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Metal-semiconductor transition in the supercooled liquid phase
of the Ge,Sb,Tes and GeTe compounds
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The Ge,Sb,Tes and GeTe compounds are of interest for applications in phase change memories. In the reset
process of the memory the crystal is rapidly brought above the melting temperature 7,, by Joule heating and then
the liquid phase rapidly cools down leading to the formation of the amorphous phase. Since the liquid above
T,, is metallic and the amorphous phase is semiconducting a semiconductor-to-metal transition occurs in the
supercooled liquid. Based on density functional simulations, we estimated the metal-semiconductor transition
temperature Ty sc by monitoring the opening of a band gap in the supercooled liquid phase. Due to previous
evidence on the importance of the van der Waals (vdW) interaction in describing the liquid phase of these
materials, we used both the revised Vydrov-van Voorhis functional which includes vdW nonlocal interactions
and the Perdew-Burke-Ernzerhof functional without vdW corrections. The estimated Ty.sc is about 100-150 K
higher with the former than with the latter framework for both compounds. By including vdW interactions
the estimated Ty.sc is closer to 7, than to the glass transition temperature for both systems. The analysis of
the structural properties as a function of temperature suggests a correlation between the metal-semiconductor
transition and a Peierls distortion. However, the data support more a continuous structural transformation than

the presence of a first order liquid-liquid phase change associated the metal-semiconductor transition.
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I. INTRODUCTION

Phase change memories (PCMs) are one of the leading
candidates for the realization of storage-class memories which
combine nonvolatility with speed and endurance close to those
of the dynamic random access memories (DRAM) [1]. PCMs
exploit a fast and reversible transformation between the crys-
talline and amorphous phases of chalcogenide alloys due to
Joule heating. The material of choice for PCMs is presently
the ternary compound Ge,Sb,Tes (GST) [2—4], although dop-
ing of the parent binary compound GeTe and Ge-rich GeSbTe
alloys are also exploited for applications that require operation
at high temperatures [5,6]. These materials are degenerate
p-type semiconductors in the crystalline phase with a high
electrical conductivity while they behave as intrinsic semicon-
ductors in the amorphous phase with a lower conductivity and
a Fermi level pinned at or close to midgap [2,7]. The state of
the memory is read by the measurement of the resistance that
differs by about three orders of magnitude between the two
phases.

In the reset process of the memory, the crystal is rapidly
brought above the melting temperature 7, by an intense and
short current pulse. Then, the liquid rapidly cools down below
T, turning into the amorphous phase at the glass transi-
tion temperature 7T,. Electronic structure calculations based
on Density Functional Theory (DFT) revealed that liquid
Ge,Sb,Tes and GeTe, as well as many others phase change
materials, show a pseudogap in the electronic density of states
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(DOS) close to the Fermi level Ex which is progressively filled
by increasing temperatures [8—13]. Since the experimental
electronic conductivity increases with temperature [14—16]
these materials are often referred to as semiconductor liquids,
although the raise in conductivity above 7,, might not be due
to a higher density of thermally excited carriers but to an
increase of the density of delocalized states at Er. Neverthe-
less, the conductivity is often fitted with an Arrhenius form
with a temperature dependent apparent activation energy. The
temperature at which the activation energy reaches a maxi-
mum is often defined operatively as the metal-semiconductor
transition temperature [17]. However, a suitable definition of
the metal-semiconductor transition (M-SC) is given by the
temperature Ty;.sc at which a mobility gap opens up by de-
creasing temperature. This is the definition of Tyrsc we use
hereafter.

The experimental measurement of Ty gc in phase change
materials, would it occur below 7, is hampered by their
extremely fast crystallization. This feature is believed to orig-
inate from the high fragility of the supercooled liquid phase
whose viscosity remains fairly low below 7, only to rise
sharply in a non-Arrhenius manner very close to 7, [18-20].
On the contrary, in a strong liquid the viscosity follows an Ar-
rhenius behavior with a single activation energy from 7, and
T,. The fragility actually boosts the crystallization speeds be-
cause it allows for a high atomic mobility at high supercooling
where the thermodynamical driving force for crystal nucle-
ation and growth is also large [18]. In this context, a precise
location of the M-SC transition is also of interest because it
has been suggested that Ty;.sc might control a strong-to-fragile
crossover in the temperature dependence of the viscosity [21].
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In turn, a strong-to-fragile transition sufficiently close to 7,
would guarantee a fast crystallization for the reasons outlined
above and at the same time a higher stability of the amorphous
phase whose aging propensity is usually larger the higher is
the fragility close to 7, [22,23].

Previous DFT molecular dynamics (MD) simulations of
Ge,Sb,Tes [8] and GeTe [9] have shown a deepening of the
pseudogap at Er upon cooling from temperatures slightly
above to slightly below T,,. This has been ascribed to an en-
hancement of the Peierls distortion consisting of the formation
of long and short bond around Ge and Sb atoms [8,9]. These
simulations were, however, restricted to temperatures where
the DOS at Er and the resulting electrical conductivity is still
relatively high.

In this work, we extend the previous DFT investigations by
analyzing the electronic properties of Ge,Sb,Tes and GeTe at
high supercooling below 7, down to temperatures close to 7,
aiming at identifying the appearance of a mobility gap and
thus at estimating 7yr.sc. We mention that a combined DFT
and experimental study of the metal-semiconductor transition
was recently reported also for the supercooled phase of the
Ge;5Sbgs phase change alloy [24].

II. COMPUTATIONAL DETAILS

We performed Born-Oppenheimer DFT molecular dynam-
ics simulations by using the CP2k suite of programs [25,26].
Goedecker-type pseudopotentials with four, three and six
valence electrons were used for Ge, Sb, and Te [27]. The
Kohn-Sham (KS) orbitals were expanded in the basis set of
triple-zeta-valence plus polarization (TZVP) Gaussian-type
orbitals (GTO) while the charge density was expanded in a
plane-wave basis set with a cut-off of 100 Ry to efficiently
solve the Poisson equation within the Quickstep scheme
[25,26]. Brillouin Zone (BZ) integration was restricted to the
supercell I point. The same scheme was applied in our previ-
ous work on several other phase change compounds [28-33].

There is evidence in literature that the inclusion of van
der Waals (vdW) interactions is important to properly de-
scribe the structural properties of the liquid above T, of GeTe
and Ge,Sb,Tes [8,9]. Therefore, we used the exchange and
correlation functional including vdW interaction proposed
by Vydrov and van Voorhis [34] and revised by Sabatini
et al. (rVV10) [35]. For this functional the gradient corrected
Perdew-Burke-Ernzherof (PBE) functional is used for the
semilocal correlation energy [36]. We thus used PBE norm
conserving pseudopotentials as it is commonly reported in lit-
erature, although they are not fully consistent with the rVV10
functional. For the sake of comparison we also repeated all
the simulations with the mostly used PBE functional with no
vdW corrections to see their effect on the estimated Tysc.

MD simulations in supercell with periodic boundary condi-
tions were performed by using the predictor-corrector scheme
of Refs. [37,38] for the self-consistent solution of KS equation
at each MD step, 2 fs long.

Liquid GST was modeled in an orthorhombic supercell
containing 270 atoms with edges of 21.971 A, 21.971 A,
and 18.643 A corresponding to a density of 5.683 g/cm?
(0.0300 atoms//c\3), which is close to the experimental value
in the temperature range of interest [8]. Liquid GeTe was

modeled by a 216-atom cubic supercell with a cell edge of
18.643 A corresponding to a density of 5.542 g/cm?® (0.0333
atoms/A3), which is close to the experimental one of the
amorphous phase [5]. The volume was held fixed during
the quenching protocol as it changes very little between the
liquid at 7;, and the amorphous phase at 7,. For instance,
the experimental density of liquid [39] GeTe at 7,, is 0.0339
atom/A3, while the density of the amorphous phase [5] is
0.0332 atom/A>. The liquid models were generated by first
thermalizing the system slightly above the experimental T,
(998 K for GeTe, [39] 858-877 K for GST [16,40]).

We quenched the GST (GeTe) models from 1000 K
(900 K) in steps of 100 K by equilibrating the system for
15 ps before reducing the temperature. We also considered
intermediate temperatures to better locate Ty.sc by reducing
the temperature by 50 K from the nearest higher temperature
of the quenching protocol. These branched-off configurations
have been used as a starting point for new MD simulations
consisting of 2.3 ps of equilibration plus a canonical run 15
ps long. The quenching rate of our protocol of 6.6 K/ps
(100 K/15 ps) is similar to those used to generate the amor-
phous models in several previous works where the overall
quenching time form 1000 K to 300 K was about 100 ps
[41,42].

We have not investigated the dependence of the electronic
DOS on the quenching rate. However, a previous analysis on
Ge,Sb,Tes shows minor changes in the structural properties
of the amorphous phase by doubling the quenching rate from
5 to 10 K/ps [43]. Reducing the quenching rate to 1 K/ps
lead instead to partial crystallization as this material is a very
poor glass former [43]. In another work [44], it was shown
that two amorphous models of GeTe generated by quenching
from 1000 K to 300 K in either 100 ps or 3 ns featured very
similar structural properties provided that in the long quench
(3 ns) the quenching rate was faster (=1 K/ps) in the 700—
500 K range to prevent crystallization. Several simulations of
the supercooled liquid phases of GeTe and Ge,Sb,Tes show
that the time scale of few tens of ps used in our production
runs is much shorter than the typical incubation time (several
hundreds of ps) for the formation of crystalline nuclei in the
temperature range 700-500 K where nucleation rate and crys-
tal growth velocities are high [44—46]. Average temperatures
were computed over about 15 ps of production canonical runs
with a Langevin thermostat [38].

The electronic density of states (DOS) were computed by
averaging over nine snapshots of the rVV10 trajectories at
different temperatures in the supercooled liquid phase in the
range 900-500 K. For each snapshot the KS orbitals were
computed at the supercell I'-point with the HSE06 hybrid
functional [47] to better reproduce the band gap as already
done in our previous study of the crystalline phase [28].
KS energies were broadened by a Gaussian function with
a variance of 27 meV. The DOS of the different snapshots
at the same temperature are aligned at the highest occupied
state for the sake of a clear visual representation of the open-
ing of the band gap. The highest occupied state is obtained
in turn by integrating the DOS under the constraint on the
total number of electrons. Different alignments of the DOS
were also checked by using the bottom of p bands or the
bottom of the band of Te 5s states shown in Fig. S1 in the
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Supplemental Material (SM) [48]. In both cases the change
in the DOS is within the standard deviation over the nine
snapshots. The Fermi level Er is then assigned by n =
f D(e)frp(e)de where D(€) is the DOS averaged over the
nine snapshots, 7 is the electron density and frp is the Fermi-
Dirac distribution at the corresponding temperature. At all
temperatures the Fermi level is then set to the zero of energy.

To quantify the localization properties of individual KS
states, we have computed the inverse participation ratio (IPR),
which is defined for the ith KS state by )¢ ;i Cij L1000, G /)2
where j runs over the GTOs of the basis set and c;; are the
expansion coefficients of the ith KS state in GTOs. The IPR
takes values varying from 1/N for a completely delocalized
electron, where N is the number of atomic-like orbitals in
the basis set of the whole supercell, to one for an electron
completely localized on a single atomic-like orbital.

We also computed the imaginary part of the dielectric
function &,(E) to estimate the Tauc gap as it will be defined
later. In the random phase approximation, &,(E) is given by

8 2e2h?

£2(E) = 2V,]\,EZZwkmw

)PS(E — Ecx + Evio),

ey
where E, x and E, g refer to the KS energies of conduction
(empty) and valence (filled) bands at the Ny k-points in the
supercell BZ, m and e are the mass and charge of the electron.
We restricted the calculation to the I'-point of the supercell
with volume V,,. In the actual calculation the §-functions are
substituted by Gaussian functions with variance of 27 meV.
Neglecting local field effects has been proven to be ade-
quate in previous calculations on other phase change tellurides
[49,50]. The same approach was employed in our previous
study of the optical properties of amorphous and crystalline
GeTe, GST, and Sb,Te; [50].

III. RESULTS

The identification of the mobility gap from DFT simula-
tions is a challenging task due to limitation in size of the
supercells that can be used and the consequent difficulties in
performing a finite size scaling analysis to assess the localiza-
tion length of the electronic states. Thus, we tried to estimate
the opening of a mobility gap in an approximate manner as
described below. It has been shown that the electronic DOS as
a function of energy D(E) close to the band gap of models
of amorphous GST and GeTe can be reliably described by
square-root functions as «/E — E. and /E, — E where E. and
E, are the conduction and valence band edges supplemented
by Urbach tails and eventually deep localized states in the en-
ergy gap (E; = E. — E,) [51,52]. By heating the amorphous
phase above T, one expects that the energy gap E, defined
above would decrease and that at the same time the density of
localized states in the gap would increase as well. At a given
temperature we expect E, to vanish which would represent a
lower bound to Ty.sc (metal-semiconductor transition) if the
finite density of states at Ep still refers to localized states.
On the contrary, a finite band gap as defined above might
also coexist with a finite density of delocalized states at Ef.
Therefore, from the analysis of the DOS we estimate the
temperature at which E, vanishes and from visual inspection

of the IPR we assess whether the states at £ are localized or
not.

As a different estimate of the gap closure, we computed
the optical Tauc gap from the imaginary part of the dielectric
function &,(E). The optical Tauc gap is defined as the energy
E for which the linear extrapolation of the function E \/&,(E)
becomes zero (Tauc plot).

In the following we report the results on the DOS, IPR
and the estimate of the electronic gap by the two methods
described above for liquid Ge,;Sb,Tes and GeTe below and
just above the experimental 7,, in two separate subsections.
We remark that the values of T, and T, we refer to in the
text are always experimental values. We assign Tyr.sc in the
temperature range where the energy gap defined in two dif-
ferent manner vanishes with no strongly localized states at
Ep. All the data reported in the following refer to the rVV10
simulations, if not otherwise specified, the corresponding data
for the PBE simulations are given in the SM [48].

A. Gez sz Te5

The DOS close to Er is reported in Fig. 1 for six different
temperatures. At high temperature, close to the experimental
T,, (858-877 K) [16,40], the system is clearly metallic with a
high value of the DOS at E. Still, the DOS has a minimum
at Er which becomes more pronounced upon cooling. The
pseudogap is somehow deeper than in previous DFT calcu-
lations [8] with a different vdW functional (DFT-D2) [53]
at temperatures close and above 7,,. Upon cooling the Fermi
level shifts to lower energies with respect to the minimum of
the DOS. The DOS close to the pseudogap below and above
Er have been fitted by functions of the type A,~/E, — E and
A/E — E, as shown in Fig. 1, with A,, E,, A, and E, as
fitting parameters reported in Table SI in SM [48].

The band edges E, and E, obtained from the fitting provide
an estimate of the band gap E, = E. — E,. The resulting E,
as a function of temperature collected in Fig. 2 suggests a
vanishing electronic gap at about 850 K.

However, a negative value of E, might not necessarily
imply a metallic behavior as the finite DOS at Ex might be due
to localized states. Conversely, a positive E, does not imply
a semiconducting behavior if a finite density of delocalized
states is still found at E. To assess the localization properties
of the electronic states we superimpose the IPR to the DOS
in Fig. 3. A sizably large IPR for the states in the pseudogap
are found only at and below 796 K which is consistent with
the estimate of Ty gc at around 850 K (the nearest higher
temperature considered here) given by the vanishing of E,.

The DOS and the IPR over a wider energy range are
reported in Fig. S1 in the SM [48] for the six different tem-
peratures. The DOS and the IPR for the PBE simulations are
given in Figs. S2-S4 in the SM [48]. The E, as a function of
temperature for the PBE simulations are compared in Fig. 2
with the rVV10 results. For both simulations the electronic
DOS has been then computed with the hybrid HSE06 func-
tional. The M-SC transition in the PBE simulations occurs
at around 700 K, which is below the value of about 850 K
for Ty.sc estimated from the rVV10 simulations. We will
comment on this difference later on. First, we report on the
analysis of the Tauc plot as a second manner to estimate the
opening of the mobility gap.
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FIG. 1. Electronic density of states (DOS) around the Fermi level
of the liquid and supercooled liquid Ge,Sb,Tes models generated
with the rVV10 functional at different temperatures. The DOS are
obtained from Kohn-Sham energies computed with the HSE06 func-
tional and broadened with Gaussian functions 27 meV wide. The
DOS is averaged over nine configurations at each temperature, the
DOS of the different configurations are aligned at the highest occu-
pied state. Standard deviations are depicted by the blue shaded area
around the solid lines. Different alignments of the DOS were also
checked (see Sec. II). In all cases the change in the DOS is within
the standard deviation over the nine snapshots. The zero of energy
is the Fermi level assigned by the average DOS at each temperature
and the constraint on the total number of electrons. The fitting of the
conduction and valence band edges with the square-root functions
ANE —E. and A,/E, — E in the gray shaded regions are also
shown (dashed lines). The fitting parameters A,, E,, A. and E, are
given in Table SI in SM [48]. The resulting band gap E, = E, -E, is
given in each panel.

The Tauc plots at different temperatures are shown in Fig. 4
for the rVV10 functional, the corresponding plot for the PBE
functional is reported in Fig. S5 in the SM [48]. The resulting
Tauc gaps reported in Fig. 2 vanishes at a temperature remark-
ably close to that at which the E, extracted from the DOS
closes. This result gives us further confidence on our estimate
of TM»SC-

In our previous work on In,Tes, we have associated the
opening of a mobility gap in the supercooled liquid with a
structural transformation consisting of the disappearance of
defective octahedral configurations (bonding angles at about
90° and 180° but coordination lower than six) around In atoms
[13]. Indeed, In atoms are mostly in tetrahedral coordination

0.4
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2 0.2
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0.0 Q

-0.1
400 500 600 700 800 900 1000
T (K)
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T (K)
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FIG. 2. (Upper panel) Energy gap as a function of temperature
in the rVV10 simulations of GST obtained from the fitting of the
electronic DOS close to Er (red squares) shown in Fig. 1 or given by
the Tauc optical gap (blue circles) computed from the plots in Fig. 4
(see text). The lines are just a guide for the eye. (Lower panel) The
same of the upper panel for PBE simulations of GST.

and the minority of defective octahedral configurations con-
tribute to the DOS at Ex [13]. In the case of Ge,;Sb,Tes and
GeTe, defective octahedra are the majority of configurations
for Ge and Sb atoms. Tetrahedral configurations for Ge do
appear upon cooling and correspond to about 30% of Ge
atoms in DFT models of the amorphous phase of Ge,Sb,Tes
[30] and GeTe [29]. However, tetrahedra can be detected only
at temperatures lower than our estimated Ty sc as shown
in Fig. 5 reporting the order parameter for tetrahedricity g
introduced in Ref. [54] and used for phase change materials
for instance in Refs. [13,30]. The order parameter is defined
byg=1- %Zi>k(% + cos 6;%)%, where the sum runs over
the pairs of atoms bonded to a central atom j and form-
ing a bonding angle 6;;, [54] it evaluates to g=1 for the
ideal tetrahedral geometry and to ¢ =5/8 for a 4-fold coordi-
nated defective octahedral site. The peak in the g distribution
corresponding to tetrahedra is visible only at about 500 K
and below, which excludes any correlation between the gap
closure and the disappearance of tetrahedra. Note that the
tetrahedra are more abundant in the PBE simulations than in
rVV10 ones at similar temperatures, while Tyr.sc is higher for
rVV10 than for PBE which further support the conclusions
that the SC-M transition is not driven by the disappearance of
tetrahedra upon heating. Further information on the evolution
of the structural properties with temperature is provided by
the partial pair correlation functions reported in Fig. 6 and
by the angle distribution functions and the distribution of
coordination numbers at different temperatures reported in
Figs. S6-S7 in the SM [48].
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FIG. 3. Electronic density of states (DOS) around the Fermi level
of the liquid and supercooled liquid GST models generated with the
rVV10 functional at different temperatures as reported in Fig. 1 with
the inverse participation ratio (IPR) superimposed to highlight the
rising of localized states in the pseudogap as temperature is lowered.
The IPR refers to the same nine configurations used to compute the
DOS. The value of the DOS at the Fermi level is given in each panel.

The partial pair correlation functions show the presence of
a larger fraction of Ge-Ge bonds at high temperatures in the
PBE simulations than in the rVV10 ones. In a previous work,
we have shown that the localized states in the gap of the semi-
conducting amorphous phase of the parent compound GeTe
are mostly due to the presence of chains of homopolar Ge-Ge
bonds [55]. The Ge-Ge bonds are present in a larger amount in
the liquid phase and they survive during the quenching to 7.
Homopolar bonds are not present in the crystalline phase and
they are therefore often referred to as wrong bonds. We might
therefore conceive that, analogously to GeTe, wrong bonds
(Ge-Ge, Sb-Ge, Sb-Sb) could also be responsible for states
at the Fermi level. The larger the amount of these states the
lower is the Ty.sc. However, this might be not the only source
of the persistence of a metallic state to lower temperature in
the PBE than in the rVV 10 model.

On the other hand, in the case of supercooled liquid
Ge5Sbgs the M-SC transition has been associated with the
disappearance of a Peierls distortion which amounts to deform
an octahedral environment with six bonds into a pyramidal-
like with three shorter bonds and three longer ones [24]. This
feature has been highlighted by plotting the angular-limited
bond correlation (ALTBC) function which measures the prob-
ability of finding a bond with length r; mostly aligned (within
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FIG. 4. Tauc plot of liquid and supercooled liquid GST at dif-
ferent temperatures obtained from rVV10 trajectories. The function
&,(E) is averaged over the same different configurations used for
the DOS in Fig. 3. The dielectric function involves only energy
differences and thus it does not depend on the choice of the alignment
of the DOS in Fig. 3. The shaded area is used for the linear fitting.
The resulting Tauc gap is given in each panel and is reported as a
function of temperature in Fig. 2. The HSE06 functional was used to
compute KS energies.

a threshold angle of 25°) with a second bond of length r,
formed with the same central atom. The same analysis was
also applied to Ge,Sb,Tes and GeTe above and just below
T, in Refs. [8,9] and in earlier work on liquid GeTe [56]. An
enhancement of the Peierls distortion was correlated with the

100; ; 100

ﬁ __ 808K rvv1l0 | E _

g 80 —— 848K | g 80 —

. — 796K ; .

£ 60 696k 4 F L !
© H © |
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% 0z 04 06 08 10 Y% 02 04 06 08 1.0
order parameter q order parameter q

FIG. 5. Distribution of the local order parameter g for four-fold
coordinated Ge atoms in liquid Ge,Sb,Tes at different temperatures
for (left panel) the rVV10 functional and (right panel) the PBE
functional. The coordination number is obtained by integrating the
partial pair correlation functions of Fig. 6 up to a cutoff of 3.0, 3.0,
3.2 A for Ge-Ge; Ge-Sb and Ge-Te pairs.

045004-5



M. COBELLI et al.

PHYSICAL REVIEW MATERIALS §, 045004 (2021)

. Total rvwl0 898 K . Total PBE 816 K
2 — 848K 2 — 741K
P — L0 N S —— 663K
Ge-Ge — 696 K Ge-Ge — 583K
4 — 501K | 4 —— 504K
2 / 499K | 2 382K
0 o 1 o -
Te-Te Te-Te
4 4
2 A 2
0 i 0 /&\/“—"—
R Ge-Te Ge-Te
—4 ﬂ 4 ﬁ
o2 / \\; o 2r \ o
0 E— = — -
Sb-Te Sb-Te
4 R 4 R
2 / &7_‘ |2 / N——
0 Sb-Sb 0 Sb-Sb
4 4
2 2
0 P — o NP
Ge-Sb Ge-Sb
4 4
2 P 2 _
A — - —
O 4 — 3 /\:—/4 6 8
r (A) r (A)

FIG. 6. Total and partial pair correlation functions of GST at
different temperatures obtained from simulations with (left panel) the
rVV10 functional and (right panel) the PBE functional.
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FIG. 7. ALTBC function for Ge,Sb,Tes for Ge atoms for the
rVV10 simulations at different temperatures. Radial distances r; and
r» are in A. The corresponding functions for Sb and Te atoms are
reported in Figs. S8 and S9 in the SM [48].
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FIG. 8. Electronic density of states (DOS) around the Fermi
level of the supercooled liquid GeTe models generated with the
rVV10 functional at different temperatures. The DOS are obtained
from Kohn-Sham energies computed with the HSE06 functional
and broadened with Gaussian functions 27 meV wide. The DOS is
averaged over nine configurations at each temperature, the DOS of
the different configurations are aligned at the highest occupied state.
Standard deviations are depicted by the blue shaded area around the
solid lines. Different alignments of the DOS were also checked (see
Sec. I). The zero of energy is the Fermi level assigned by the average
DOS at each temperature and the constraint on the total number of
electrons. The fitting of the conduction and valence band edges with
the square-root function A./E — E. and A,«/E, — E in the gray
shaded regions are also shown (dashed lines). The fitting parameters
A,, E,, A., and E, are given in Table SII in SM [48]. The resulting
band gap E, = E. — E, is given in each panel.

deepening of the pseudogap at Er although the analysis was
restricted to temperatures where the DOS at the Fermi level
was still relatively high [8,9].

We here extend the same analysis at lower temperatures
by reporting the ALTBC function for Ge atoms at different
temperatures for the rVV10 functional in Fig. 7. The same
plot for the the Sb and Te atoms and for all atoms with the
PBE functional is shown in Fig. S§-S12 in the SM [48].

At low temperatures a Peierls distortion is clearly visible
with a maximum of the ALTBC function at the rj—r, dis-
tances of about 2.8-3.3 A for rVV10 and 2.8-3.0 A for PBE.
The Peierls distortion fades away continuously by increasing
temperature. We notice that the Peierls distortion around Ge
atoms vanishes at a lower temperature in PBE than in rVV10
simulations (see Fig. 7 and Fig. S10 in the SM [48]) which
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FIG. 9. Electronic density of states (DOS) around the Fermi level
of the supercooled liquid GeTe models generated with the r'VV10
functional at different temperatures as reported in Fig. 8 with the
inverse participation ratio (IPR) superimposed to highlight the rising
of localized states in the pseudogap as temperature is lowered. The
IPR refers to the same nine configurations used to compute the
DOS.The value of the DOS at the Fermi level is given in each panel.

correlates well with a lower Ty.sc for the PBE functional
inferred from the analysis of the DOS.

The temperature at which the Peierls distortion fades away
is higher than the temperature at which the tetrahedra start to
appear, although it is still lower than the estimated Tyr.sc. In
the case of Ge;5Sbgs [24], the Peierls distortion is proposed
to be responsible of a liquid-liquid phase transition which
was also correlated with the M-SC transition. It has been
proposed in literature [57] that either a first or a higher order
liquid-liquid transition might also occur in other phase change
alloys including GeSb,Te4 which is structurally very similar
to GeTe and Ge,Sb,Tes. Our results reveal a correlation be-
tween the Peierls distortion and the SC-M transition which,
however, better supports a continuous structural change with
temperature than a first order phase transition.

Note that the ALTBC of Te (Fig. S9 in SM [48]) shows
a persistence of a double peak feature at all temperatures
investigated here. The same feature is present in the total
(not atom resolved) ALTBC in Ref. [8] above the melting
temperature. The longer bond (larger r; in the two maxima)
of the ALTBC of Te atoms is, however, very long, actually
about 3.7-3.8 A which is possibly too much to be associated
to a real bond according to the analysis of the bond strength
reported in Ref. [58] for GST from the calculation of the

—e— Tauc gap
0.2 —=— DOS gap
3
- 0.0t GeTe —rvv10
) \
W
-0.2
400 500 600 700 800 900 1000
T (K)
'\.\- GeTe — PBE
0.0 —
=
L
§—0.5
i
-1.0

400 500 600 700 800 900
T(K)

1000

FIG. 10. (Upper panel) Energy gap as a function of temperature
in the rVV 10 simulations of GeTe given by the Tauc optical gap (blue
circles) computed from the plots in Fig. 11 or from the fitting of the
electronic DOS close to Er (red squares) shown in Fig. 8 (see text).
(Lower panel) The same of the upper panel for PBE simulations of
GeTe. The lines are just a guide for the eye.

Wannier functions and the Electron Localization Function.
The disappearance of the double peak feature around Te atoms
would occur at much higher temperatures above 7, and it
cannot be associated with the opening of a mobility gap in
the supercooled liquid phase although it was correlated with
other features in the liquid phase such as the negative thermal
expansion in Ge-poor GeTe, alloys [59].

B. GeTe

The DOS close to the Fermi level of supercooled liquid
GeTe are reported in Fig. 8 from rVV10 simulations at six
different temperatures in the range 500-900 K. As for GST,
the DOS close to the pseudogap below and above Ef are fitted
by functions of the type A, /E, — E and A./E — E. in Fig. 8,
where A,, E,, A., and E, are fitting parameters given in Table
SII in SM [48]. The IPR superimposed to the DOS is shown
instead in Fig. 9. The DOS and the IPR over a wider energy
range are reported in Fig. S13 and S14 in SM [48] for the
rVV10 and PBE functionals.

At the highest temperatures the system is metallic with a
high DOS at Er in agreement with previous DFT calculations
[9] using a different vdW functional (DFT-D2) [53]. As occurs
in GST, the pseudogap at Er becomes deeper by decreasing
temperature until a gap opens up. The gap E, = E. — E, ex-
tracted from the DOS is compared in Fig. 10 with the Tauc gap
obtained for rVV10 and PBE functionals. The Tauc plots for
rVV10 functional are shown Fig. 11. The DOS and IPR close
to Er and Tauc plots corresponding to the PBE simulations
are shown in Figs. S15-S17 in the SM [48].
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FIG. 11. Tauc plot of liquid and supercooled liquid GeTe at dif-
ferent temperatures obtained from rVV10 trajectories. The function
&,(w) is averaged over the same different configurations used for the
DOS in Fig. 9. The shaded area is used for the linear fitting. The
resulting Tauc gap is given in each panel and reported as a function of
temperature in Fig. 10. The HSEQ6 functional was used to compute
KS states.

The Tauc gap and the gap extracted from the DOS both
vanish at about 800 K with the rVV10 functional. On the
contrary, a sizable difference is observed in the band gap
closure from the two methods with the PBE functional which
yields Ty.sc in the range 650-700 K. This is due to some un-
certainties in the fitting of the conduction band with a square
root of the energy for the PBE-DOS (see Fig. 8). Still, Tyi.sc
is fairly lower for the PBE simulations as occurs for GST.
In this respect the same argument proposed for GST holds
here for GeTe, i.e., a higher DOS at Er at high temperatures
might be due to a higher content of Ge-Ge bonds in the PBE
simulations as shown by the partial pair correlation functions
reported in Fig. 12. Similarly to GST, there is no correlation
between the disappearance of tetrahedra with temperature and
the closure of the mobility gap. The distribution of the g order
parameter for GeTe reported in Fig. 13 shows the appearance
of a peak due to tetrahedra at temperatures much lower than
Tvi.sc estimated from the closure of the band gap. The bond
angle distribution functions and the distribution of coordina-
tion numbers for GeTe with the rVV10 and PBE functionals
are shown in Figs. S18 and S19 in the SM [48].

The ALTBC function for Ge atoms in GeTe with the
rVV10 functional is reported in Fig. 14 for different temper-

4 Total rvwwl0 — 897 K 4 Total PBE —— 950K
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FIG. 12. Total and partial pair correlation functions of GeTe at
different temperatures obtained from simulations with (left panel) the
rVV10 functional and (right panel) the PBE functional.

atures. The ALTBC functions for Te atoms with the rVV10
functional and for all atoms with the PBE functional are
shown in Figs. S20-S22 in the SM [48]. Similar to GST,
a Peierls distortion around the Ge atoms is visible at low
temperatures at the r—r, distances of about 2.8-3.4 A for
rVV10 and 2.85-3.0 A for PBE.

Concerning the ALTBC for Te atoms (Fig. S20 in SM [48])
the same remarks raised in the discussion for GST holds here
for GeTe.

The Peierls distortion is blurred at a lower temperature in
PBE than in rVV 10 simulations which correlates with a lower
Tysc estimated from the PBE band gap. Similarly to GST,
the temperature at which the Peierls distortion vanishes is
higher than the temperature at which the tetrahedra appear,
although it is still sizably lower than Ty1.sc. Therefore, albeit a

140 — 897K 5 140
— 801K ] Ge
120/ — 751K 120 QV‘L/“
) — 703K ) i
€100 gg; E €100
< 80 £ g0
s s
5 60 5 60
ko] n
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%02 04 06 08 10 %

02 04 06 08 1.0

order parameter q order parameter q

FIG. 13. Distribution of the local order parameter ¢ for four-fold
coordinated Ge atoms in liquid GeTe at different temperatures for
(left panel) the rVV10 functional and (right panel) the PBE func-
tional. The coordination number is obtained by integrating the partial
pair correlation functions of Fig. 12 up to a cutoff of 3.0 and 3.22 A
for Ge-Ge and Ge-Te pairs.
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FIG. 14. ALTBC function for GeTe for Ge atoms in the rVV10
simulations at different temperatures. Radial distances r; and r, are
in A. The corresponding functions for Te atoms are reported in
Fig. S20 in the SM [48].

correlation between the Peierls distortion and the M-SC
transition is indeed possible, also for GeTe the structural
transformation associated with the M-SC transition seems
continuous and not a first order phase change.

We remark that the value Tyi.sc = 800 K inferred from
rVV10 simulation is actually equal to the estimate given in
Ref. [21] where it is assumed that the Tyrsc corresponds
to a maximum in the specific heat. The temperature for the
maximum in the specific heat for GeTe was obtained in turn
by extrapolating to the GeTe composition the corresponding
values known experimentally for other GeTe, alloys richer in
tellurium [21].

IV. CONCLUSIONS

We have investigated the opening of the gap in the elec-
tronic density of states of the supercooled liquid phase of
Ge,Sb,Tes and GeTe by DFT simulations. We have ten-
tatively identified the presence of a mobility gap in two
manners. On the one hand, we fitted the edge of the valence

and conduction bands with a square root function of the en-
ergy to assign the band edges and we then verified whether
the states in the gap are localized by looking at the inverse
participation ratio. On the other hand, we computed the Tauc
plot from the imaginary part of the dielectric function which
is another measure of the gap that still assumes a square root
shape of valence and conduction bands close to the edges. The
two methods give fairly similar results for the temperature at
which the gap opens up in the supercooled liquid phase which
we identify with the temperature of the metal-semiconductor
transition Ty.sc. However, we observed a sizable difference in
the estimated 7Tj;.gc with the PBE and rVV10 approximations
for the exchange and correlation functionals, the latter includ-
ing van der Waals interactions. For GST, the estimated Tyi.sc
is about 850 K (700 K) for the rVV 10 (PBE) functional, while
for GeTe Tyrsc is about 800 K (650-700 K) for rVV10 (PBE)
functional. In the case of GST, the estimated Ty.sc (rVV10)
is much closer to 7;, (858-877 K [16,40]) than to the glass
transition temperature which is 7, = 373 K [60] or T, =473 K
[61] as obtained from differential scanning calorimetry. For
GeTe the estimated Tyr.sc is deeper in the supercooled liquid.
However, if we consider the rVV10 functional more reliable
than the PBE functional given the previous evidence on the
importance of the vdW interactions in these systems, then
it is still true that Tyr.sc is closer to the melting temperature
(T,,= 998 K [39]) than to the glass transition temperature
(T, = 412 K [20]) for GeTe as well.

The analysis of the structural properties as a function of
temperature seems to exclude a correlation between the ap-
pearance of tetrahedra at high supercooling and the opening
of a mobility gap which occurs at a much higher temperature
closer to T,,. A better correlation is found between the M-SC
transition and the Peierls distortion which appears at higher
temperature, although still sizably lower than the estimated
Tysc. Therefore, our results support more the presence of a
continuous structural change responsible for the M-SC than
a first order liquid-liquid phase transition. As a final remark
we mention that our estimated Tyy.gc is actually close to the
temperature at which an anomaly in the viscosity is observed
in previous DFT simulations of Ge,Sb,Tes [62].
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