state (highest 
occupied molecular orbital, HOMO). (b)–(e) Isosurface of the most localized KS states, the HOMO (hole trap), the LUMO and LUMO+1 deep electron traps, and 
the LUMO+2 shallow electron trap. Ge, tetrahedral Ge (GeT), Sb and Te atoms are depicted with gray, green, yellow and blue spheres (see color code in panel 
b). Isosurfaces with different signs are depicted with different (orange or azure) colors. The LUMO is localized on the axial Ge–Te bonds of an overcoordinated 
Ge atom. The LUMO+1 is localized on the axial bonds of a long chain Sb–Sb–Ge–Sb–Te–Sb–Sb with wrong bonds. The LUMO+2 is localized on a Sb–Ge–Ge–Ge 
chain with wrong bonds atoms, which involves overcoordinated Sb/Ge and tetrahedral Ge atoms. The Ovito [74] tool was used for the visualization and the 
generation of all atomic snapshots of this article. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
with wrong bonds. The LUMO+2 is localized on a Sb–Ge–Ge–Ge chain 
with wrong bonds, which involves overcoordinated Sb/Ge and tetrahe-
dral Ge atoms. Therefore, although we confirm the presence of in-gap 
states due to overcoordinated Ge atoms and axial bonds as found in 
Ref. [47], wrong bonds and tetrahedra are also involved in the localized 
states.

The analysis of a single model is obviously not sufficient to draw 
reliable conclusions on the nature of the in-gap states. We then move 
now to the analysis of the 40 small models from which we could extract 
reliable statistics. As an example, in Fig.  3 we show the DOS and IPR 
of two 297-atom NN models with (panel a) and without (panel b) in-
gap states. The corresponding plots for all the other models are shown 
in Figs. S1-S44 in the Supplementary Material. For each model, we 
assigned a mobility gap by identifying the VB edge as the energy below 
which all states have a IPR lower than 0.018 and are therefore delocal-
ized and similarly for the CB edges. Due the small size of our simulation 
cells, this procedure is subject to some arbitrariness and uncertainties. 
The resulting average gap and mean root deviation is 0.75 ± 0.085 eV 
which is good agreement with previous DFT calculations with hybrid 
functionals [45,47] and with the experimental value of 0.7 eV [75]. The 
mobility gap of all 40 models is given in Table S1 in the Supplementary 
Material. However, we must consider that the addition of the spin–orbit 
coupling (SOC), here neglected, substantially reduces the band gap in 
GST, for example, in the hexagonal phase [76]. The agreement with 
experiments of the HSE band gap for a-GST by neglecting SOC might 
4 
therefore be fortuitous. Anyway, for the purpose of identifying the in-
gap states, a correct band gap, even though fortuitous, is sufficient here. 
The in-gap empty states that are potential electron traps (acceptor) 
have been classified as shallow when they are within 0.2 eV from the 
CB edge or 0.2 from the VB edge and deep otherwise. In addition a few 
filled localized states appear below the HOMO and above at the VB 
edge (mobility edge). These states are potential hole traps. Due to the 
small size of our simulation cells, we cannot distinguish between real 
shallow states separated by an energy gap from the continuous Urbach 
tails and the localized states in the Urbach tails themselves. Therefore, 
for our purpose, all states that are not deep are generically classified as 
shallow, either empty or filled. The shallow empty states close to the 
CB represent the CB tail, while the filled states close to the VB represent 
the VB tail.

A fraction of 23% of the NN models display a clean gap without 
deep states. This percentage increases to 50% in DFT models.  We will 
comment on this difference later on. The average energy of the NN 
(DFT) models with or without deep in-gap states is 180.170 ± 0.005 
(180.172 ± 0.002) eV/atom or 180.171 ± 0.002 (180.171 ± 0.007) 
eV/atom. The difference in the average energy between the models 
with and without deep in-gap states is therefore smaller than the spread 
in energy of the models within the same class.

The DOS averaged over all NN models displays in-gap states in the 
energy range 0.1–0.3 eV (HOMO at zero energy) which is clean in the 
DOS averaged over the DFT models (Fig.  4). This discrepancy can be 
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Fig. 3. Electronic density of states (DOS) and Inverse Participation Ratio (IPR) of two 297-atom NN models (a) with and (b) without in-gap states. The zero of 
energy is the HOMO.
Fig. 4. (a) Comparison of the electronic DOS averaged over NN models (red curve) and over DFT models (blue curve) close to the band gap. All the DOS are 
aligned to the bottom of the deep 5s band of Te. The zero of energy is the HOMO assigned by the integration of the average DOS. (b) Electronic DOS averaged 
over all models. The DOS at the VB and CB edges is fitted with a band-like contribution (black continuous curves) 𝑁𝑣
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𝐸𝑣 − 𝐸 and 𝑁𝑐
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𝐸 − 𝐸𝑐 where 𝐸𝑣 = −0.099 
eV and 𝐸𝑐 = 0.571 eV are the band edges that yield a band gap of 0.67 eV. In turn 𝑁𝑣∕𝑐 = 1
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electronic mass) from 𝑁𝑣 = 0.0219 and 𝑁𝑣 = 0.0168 states/eV 3
2 /Å3. The edge of the valence band above −0.099 eV is fitted by an Urbach tail 𝑒𝑥𝑝(−𝐸∕𝐸𝑈 ) with 

𝐸𝑈  = 85 meV. The presence of shallow acceptor (empty) states close to the CB prevents the fitting of the Urbach tail at the conduction edge. (c) The same of 
panel (b) in semilogarithmic scale to highlight the exponential Urbach tail at the VB edge. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
partially ascribed to the different sizes of the DFT (216 atoms) and 
NN (297 atoms) models. A smaller model would have a lower number 
of in-gap states, assuming a size-independent density of in-gap states. 
Moreover, for less localized states, the reduction in the cell size might 
lead to delocalization due to the interaction with their periodic images 
and then possibly to their removal from the gap region. In fact, no 
in-gap states in the energy range were found in other four NN 216-
atom models with the same size of the DFT ones (see Fig. S45 in the 
Supplementary Material). We also checked that the states in the energy 
range 0.1–0.3 eV are not an artifact of the NN potential as follows. For 
a couple of different NN models we either performed a short (6 ps) 
DFT annealing at 300 K, or we started from the configuration in the 
NN simulations at 600 K from which the model was generated, and 
we continued the quenching protocol by DFT simulations. In all cases 
the resulting models (relaxed at the HSE level) showed in-gap states in 
0.1–0.3 eV range, which seems to exclude issues with the transferability 
of NN potential (see Figs. S46-S47 in the Supplementary Material).

The DOS averaged over all models below (above) the VB (CB)
edge, where KS states are delocalized, is fitted by the function
𝑁𝑣∕𝑐

√

|𝐸𝑣∕𝑐 − 𝐸| (see Fig.  4b) where 𝐸𝑣∕𝑐 is the extreme of the VB/CB 
and 𝑁𝑣∕𝑐 is given by 1

2𝜋2 (
2𝑚∗

𝑣∕𝑐
ℏ2

)
3
2  with effective mass 𝑚∗

𝑣∕𝑐 . The resulting 
fitting parameters are given in the caption of Fig.  4 which yield a band 
gap 𝐸𝑐 −𝐸𝑣 = 0.67 eV slightly smaller than the value estimated above 
(0.75 ± 0.085 eV) from the analysis of the IPR. On the other hand, 
localized states in the Urbach tail of the VB are fitted with 𝑒𝑥𝑝(−𝐸∕𝐸 )
𝑈

5 
and an Urbach energy 𝐸𝑈  = 85 meV (see Fig.  4b-c). We will comment 
on this number in comparison with experimental data later on. The 
CB tail cannot be fitted by an Urbach function probably because of 
the presence of a band of shallow donor states superimposed to the 
exponential tail (see Fig.  4c).

Out of the 168 in-gap states of our 40 models, 22 are filled states 
close the VB maximum (lower mobility edge) which correspond to a 
density of 0.62 1020/cm3 (22 ⋅ 0.030 Å−3/(216 ⋅ 10 + 297 ⋅ 30)), 
8 are empty shallow states close to the VB (0.22 1020/cm3), 74 are 
empty shallow states close to the CB (2.08 1020/cm3), and 64 are deep 
states (1.80 1020/cm3). This analysis suggests that the filled Urbach 
tail at the valence band is narrower than the empty Urbach tail at 
the CB edge. Experimentally, in-gap states have been inferred from 
photoconductivity measurements [77], consisting of a Gaussian distri-
bution of deep acceptor (i.e. empty) states 0.1 eV below midgap and a 
Gaussian distribution of shallow donor (i.e. filled) states 0.2 eV below 
midgap and close to the VB (see Fig. 1 in Ref. [77]). Each distribution 
corresponds to a defects density of about 1020/cm3. The density of 
deep acceptor states is consistent with our results (see above). On the 
other hand, due to the small size of our simulation cells, we have not 
been able to disentangle a possible distribution of shallow filled states 
(donors) close to the VB from the VB tail itself described by an Urbach 
function with 𝐸𝑈  = 85 meV. Experimentally, an Urbach energy of 81 
meV [75] is measured from the optical absorption spectra which is 
ruled by the joint density of valence and conduction states (JDOS). The 
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JDOS is proportional to (𝑒𝑥𝑝(𝐸∕𝐸𝑈𝑣
) − 𝑒𝑥𝑝(𝐸∕𝐸𝑈𝑐

))∕(𝐸𝑈𝑣
−𝐸𝑈𝑐

), where 
𝐸𝑈𝑣

 and 𝐸𝑈𝑐
 are the Urbach energies of valence and conduction bands. 

For a band gap much larger than the Urbach energies, the measured 
𝐸𝑈  corresponds to the largest between 𝐸𝑈𝑣

 and 𝐸𝑈𝑐
. According to the 

considerations given above on the number of localized states close to 
the VB and CB, we thus expect that the measured 𝐸𝑈  should correspond 
to the conduction Urbach energy which, however, cannot be extracted 
from our data due to the superposition of a band of shallow states to 
the exponential tail.

3.3. Local environment of in-gap states

We analyzed the atomic environment on which each in-gap state 
is localized by inspecting the isosurface of the KS orbitals shown in 
Figs. S1-S44 in the Supplementary Material. The isosurface is drawn 
for a value of the orbital of 50%–70% of the maximum value. This 
analysis was performed for 80 in-gap states, i.e. about one half of the 
total number of states distributed as 6 filled states close the VB, 2 empty 
shallow states close to the VB, 32 empty shallow states close to the CB 
and 40 deep states. To these latter 80 states, we added additional four 
filled states in the VB tail from the 459-atom models to improve the 
statistics on the localized filled states which are relatively few in all 
our models. We selected these states because of their highest IPR in 
each model. The states selected for this analysis are highlighted in the 
DOS with bold IPR for all models in Figs. S1-S44 in the Supplementary 
Material.

We identified a few features of the atomic environment in which 
the in-gap state is localized (see Fig.  5):

(1) an overcoordinated, i.e. 5- or 6-coordinated Ge atom (Ge𝑜𝑣𝑒𝑟), 
(2) an overcoordinated, i.e. 6-coordinated Sb atom (Sb𝑜𝑣𝑒𝑟), (3) a tetra-
hedral Ge atom (GeT), (4) an atom with a wrong bond (WB), i.e 
Ge–Ge, Sb-Sb, Ge–Sb, Te-Te bonds. The 6-coordinated Ge and Sb atoms 
correspond to an octahedral configuration reminiscent of the cubic 
rocksalt phase, while 5-coordinated Ge atoms correspond to a defective 
octahedra but also to a trigonal bipyramid configuration, which we also 
see in our models. Although 4-coordinated Ge and 4- and 5-coordinated 
Sb atoms can also be in a defective octahedral configuration with axial 
bonds, we do not include these configurations as a feature to classify 
in-gap states because of their high abundance in a-GST (see Fig.  1). 
In other words, we attempt to classify the in-gap states with features 
that are present in a low fraction in the amorphous models. We will 
comment later on the presence of axial bonds in localized states. The 
atoms included in this analysis are those on which a large portion 
of the isosurface of the KS state is localized. It must also be stressed 
that the presence of these features is not a sufficient condition for 
an environment to be the host of a localized state.  Regarding wrong 
bonds, for instance, by averaging over all our models only 6.5% of the 
total number of WB in the models host a localized in-gap state. The in-
gap states are typically localized in a complex containing several atoms, 
and the localization around an atom does not depend only on the nature 
of its first coordination shell, but also on the positions and coordination 
of atoms further apart, as shown, for instance, for amorphous GeSe in 
Ref. [78]. Nevertheless, we now attempt to classify the in-gap states 
according to the presence of the four features listed above. The picture 
emerging from this analysis is summarized in Tables  3–6. Table  3 shows 
the fraction of in-gap states that display the four features listed above, 
e.g. the fraction of in-gap states with an overcoordinated Ge/Sb atom. 
This analysis is resolved in the different columns in Table  3 for the 
different classes of in-gap states: deep states, CB tail (empty), VB tail 
(filled). The only two empty shallow states close to the VB are included 
in the latter group (VB tail). The sum of each column does not yield 
100% because the large majority of in-gap states display more than one 
of the four features listed above. Ge𝑜𝑣𝑒𝑟/Sb𝑜𝑣𝑒𝑟, GeT and WB are present 
in a very large fraction of in-gap states. In particular, WB are present in 
the overwhelming majority of states at mid-gap (deep) and in CB tail, 
while Ge /Sb  atoms are present in a large fraction of deep states 
𝑜𝑣𝑒𝑟 𝑜𝑣𝑒𝑟
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Table 3
Fraction (%) of the in-gap states in the different classes (deep, VB tail + 
shallow acceptor close to the VB, CB tail) that are localized on atoms with 
the features listed in the first column, i.e. an overcoordinated Ge atom (5- 
or 6-coordinated), an overcoordinated Sb atom (6-coordinated), a tetrahedral 
Ge atom, an atom with at least one wrong bond (WB, see text). In the last 
two rows we also report the fraction of in-gap states with an overcoordinated 
cation, either Ge or Sb or both, and the fraction of in-gap with atoms with 
more than one wrong bond. The sum on each column does not yield 100% 
because the large majority on in-gap states display more than one of the four 
features listed above.
 Feature Deep VB tail + shallow acceptor CB tail  
 (40 states) (12 states) (32 states) 
 Overcoordinated Ge (Ge𝑜𝑣𝑒𝑟) 45.0 41.5 18.75  
 Overcoordinated Sb (Sb𝑜𝑣𝑒𝑟) 17.5 8.3 12.50  
 Tetrahedral Ge (GeT) 40.0 25.0 56.25  
 Wrong bonds (WB) 77.5 33.2 81.25  
 Ge𝑜𝑣𝑒𝑟/Sb𝑜𝑣𝑒𝑟 57.5 41.5 28.10  
 More WB 52.5 16.2 50.00  

Table 4
Fraction (%) of the in-gap states in the different classes (deep, VB tail + shallow 
acceptor close to the VB, CB tail) that display one or more of the different four 
features (see text and Table  3).
 Feature Deep VB tail + shallow acceptor CB tail  
 (40 states) (12 states) (32 states) 
 Only Ge𝑜𝑣𝑒𝑟/Sb𝑜𝑣𝑒𝑟 12.5 8.3 3.125  
 Only GeT 2.5 8.3 9.375  
 Only WB 7.5 8.3 21.875  
 Ge𝑜𝑣𝑒𝑟/Sb𝑜𝑣𝑒𝑟 + WB 30.0 16.6 9.375  
 GeT + WB 25.0 8.3 34.375  
 Ge𝑜𝑣𝑒𝑟/Sb𝑜𝑣𝑒𝑟 + GeT – – –  
 more than 2 features 15.0 16.6 15.625  
 Only Te-Te long contact 5 33.2 –  

Table 5
Fraction (%) of atoms hosting the in-gap states (see text) 
that are either an overcoordinated Ge or Sb atom (Ge𝑜𝑣𝑒𝑟
or Sb𝑜𝑣𝑒𝑟), a tetrahedral Ge atom (GeT), or an atom with 
a wrong bond (WB), compared with the corresponding 
fraction in the bulk (7992-atom model of Ref. [52]).
 Feature in-gap states bulk 
 Ge𝑜𝑣𝑒𝑟/Sb𝑜𝑣𝑒𝑟 26 22  
 GeT 49 25  
 WB 50 35  

and to a lesser extent in the CB tail. GeT atoms are present in equal 
fraction in deep and CB tail states. The breakdown of these distributions 
is shown in Table  4 where we report the fraction of in-gap states with 
only one of the features listed above, the different possible pairs of two 
features and the fraction of states with more than two features. The 
distributions are resolved for deep states, CB tail (empty), VB tail + 
shallow acceptor close to VB as in Table  3. The fractions in each column 
in Table  4 now sum to ∼100% whereas a new feature consisting of 
Te-Te long contact (> 3.2 Å) is added. Long Te-Te contacts and Te-Te 
wrong bonds are present more in the VB tail than in deep and CB tail 
states.

The vast majority of in-gap states display more than one of the four 
features listed above. To gain insight into the role that the different fea-
tures could have in the localization of KS orbitals, we analyzed whether 
these features are overrepresented in the in-gap states with respect to 
the bulk. This analysis is summarized in Table  5 which reports the 
fraction of atoms with a particular feature (Ge𝑜𝑣𝑒𝑟/Sb𝑜𝑣𝑒𝑟, GeT, atom 
with a WB), among those defined to belong to the environment of the 
in-gap states, compared to the corresponding fraction among all atoms 
in the bulk of the 7992-atom amorphous model.
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Fig. 5. Example of localized in-gap states showing the typical features of the atomic environment discussed in the text. (a) An overcoordinated Ge atom in a 
crystal-like environment. (b) A long chain of wrong bonds including an overcoordinated Sb atom and a tetrahedral Ge atom. (c) A four-coordinated Ge atom 
bonded to two tetrahedral Ge atoms with two wrong bonds. The central Ge atom forms two axial bonds with the two tetrahedral Ge atoms. (d) A two-coordinated 
Te atom forming three long Te-Te contacts. The color code is the same used in Fig.  2. Ge, tetrahedral Ge (GeT), Sb and Te atoms are depicted with gray, green, 
yellow and blue spheres. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 6
Fraction (%) of the different types or wrong bonds among 
those present in the in-gap states (second column) and in 
the bulk (third column). The wrong bonds in the in-gap 
states are those involving the atoms which are defined 
to belong to the environment that hosts the localized 
state according to the isosurface of the corresponding KS 
orbital.
 Bonds in-gap states bulk 
 Ge–Ge 17 16  
 Ge–Sb 32 25  
 Sb-Sb 23 24  
 Te-Te 28 35  

It is clear from Table  5 that both GeT atoms and wrong bonds are 
overrepresented in the in-gap states with respect to the bulk. These two 
features are not independent, since the tetrahedral geometry of Ge is 
favored by Ge–Ge and Ge–Sb wrong bonds. This result is not surprising, 
since these structural motifs are not present in the crystal and are pre-
sumably weaker structures. Indeed, wrong bonds were demonstrated to 
be weaker than Ge–Te and Sb–Te in liquid GST from the analysis of the 
integrated crystal orbital Hamilton population (ICOHP) extracted from 
the DFT electronic structure [79]. Among the wrong bonds, the Ge–Sb 
7 
are the most abundant and more overrepresented in the in-gap states 
with respect to the bulk, as shown in Table  6. In GeTe, the DFT analysis 
on 1728-atom models of Ref. [42] showed that most the in-gap states 
were localized on short chain of Ge–Ge bonds. On the contrary, in our 
GST models only about 46% of the in-gap states comprise atoms with 
more than one wrong bond (see Table  3). Although the environment of 
the overwhelming majority of the in-gap states includes wrong bonds 
(i.e. atoms with at least one wrong bond), states with only wrong bonds 
and without tetrahedra or overcoordinated atoms are rare (see Table 
4). Wrong bonds favor tetrahedra and thus these two features mostly 
go together. In addition, wrong bonds also accompany overcoordinated 
atoms in the vast majority of in-gap states in which overcoordinated 
atoms are present. Some of these configurations, i.e. overcoordinated 
atoms plus wrong bonds, could be seen as a sort of crystal-like environ-
ment with an antisite defect. Wrong bonds were also present in some 
of the crystal-like environments that host mid-gap states in Ref. [47]. 
We finally remark that about 45% of the atoms on which the in-gap 
states are localized feature at least one axial bond, while this fraction 
in the bulk is about 35%.

We mentioned in Section 3.2 that the models with a clean gap are 
a significant lower fraction of those generated by NN-MD than by DFT-
MD (23% vs 50%). A possible source of this discrepancy is the size 
effect discussed earlier due to smaller size of models generated by DFT-
MD, but most probably the NN potential overestimates the in-gap states 
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Fig. 6. Histogram of the distribution of the (a) length and (b) angle of bonds involving atoms on which the 80 in-gap states are localized (as defined previously) 
compared to the corresponding distribution of all atoms in all models. Only bonds within the cutoff defined in Table  2 are included.
because small changes in the geometry, that would turn out to be non-
optimal at the PBE or HSE06 level, are sufficient to localize states in the 
gap. Nevertheless, by analyzing the nature of in-gap states separately 
in DFT and NN models, it turns out that the fraction of states in the 
different classes listed in Table  4 is very similar. Therefore, the larger 
and probably overestimated density of in-gap states of NN models just 
improves the statistics of our analysis on the nature of in-gap states.

We remark once more that none of the features discussed above 
(wrong bonds, tetrahedra, over-coordination) is a sufficient condition 
to give rise to a localized in-gap state. We also attempted to correlate 
in-gap states with distortions of the bond lengths and bond angles. The 
distribution of the length and angle of bonds involving atoms on which 
the 80 in-gap states are localized (as defined previously) is compared to 
the corresponding distribution of all atoms in all models in Fig.  6. The 
distribution of bond length of in-gap states shows a small enhancement 
at 2.6–2.7 Å which can be attributed to the over-representation in the 
in-gap states of wrong bonds (see Table  5) that includes the Ge–Ge 
bonds which are shorter than all other bonds. The first peak in the 
Ge–Ge pair correlation function is 2.66 Å while the peak for the other 
pairs is in the range 2.78–2.99 Å (see Ref. [52]). This means that the 
ability of an environment to host a localized state is not due just to the 
feature of the first neighbor shell. The property of the outer shells is of 
relevance as shown in Ref. [78] for amorphous GeSe. The development 
of some sort of machine learning approach seems necessary to address 
this issue. The analysis and data presented in this work are a first step 
in this direction.

3.4. Metadynamics simulations mimicking aging

Having identified the nature of in-gap states, we now attempt to 
remove them by inducing structural relaxations. We mimicked this 
aging process using the metadynamic technique. This method [55–57] 
is based on a coarse-grained, non-Markovian dynamics in the manifold 
spanned by few reaction coordinates (collective variables), biased by a 
history-dependent potential, which drives the system towards the low-
est saddle point. The main assumption is that the reaction path could 
be described in the manifold of few collective coordinates 𝑆𝛼({𝐑𝐼})
which are functions of the ionic coordinates 𝐑𝐼 . A history-dependent 
external potential 𝑉 (𝑡, 𝑆𝛼({𝐑𝐼})) is applied to the ionic coordinates and 
constructed by the accumulation of Gaussian functions, centered at the 
positions of the {𝑆𝛼} already visited along the trajectory. The potential 
discourages the system from remaining in the region already visited and 
pushes it over the lowest energy barrier towards a new local minimum. 
Metadynamics has been applied to study several chemical reactions and 
structural transformation in the gas and condensed phase [56,57],  and 
it was previously used also in simulations of GST, albeit in the different 
context of crystal nucleation [80] and crystal-to-crystal phase transition 
at high pressure [81].

Metadynamics was also used in our previous work on the aging of 
amorphous GeTe [42]. Since in GeTe the in-gap states were all localized 
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on chains of Ge–Ge bonds, in Ref. [42] we chose the Ge–Ge coordina-
tion number as collective variable to reduce the number of wrong bonds 
and clean the gap. As in GST the fraction of Ge is lower than in GeTe, 
the in-gap states are localized not only on Ge–Ge bonds but also on 
other environments, as discussed in the previous sections. Therefore, 
here,  as collective variable we choose the potential energy itself [82] 
which sounds a reasonable and more general variable to describe the 
relaxation of the glass. We performed metadynamics simulations on the 
model NN-7 whose electronic structure and character of the localized 
states are shown in Fig.  7. On the assumption that aging should lead to 
a removal of the in-gap  states, we applied the biasing potential only 
to the regions where the in-gap states are localized.  This is achieved 
by allowing only atoms in this region to move with all other atoms 
fixed  (see Fig.  8).  The external biasing potential consists of an isotropic 
Gaussian function of height 50 meV and width of 20 meV added every 
500 MD steps (1 ps). The selected mobile regions where the LUMO+1 
and LUMO+2 states are localized are shown in Fig.  8. We performed 
two metadynamics runs. We first performed a NN-MD  metadynamics 
simulation  200 ps long  by selecting only the LUMO+1 region around 
a GeT atom  (12 atoms).  At the end of the metadynamics run, we 
optimized the geometry at the HSE level. Transformation of the Ge 
atom from a tetrahedral geometry to a pyramidal 3-coordinated geom-
etry leads to removal of the in-gap state (former LUMO+1) but also 
of the neighboring poorly localized LUMO, as shown by the resulting 
DOS and IPR in Fig.  9a. Then, we performed a second metadynamics 
simulation  200 ps long by biasing the region  (14 atoms) of the former 
LUMO+2 state (5-coordinated Ge atom with a wrong bond).  At the end 
of the second metadynamics run, we relaxed the final configuration at 
the HSE level. The former LUMO+2 but also LUMO+3 (5-coordinated 
Sb atom bonded to a GeT atom) in-gap states were removed as shown 
by the DOS in Fig.  9b. In the transformation, the 5-fold Ge atom 
(LUMO+2) turns into a 4-coordinated atom by breaking a Ge–Te bond, 
while the environment of LUMO+3 undergoes just small deformation 
without coordination changes. The simulations show that in-gap states 
can be removed in different manners, either by removing tetrahedra 
or reducing the coordination of overcoordinated atoms, but also by 
relaxing the environment without an apparent change in bonding of 
atoms on which the state is localized. The transformation leads to the 
cleaning of the band gap and to an overall energy gain of 0.6 eV for 
the removal of four in-gap states.

As a side product of the second metadynamics simulation, two new 
Ge atoms turn into a tetrahedral configuration. This seems at odd with 
the fact that the final configuration has lower energy and that the gap is 
clean. However, we must recall once more that only a small minority 
fraction of wrong bonds and tetrahedra host in-gap states, therefore 
increasing the number of tetrahedra by a very small amount does not 
imply a higher number of in-gap states.

As a proxy of the mobility gap, we computed the Tauc gap [83] 
which is defined by the intercept with the energy axis of the linear 
extrapolation of 𝜔√𝜀2(𝜔) as a function of 𝜔, where 𝜀2(𝜔) is the imag-
inary part of the dielectric function. In turn, we computed 𝜀 (𝜔) in 
2
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Fig. 7. A zoom of the electronic DOS of model NN-7 (red curve) close to the band gap and the value of the IPR (gray spikes) of KS states at 𝛤  point. The zero 
of energy is the top of the valence band. The isosurface of states with high IPR (highlighted with black border) are shown in panels (b)–(e). (b) The HOMO is 
localized on a 4-coordinated Ge atom with a q-order parameter of 0.78 very close to that of a GT atom. (c) The LUMO+1 is localized on a GeT atom. (d) The 
LUMO+2 is localized on a 5-coordinated Ge atom with a wrong bond. (e) LUMO+3 is localized on a 5-coordinated Sb atom bonded to a GeT atom. Ge, GeT, Sb 
and Te are depicted with gray, green, yellow and blue spheres. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
Fig. 8.  Snapshots of the metadynamics simulation of the aging process of model NN-7 consisting of four steps: metadynamics by biasing only the region around 
the LUMO+1 state, HSE geometry optimization, metadynamics by biasing only the region of former LUMO+2 state, HSE geometry optimization. The region 
around the LUMO, LUMO+1 and LUMO+2 states are highlighted in the first panel (see the text). The displacement of the atoms is highlighted by the color scale. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the random phase approximation (RPA) from Kohn–Sham (KS) orbitals 
within DFT 
𝜀2(𝜔) =

8𝜋2

3𝑉𝑜𝜔2

∑

𝑣,𝑐
|⟨𝑐|𝐩|𝑣⟩|2𝛿(𝜔 − 𝐸𝑐 + 𝐸𝑣), (1)

where 𝐸𝑐 and 𝐸𝑣 refer to the energies of conduction and valence bands 
at the 𝛤 -point of the supercell BZ. 𝑉𝑜 is the unit cell volume. The Tauc 
plot and the resulting Tauc gap of the initial configuration and the final 
configuration after the two metadynamics runs are shown in Fig.  9. In 
addition to the removal of the in-gap states, the aging process mimicked 
by the metadynamics simulations also leads to a widening of the band 
gap by 50 meV which is similar to the band gap increase of 42 meV 
9 
measured experimentally by optical absorption after 172 h of aging at 
room temperature [29], since metadynamics accelerates the aging by 
biasing structural transformation.

It is a common wisdom that the enhancement of the Peierls distor-
tion leads to a widening of the band gap in GST and related materials. 
To quantify the Peierls distortion, we computed the angular limited 
bond length ratio (ALBLR) which measures the bond length ratio of 
two axial bonds (within a tolerance of 25◦), as defined in Ref. [84]. A 
larger ALBLR indicates a larger Peierls distortion. After metadynamics 
the band gap widens by 50 meV but the ALBLR even very slightly 
decreases from 1.15 to 1.12, which is too small a difference to claim any 
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Fig. 9. (a) Electronic DOS (shifted) of the initial configuration of model NN-7 superimposed to the DOS and IPR of the HSE-optimized configuration after the two 
metadynamics runs (see Fig.  8). (b) Tauc plot and Tauc gap given as an inset of the initial and final (HSE optimized) configurations after the two metadynamics 
runs (see Fig.  8). The error in the band gap due to the linear fitting of the Tauc plot is below 2 meV.
correlation between changes in the Peierls distortion and the band gap. 
This does not exclude that Peierls distortion would play a central role 
in the widening of the gap during aging, but other relaxation processes 
might concur, as is apparently the case for our single simulation. To 
properly address this issue, a statistical analysis of the aging on several 
models should be addressed, which is, however, outside the scope of the 
present work. We must also emphasize that different processes concur 
to the drift in resistance as testified by different dependence of the 
drift with time on different time scales [11]. The present metadynamics 
simulation was aimed to show that structural relaxations that lead to 
an energy gain can remove in-gap states.

4. Conclusions

In summary, we have provided an extensive statistical analysis on 
the origin of in-gap states in GST. We analyzed 44 models of different 
sizes (216–459 atoms) optimized at the DFT level and generated by 
quenching the melt either in DFT-MD or NN-MD. The in-gap states 
have been classified as deep or shallow, the latter also include the 
Urbach tails. The density of deep states is of the same order of magni-
tude of the value inferred from photoconductivity measurements [77]. 
The analysis of the local environment of the in-gap states reveal the 
presence of three main features: wrong bonds (homopolar or Ge–Sb), 
Ge atoms in tetrahedral geometry, overcoordinated Ge and Sb in an 
octahedral geometry (5- and 6-coordinated Ge and 6-coordinated Sb 
which correspond to a minority fraction in the bulk). The vast majority 
of in-gap states display more than one of the features listed above, 
but overall 82% of in-gap states are localized on atoms with at least 
one wrong bond. Overcoordinated atoms in an octahedral geometry, 
also identified in a previous work [47] in crystal-like environments, are 
present in 58% of the in-gap states, but they are mainly accompanied 
by a wrong bond. Some of these correspond to a sort of antisite 
crystal-like configurations. Tetrahedral Ge atoms are present in about 
40% of the in-gap states, but again nearly always together with a 
wrong bond. Therefore, we can conclude that wrong bonds play an 
important role in the formation of most of the in-gap states as was 
found in GeTe [41,42] and more recently in the selenide alloys such 
as GeSe𝑥 [85] and GeAsSe [86]. However, unlike GeAsSe [86], no 
valence alternation pairs (VAPs) are found in GST. As wrong bonds and 
tetrahedral Ge atoms are supposed to disappear upon aging towards 
a more ideal glass, our findings support the picture that the removal 
of these structural features during aging would lead to an increase of 
resistance because of the depletion of the in-gap states that support 
the Poole–Frenkel conduction mechanism. These results extend to GST 
the picture already emerged from DFT simulations for GeTe [41–43]. 
Metadynamics simulations mimicking the aging of a single model show 
10 
indeed the removal of a tetrahedron and of the corresponding in-gap 
state, but also other processes. Some in-gap states are removed by 
reducing the coordination of overcoordinated atoms, while others are 
removed by relaxing the environment without an apparent change in 
bonding of atoms on which the states are localized. The simulations 
show an energy gain of about 0.6 eV during aging, the simultaneous 
removal of four in-gap states and the widening of the Tauc gap by about 
50 meV which is comparable to the experimentally measured shift dur-
ing aging [29]. It is conceivable that once wrong bonds and tetrahedra 
were removed after aging, the surviving in-gap states would be mostly 
localized on overcoordinated atoms in crystal-like geometries (with no 
wrong bonds) as those found in Ref. [47] on amorphous DFT models 
closer to the ideal glass. These results thus provide important insights 
on the link between the evolution of the in-gap states responsible for 
the resistance drift and the structural relaxations of the glass, which 
is of great relevance for the mitigation of the drift in phase change 
memory devices.
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