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Theoretical simulation of phase change materials such as Ge-Sb-Te has suffered from two
methodological issues. On the one hand, there is a lack of efficient band gap correction method for
density functional theory that is suitable for thesematerials in both crystalline and amorphous phases,
while maintaining the computational complexity comparable to local density approximation. On the
other hand, analysis of the coordination number in amorphous phases relies on an integration
involving the radial distribution function, which adds to the complexity. In this work, we find that the
shell DFT-1/2 method offers overall band gap accuracy for phase-change materials comparable to
that of the HSE06 hybrid functional, while its computational cost is orders of magnitude lower.
Moreover, the mixed length-angle coordination number theory enables calculating the coordination
numbers in the amorphous phase directly from the structure, with definite outcomes. The two
methodologies could be helpful for high-throughput simulations of phase change materials.

Chalcogenide-based phase change materials (PCMs), especially Ge-Sb-Te
(GST) alloys, have garnered significant attention for applications in both
optical storage and non-volatile electronicmemory1–5. Alloys in the pseudo-
binary line of GeTe-Sb2Te3 exhibit rapid switching speeds, with various
compositions exemplified by Ge1Sb4Te7 (GST-147), Ge1Sb2Te4 (GST-124),
Ge2Sb2Te5 (GST-225) and Ge3Sb2Te6 (GST-326). From GST-326 to GST-
147, the switching speed gradually increases, but the corresponding stability
of the amorphous phase degrades, and the crystallization temperature Tx
decreases to 85 °C6. Theoretical simulations of PCMs mainly involve the
dynamics of the phase change process and the electronic structure. For the
former, the microscopic mechanisms pertaining to the nucleation and
growth processes should be emphasized, with ab initio molecular dynamics
(AIMD) as the core technique. The mechanisms that drive the phase
transitions and the large resistivity differences between the crystalline and
amorphous phases are still under intensive investigation. The latter task,
studying the electronic structure from first principles, could serve as a
foundation for understanding the physical properties of PCMs. The band
gaps of both amorphous and crystalline phases, along with trap states,
remain central topics of investigation.

Density functional theory (DFT)7,8 has become the mainstream theo-
retical method to study the electronic structure of solids. Although DFT

suffers from inaccuracies in exchange and correlation terms, it is sig-
nificantly more efficient than post-Hartree-Fock quantum chemistry
methods and is suitable for studying PCMs, which typically require large
unit cells. Existing DFT studies have provided in-depth atomic-scale
understanding of the characteristics of GST compounds, especially GST-
225. It is known that stable crystalline phases of GST are in either P�3m1 or
R�3m symmetries, whereGe, Sb, andTe atoms are stacked sequentially along
the c-axis. Yet, the exact features of their electronic structures are still subject
to intensive discussions9–12. Accurate theoretical calculations on the entire
series ofGSTcompounds shouldhelp clarify these issues.Nevertheless,DFT
significantly underestimates band gaps when using the standard local
density approximation (LDA)13,14 and generalized gradient approximation
(GGA)15–17. Two typical solutions are the hybrid functional scheme18–20 and
the quasi-particle-based GW approximation21–23. These advanced approa-
ches, particularly the HSE06 hybrid functional, have been widely employed
in the electronic structure study of phase-change materials24–29. Although
these methods effectively address the band gap issue, they inevitably
introduce an increase in computational load. While hybrid functionals are
feasible with local bases, it becomes much heavier together with the plane
wave basis set. Accordingly, there remains a need for a band gap correction
method with computational complexity comparable to that of LDA30. The
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DFT-1/2 method, introduced by Ferreira et al.31,32, and its variant, the shell
DFT-1/2 method developed in refs. 33–36, provide another route that only
uses the self-energy potentials to correct the self-interaction errors due to
LDA and GGA. In particular, shell DFT-1/2 accurately reproduces the
electronic band structure of Ge33, without relying on empirical parameters,
and demonstrates excellent band gap accuracy in Sb-based semiconductor
superlattices used for infrared detection37. Recently, it has also been suc-
cessfully applied toperovskite BaBiO3 to capture light-induced insulator-to-
metal transition via nonlinear phononics38. The computational speed of
shell LDA-1/2 (where LDA is used for the exchange-correlation term in
DFT) is comparable to that of conventional LDA39, and is sometimes even
faster34, as the removal of unphysical electron self-interaction can accelerate
the convergence of the self-consistent cycle.However, shellDFT-1/2 has not
yet been applied to the calculation of GST compounds.

A distinctive characteristic of PCMs is their inherent nature as narrow-
gap semiconductors, which poses significant challenges for the precise
determination and theoretical reproduction of their electronic structures.
For instance, consider a computational method that could predict the band
gaps of a certain type of semiconductors with an absolute error of ~0.5 eV.
While such predictive accuracy seems to be acceptable for a wide gap
semiconductor (such as Ga2O3 with a ~4.9 eV gap) or an insulator (such as
HfO2with a ~5.9 eV gap), itmay be insufficient formaterials with narrower
band gaps or more complex electronic structures (e.g., the band gaps of
PCMs typically lie below 0.6 eV). Moreover, PCMs usually show a strong
spin-orbit coupling (SOC) effect. For example, GST comprises a high
proportion of heavy elements, such as Sb andTe.Theworks by Lawal et al.40

andHsieh et al.41 show that, Sb2Te3 is a topological insulator hosting gapless
surface states, thanks to its strong SOC effect and time-reversal symmetry
protection. When the SOC effect is taken into account, the calculated band
gaps are expected to be lower than those obtained without SOC.

It is sometimes tempting to believe that the systematic band gap
underestimation by LDA/GGA could be compensated by band gap
enhancement through neglecting the SOC effect. In the literature, such
calculations are commonplace, and indeed some calculated band gaps
appear reasonable. Lee and Jhi obtained a 0.26 eV band gap for crystalline
GST-225 using GGA9. Yamanaka et al.10 studied both the cubic and the
hexagonal phases of GST-225 using LDA, and obtained a 0.1 eV band gap
for the former, while the latter phase showedno band gap in the calculation.
Park et al.11 calculated the electronic structures ofGeTe,GST-147,GST-124,
GST-225 as well as Sb2Te3, and the band gaps were, respectively, 0.66 eV,
0.34 eV, 0.43 eV, 0.41 eV, and 0.17 eV given by the Perdew-Burke-
Ernzerhof (PBE) functional16. Ibarra-Hernández et al.12 obtained 0.225 eV
and 0.25 eV band gaps for GST-124 and GST-225, respectively, using the
PBEsol (a solid-state version of PBE) functional42. Their calculation pre-
dicted GST-326 to be metallic with a zero band gap.

These results above show that it is possible to obtain acceptable band
gapsusing conventionalGGAwhile neglecting SOC, though in somecases it
may fail to predict a finite band gap. Nevertheless, this scheme could be
recommended only if the band gap underestimation by GGA is exactly
offset by the SOC-induced gap shrinkage. Unfortunately, they come from
very distinct origins. The SOC effect is more severe for compounds with
heavier elements, but the intrinsic gap underestimation by GGA is not
relevant to the nature of light or heavy elements. Hence, the compositional
ratio of GeTe to Sb2Te3 ought to impact the amount of SOC-induced band
gap reduction, thus conventional LDA/GGA alone is not supposed to
predict reliable band gaps for the entire series of GST. In fact, even for the
extensively studiedGST-225, achieving a quantitatively accurate band gap is
challenging when SOC is considered, particularly when the computational
complexity is maintained at the LDA/GGA level.

To sumup, the theoretical understanding of GST’s electronic structure
is hampered by a triple challenge: (i) the inherent band gap underestimation
of standard DFT, (ii) the significant and composition-dependent SOC
effects that must be included for physical correctness, and (iii) the com-
putational inefficiency of using advanced methods like GW for systematic
studies. The common compromise of using GGA without SOC is

empirically inconsistent and physically unsound. Therefore, there is a
definite need for a computational framework that simultaneously addresses
the exchange-correlation error and the SOC effect, while retaining the
efficiency of standard DFT.

This work, therefore, aims at exploring the computationalmethod that
is capable of recovering the band gaps of PCMs exemplified by GST, con-
sidering SOC but keeping the computational load at the same level of LDA/
GGA. Our study focuses on the pseudo-binary line of GeTe-Sb2Te3,
including their parent compounds (Sb2Te3 and GeTe) and representative
GSTcompositions such asGST-124,GST-147,GST-225, andGST-326.The
electronic structures of both crystalline and amorphous phases are inves-
tigated. The shell GGA-1/2 method with SOC (shGGA-1/2+ SOC for
short) demonstrates high efficiency, and is compared with GGA, GGA+
SOC, shGGA-1/2, HSE0620,43,44, HSE06+ SOC, SCAN45, SCAN+ SOC,
mBJ46,47, and mBJ+SOC. Moreover, for coordination number analysis, we
have found that the mixed length-angle coordination number theory
(MLAC)48 is particularly suitable for PCMs.

Results and discussion
Crystalline phase: band structure analysis
The electronic band structures for the crystalline models are illustrated in
Figs. 1–3 as well as in Table 1, using GGA, GGA+ SOC, shGGA-1/2,
shGGA-1/2+ SOC, HSE06, and HSE06+ SOC respectively (see Methods
section for details). Other band structure results, as obtained by SCAN45,
SCAN+ SOC, mBJ46,47, mBJ+SOC are presented in Figs. S10 and S11.
Using conventional GGA (Fig. 1a–f), Sb2Te3 is shown to possess a direct
0.18 eVband gap, with the valence bandmaximum (VBM) and conduction
bandminimum(CBM)both lying at Γ. GST-147 shows a 0.24 eVdirect gap,
with both VBM and CBM located at A. Near Γ, however, GST-147 has two
valleys for the conduction band, whose energies are almost degenerate with
the Γ point (differing bymerely 0.02 eV). For GST-124 and GST-225, GGA
predicts indirect gaps. TheirVBMsboth lie atΓ, and theCBMsare close toΓ.
The magnitudes of GGA gaps are 0.35 eV and 0.24 eV, respectively. GST-
326 is predicted to possess a direct Γ—Γ gap of 0.29 eV. InGeTe, theVBM is
along the Γ—L line, while the CBM is very close to the T point. The indirect
gap value is 0.54 eV as predicted by standard GGA.

When SOC is turned on, it follows from Fig. 1g–l that all band gaps
become less than 0.1 eV, except forGeTe.Moreover, inGST-147, the type of
band gap changes from direct to indirect. However, GST-124 and GST-225
manifest direct gaps after SOC is considered, though they were predicted as
direct semiconductors under GGA without SOC. Note that these materials
possess narrow gaps, and in each case the difference between direct and
indirect gaps is not prominent. Hence, it is difficult to precisely judge the
type of band gaps from experimental data, and there are few published
measurements of gap types. Accordingly, themagnitude of band gap should
be our primary focus here, though there are clues from our theoretical
calculations that turning on SOC could change the type of gap in GST.

Both the self-energy correction method shGGA-1/2 and the hybrid
functional HSE06 are very effective in rectifying the band gap problem of
GGA. Figures 2 and 3 show the shGGA-1/2 andHSE06 results, respectively,
either without or with SOC turned on. In the absence of SOC effect, the
predicted gap values in (shGGA-1/2, HSE06) format are Sb2Te3 (0.67 eV,
0.87 eV),GST-147 (0.89 eV, 0.87 eV),GST-124 (0.95 eV, 0.98 eV),GST-225
(0.89 eV, 0.83 eV),GST-326 (0.90 eV, 0.87 eV) andGeTe (1.43 eV, 1.39 eV).
The shGGA-1/2values are all close toHSE06values, even though shGGA-1/
2 is computationallymuch lighter. Considering the SOCeffect, however, the
band gaps are predicted to be Sb2Te3 (shGGA-1/2: 0.27 eV, HSE06:
0.51 eV),GST-147 (0.45 eV, 0.42 eV),GST-124 (0.59 eV, 0.58 eV),GST-225
(0.57 eV, 0.54 eV), GST-326 (0.61 eV, 0.63 eV), GeTe (1.31 eV, 1.21 eV).
The only big discrepancy between shGGA-1/2 andHSE06occurs in the case
of Sb2Te3, but the shGGA-1/2 gap is closer to experimental. The SOC effect
also has a great impact in shGGA-1/2 and HSE06 calculations. For Sb2Te3
and GeTe, shGGA-1/2+ SOC predicts a 0.27 eV direct gap and a 1.31 eV
indirect gap, respectively. The result for Sb2Te3 is consistent with a GW
calculation by Lawal et al.49 (0.22 eV). Without considering SOC, the
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shGGA-1/2 gap of Sb2Te3 is 0.67 eV, thus the SOC-induced gap shrinkage is
as large as 0.4 eV. The strong SOC effect observed in Sb2Te3 agrees with the
experimental results40,41.

The shGGA-1/2+ SOC band gap for GeTe (1.31 eV) is much greater
than experimentally reported 0.61 eV. Note that the HSE06+ SOC gap
(1.21 eV) is also large. A possible reason is that practical GeTe samples are
populated with Ge vacancies50,51, and sometime with Te vacancies as well. A
Ge vacancy could include a filled state within the forbidden band, and the
observed excitation starting from this state may need less energy for the
electron to reach the conduction band.

WithmoreGeTe contained inGST, it is discovered that the shGGA-1/
2+ SOC gaps show an increasing trend, which is consistent with the
experimental results of Park et al.11. A comparison of shGGA-1/2+ SOC
gaps with typical experimental gaps is in general satisfactory: GST-225
(shGGA-1/2+ SOC: 0.57 eV, experimental: 0.57 eV); GST-147 (shGGA-1/
2+ SOC: 0.59 eV, experimental: 0.55 eV). A benchmark for GST-326 is not
yet possible due to a lack of experimental data. In addition, since Te is the
heavier anion element in GST, it is supposed that the effect of SOC will be
more severe for GST with more Te content. As shown in Table 2, both
shGGA-1/2 andHSE06 calculations follow this trend exactly. This is verified
by computingEg � ESOC

g , where a larger difference indicates a stronger SOC

effect. Nevertheless, plain GGA calculations do not follow this trend, pos-
sibly due to the over-narrow gap nature in this series of compounds. This
also confirms the point that, GGA-induced gap underestimation cannot
simply compensate the SOC-induced gap variation inGST, because the two
mechanisms intrinsically have very different origins. Provided that the
HSE06+ SOC results are regarded as the reliable standards, then through
inspecting EGGAþSOC

g � EHSE06þSOC
g , one could find that (i) GGA+ SOC

leads to very inaccurate band gap values; (ii) GGA+ SOC does not show a
consistent trend across theGST compositions, sinceGST-147 behaves quite
differently compared with other compounds. On the contrary,

E
shGGA�1

2þSOC
g � EHSE06þSOC

g shows a very consistent trend (also shown in

Table 2).

Efficiency and accuracy comparison
While similar in electronic structure accuracy, the computational effi-
ciencies of shGGA-1/2 and HSE06 differ much. To quantify this difference
fairly, we compared the computational time of all ten methods (GGA,
GGA+ SOC, shGGA-1/2, shGGA-1/2+ SOC, HSE06, HSE06+ SOC,
SCAN, SCAN+ SOC,mBJ,mBJ+SOC) across the selected PCMs. Usually,
less k points have to be used in HSE06 calculations, but GGA, shGGA-1/2,
SCAN, andmBJ permit more k points within a reasonable time frame. This
inevitably causes an unfair comparison if only the total time is recorded.

Table 1 | Calculated and experimental band gaps

Band gap (eV)

Sb2Te3 GST-
147

GST-
124

GST-
225

GST-
326

GeTe

EGGA
g

0.18 (d) 0.24 (d) 0.35 (d) 0.24 (i) 0.29 (i) 0.66 (i)

EGGAþSOC
g

0.09 (d) 0.09 (i) 0.07 (d) 0.01 (d) 0.06 (d) 0.51 (i)

E
shGGA�1

2
g

0.67 (d) 0.89 (d) 0.95 (d) 0.89 (d) 0.90 (d) 1.43 (i)

E
shGGA�1

2þSOC
g

0.27 (d) 0.45 (d) 0.59 (d) 0.57 (d) 0.61 (d) 1.31 (i)

EHSE06
g

0.87 (d) 0.87 (i) 0.98 (i) 0.83 (i) 0.87 (d) 1.39 (i)

EHSE06þSOC
g

0.51 (d) 0.42 (d) 0.58 (d) 0.54 (d) 0.63 (d) 1.21 (i)

ESCAN
g

0.18 (d) 0.19 (i) 0.28 (i) 0.15 (i) 0.19 (i) 0.66 (i)

ESCANþSOC
g

0.13 (d) 0.07 (i) 0.02 (d) 0.10 (d) 0.03 (d) 0.51 (i)

EmBJ
g

0.44 (d) 0.34 (d) 0.42 (i) 0.30 (d) 0.42 (i) 0.79 (i)

EmBJþSOC
g

0.07 (d) 0.04 (d) 0.01 (d) 0.05 (d) 0.11 (d) 0.67 (i)

Experimental 0.15—
0.2280

- 0.5511 0.5711

0.581
- 0.6111

The band gap values and types for the six materials (Sb2Te3, GST-147, GST-124, GST-225, GST-
326, andGeTe), asobtainedusingdifferent computationalmethods, are summarized,where “d”and
“i” denote direct and indirect band gaps, respectively.
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Fig. 1 | Energy band diagrams calculated using GGA. a Sb2Te3 without SOC; b GST-147 without SOC; c GST-124 without SOC; d GST-225 without SOC; e GST-326
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Hence, we re-did the GGA, shGGA-1/2, SCAN, andmBJ calculations using
the same k-point meshes as employed in their corresponding HSE06 cal-
culations. Detailed k-point information for all test cases is provided in
Supplementary Note 1 and Supplementary Table 1. For a few particularly
demanding HSE06+ SOC cases, slightly sparser k-meshes were unavoid-
able. Furthermore, recognizing that each material possesses a specific
number of irreducible k-points, we emphasize the average computational
time per irreducible k-point as themost consistentmetric for cross-method
comparison. These data are summarized in Table 3, while the total com-
putational times and the corresponding numbers of irreducible k-points are
listed in Supplementary Table 2 and Supplementary Table 3.

The recorded computational times correspond to the second step
involving self-consistent band structure calculations, where the initial
wavefunction files were all obtained from the first-step PBE self-consistent
calculations. For band structure calculations using the mBJ functional, we
used an additional self-consistent step to determine the mBJ c parameters
required for the calculation, though the wavefunction file for the second-
step band structure calculation still originated from the initial PBE self-
consistent step. All calculations were performed on a Linux server posses-
sing 128 cores, with consistent parallelization parameters (parallelization in
8 groups, and 16 bands optimized at a time). The results clearly demonstrate

that shGGA-1/2 exhibits computational speed comparable to conventional
GGA, regardless of whether SOC is included.

Crystalline phase: coordination number analysis
In characterizing the local structure in GST, the distribution of Sb-Te bond
lengths usually shows two peaks at around 2.97 Å and 3.17 Å52–54. Coordi-
nation number (CN) for an atom/ion in a solid has traditionally been
determined according to the lengths of its bonds. This method has certain
limitations in case the bond length distribution is not sharply divided into
short and long classes. Although the 0.2 Å difference in the bond lengths of
crystalline GST does not cause confusion, identifying the CN in amorphous
GST cannot simply rely on the bond length analysis, but it requires an
integration taking advantage of the pair correlation function. Recently, we
haveproposedaCNtheorybasedonboth thebond lengths andbondangles,
which may be called the mixed length-angle coordination (MLAC)48. This
theory also lists the bond lengths in ascending order, but whether a new
bond is counted in the coordination depends on its angles to existing bonds.
If it makes an angle greater than θ=65o with respect to any of the existing
bonds, then it is counted. Otherwise, the counting stops. Detailed expla-
nation of theMLAC theory is given in the original publication48, aswell as in
Supplementary Note 2 of this work. Using theMLACmethod, we find that
theCNsofGe or Sb are always 6 in the sixmaterials under investigation, but
theCNsofTediffer.According to thedata shown inSupplementaryTable 4,
three distinct Te sites can be identified. Te1 represents a Te atom with
6-coordination (6C),which only has bondswithGe, or onlywith Sb. Te2 is a
different Te site that is 6C, but it possesses Ge-Te bonds and Sb-Te bonds,
simultaneously. Te3 is a 3C Te site connected only to Sb atoms. Detailed
information regarding the coordination configurations in the six materials
can be found in Supplementary Note 3.

As demonstrated in Supplementary Table 7, there are two sorts of Sb-
Te bonds in Sb2Te3 and the various GSTmodels. In GST, the bond lengths
are 2.99 Å and 3.15 Å, respectively. In Sb2Te3 the bonds are slightly longer,
but with the same trend discovered. In GeTe, there are two distinct Ge-Te
bond lengths as well. This fact is consistent with many reports in the lit-
erature. For example, based on ab initio Raman spectra, Sosso et al. revealed
that Sb2Te3 contains two Sb-Te bond length values of 2.97 Å and 3.17 Å52.
Kolobov et al. revealed from extended X-ray absorption fine structure
spectroscopy that there are two sorts of Sb-Te bond lengths in GST-225,
with values of 2.83 Å and 3.15 Å, respectively53. Experimental studies have
also reported that GeTe has two bond lengths, 2.80 Å and 3.13 Å53,54. In
addition, for a6CSbatom inGSTorSb2Te3, its sixbonds canbedivided into
3 short bonds and 3 long bonds. A short bond involves bonding to a 3C Te
atom (i.e., Te3), while a long bond involves bonding to a 6C Te atom (i.e.,
Te1 or Te2).

Amorphous phase: electronic structure analysis
The amorphous models for the six materials are demonstrated in Fig. 4 as
well as Supplementary Table 8. These models were generated through
AIMDs (see “Methods” section for details). The lattice parameters and
theoretical number densities are taken from the fully relaxed structures,
though the initial structures are metastable cubic GST. In such an initial
structure, Te atoms constitute a sub-lattice of the rock salt structure, while
Ge, Sb, and vacancies are randomly distributed on the other sub-lattice55–57.
The exact composition used for eachmodel in the cubic crystalline cell and
the theoretical numberdensities of themodels after full relaxationare shown
in Supplementary Table 8. The total number of atoms in a supercell ranges
from 270 to 300. The theoretical atomic number densities range between
0.0272 Å−3 and 0.0310 atoms Å−3, close to the experimental value (0.030
atomsÅ−3)58. At 300 K, thepartial pair distribution functions gðrÞ are shown
in Supplementary Fig. 9. The definition of gðrÞ and its calculation method
are explained in Supplementary Note 4. Upon increasing the GeTe content
in GST, the gðrÞ peak corresponding to the Ge–Te bond becomes more
pronounced, confirming the structural validity of the amorphous models.
According to Fig. 4, no substantial de-mixing is observed, and all our gen-
erated amorphous models still represent homogeneous phases.

Table 3 | Average timecosts for one irreducible k-point in each
method

Time (second)

Sb2Te3 GST-
147

GST-
124

GST-
225

GST-
326

GeTe

GGA 0.7 1.0 1.2 0.4 3.5 0.1

GGA+ SOC 1.1 1.7 4.1 0.4 11.4 0.2

shGGA-1/2 0.7 1.2 1.2 0.4 3.5 0.1

shGGA-
1/2+ SOC

1.1 2.0 4.0 0.5 13.2 0.2

HSE06 2380 1875 5063 5879 7643 108.7

HSE06+ SOC 7392 6379 5023 1827 14646 477.7

SCAN 4.5 27.7 4.8 1.1 6.0 0.4

SCAN+ SOC 16.0 10.0 36.3 4.9 44.7 1.5

mBJ 22.5 14.7 38.7 6.0 169.2 3.1

mBJ+SOC 60.0 84.0 271.6 42.0 332.4 13.5

This table lists the average computational time cost, in seconds, required to process one irreducible
k-point for each of the sixmaterials (Sb2Te3, GST-147, GST-124, GST-225, GST-326, GeTe) across
various methods, including GGA, shGGA-1/2, HSE06, SCAN, mBJ and their respective versions
with spin-orbit coupling (SOC) included.

Table 2 | Impact of SOCon thebandgapsof thecrystallineGST
samples

GST-
326

GST-
225

GST-
124

GST-
147

Te content 54.5% 55.6% 57.1% 58.3%

EGGA
g � EGGAþSOC

g (eV) 0.23 0.23 0.28 0.15

E
shGGA�1

2
g � E

shGGA�1
2þSOC

g (eV) 0.29 0.32 0.36 0.44

EHSE06
g � EHSE06þSOC

g (eV) 0.24 0.29 0.40 0.45

EGGAþSOC
g � EHSE06þSOC

g (eV) −0.57 −0.53 −0.51 −0.33

E
shGGA�1

2þSOC
g � EHSE06þSOC

g (eV) −0.02 0.03 0.01 0.03

This table presents data on the influence of spin-orbit coupling (SOC) for four crystalline GST
compounds (GST-326, GST-225, GST-124, GST-147). It lists the Te content for each compound
and provides the calculated differences in band gaps between computational methods with and
without SOC (GGA, shGGA-1/2, HSE06), as well as the differences between the results of selected
methods when SOC is included.
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We subsequently calculated the electronic structures of these amor-
phous models using GGA, GGA+ SOC, shGGA-1/2 as well as shGGA-1/
2+ SOC. Hybrid functionals were not applied due to the high computa-
tional cost. We used the inverse participation ratio (IPR) to identify the
mobility gaps and trap states—a methodology with broad applications in
prior studies59–61. The definition of the mobility gap and the calculation
method for IPR are given in Supplementary Note 5 and Supplementary
Note6. In general, larger IPRvalues indicate stronger localizationof electron
states. The mobility gaps (Egm) of the amorphous models were obtained
through calculating the energy separation between the mobility edges. For
either the conduction band or the valence band, its mobility edge may be
extracted with the assistance of IPR values62.

The most common composition GST-225 is taken as our focus for
analysis. As illustrated in Fig. 5, the roughly estimated Egm values by GGA,
GGA+ SOC, shGGA-1/2 and shGGA-1/2+ SOC are 0.70 eV, 0.55 eV,
0.89 eV and 0.85 eV, respectively. All methods predict the presence of trap
states. These trap states show large IPR values, indicating that the carriers
trapped at these localized states will contribute little to the electrical con-
duction at room temperature because of the low mobility. It turns out that
shGGA-1/2 could capture more gap states compared with GGA. Experi-
mentally, Kato et al.63 obtained a 0.74 eV Tauc gap for a-GST-225, and the
energy width of the Urbach edge was ~0.2 eV (relative to the Fermi level,
whichwas set to zero).They further pointedout that the exact locationof the
low-energy edge was unknown, and accordingly, the density of states
around theVBMwas vague. For sulfide and selenide glasses, it is known that
the Tauc gap is smaller than the mobility gap and that the Urbach edge is
governed by the valence-band tail64. Hence, the VBM should be lower than
the Fermi level by at least 0.2 eV, according to experimental clues. And the
mobility gap should be larger than 0.74 eV. In our calculation results, the
distance of the Fermi level with respect to the lower edge of themobility gap
is indicated as A, B, C, and D in each case. The distance values are 0.14 eV
(GGA), 0.18 eV (GGA+ SOC), 0.15 eV (shGGA-1/2) and 0.22 eV
(shGGA-1/2+ SOC), respectively.Of them, only that predictedby shGGA-
1/2+ SOC is greater than 0.2 eV. The quality of shGGA-1/2+ SOC cal-
culation has been demonstrated in terms of the band edge location, trap
states, and the localization effect.

Onaccount of the effectiveness of shGGA-1/2+ SOC in recovering the
electronic structures of a-GST-225, we finished the calculations for other
amorphous model structures. As shown in Fig. 6, the mobility gaps pre-
dicted by shGGA-1/2+ SOC for a-Sb2Te3, a-GST-147, a-GST-124, a-GST-
326, and a-GeTe are 0.67 eV, 0.76 eV, 0.85 eV, 0.83 eV, and 0.88 eV,

respectively, showing a consistent trend with the experimental mobility gap
results by Park et al.11.

Amorphous phase: coordination number analysis
Analysis of the CN in an amorphous structure is more challenging com-
pared with crystalline phases. We first applied the traditional integration
method using the radial distribution function, RDFðrÞ. The mathematical
details of this method are given in Supplementary Note 4. Moreover, the
CNs for the amorphous phases were also calculated within the MLAC
context. Table 4 shows the average number of atoms in each specificCN,per
supercell, for all six amorphous materials. The averaging was performed
over 3000 AIMD steps, with a time interval of 2 fs. Additionally, we also
recorded the MLAC information for three specific AIMD steps: the 1000th,
2000th, and 3000th steps, which are shown in Supplementary Table 10. The
MLAC approach yields CN values that are slightly different from those
obtainedby the traditionalmethod, but the overall trend remains consistent.

Discussion
We report two effective and efficient methods for analyzing the PCMs
exemplified by GST. The shell GGA-1/2 method, a self-energy correction
approach with LDA/GGA-level computational complexity, accurately
reproduces the electronic structures of crystalline Sb2Te3 (predicted band
gap: 0.27 eV), GST-147 (0.45 eV), GST-124 (0.59 eV), GST-225 (0.57 eV)
and GST-326 (0.61 eV), particularly in terms of band gaps. In contrast, the
plain GGA calculation could yield acceptable band gaps only if the SOC
effect is neglected, but the impact of SOC is distinct in the entire series of
GST compounds, which inevitably renders inconsistent physical results.
Using the shell GGA-1/2 method with SOC correction, the calculated band
gap of rhombohedral GeTe is 1.31 eV.While this result seems over-large, it
demonstrates remarkable agreement with the more computationally
demandingHSE06+ SOCcalculation (1.21 eV).Notably, despite achieving
comparable accuracy to theHSE06 functional, the shell GGA-1/2 approach
exhibits superior computational efficiency, with a speed enhancement of
nearly three orders of magnitude. Shell DFT-1/2+ SOC also predicts rea-
sonablemobility gaps in amorphous GST (e.g., amobility gap of 0.81 eV for
amorphous GST-225).

On the other hand, theMLAC theory has been shown to be suitable for
analyzing theCNs in amorphousGST.While giving exactly identicalCNsof
crystalline GST as the traditional radial distribution function integration
method, the new theory yields similar but not identical results for amor-
phousGST samples. The newmethod is efficient because it does not require

Fig. 4 | Model structures of amorphous GST-
related compounds. a a-Sb2Te3; b a-GST-147; c a-
GST-124; d a-GST-225; e a-GST-326; and f a-GeTe.

(a) a-Sb2Te3 (b) a-GST-147 (c) a-GST-124

(d) a-GST-225 (e) a-GST-326 (f) a-GeTe

Sb TeGe
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any integration; the CN of a specified atom can be directly obtained by
inspecting bond angles. This new perspectivemay enablemore effective CN
analysis in the amorphous phases of PCMs.

It is important to note that the crystalline structural models employed
in thiswork are based on idealized, fully ordered stackings.We acknowledge
that experimentally synthesized GST compounds, such as GST-225, GST-
147, andGST-326, oftenexhibit varyingdegrees of cationdisorder in theGe/
Sb sublattice, a fact well-documented in the literature57,65–67. This disorder is
known to influence the electronic structure, particularly the band gap, as
various stackings (e.g., Petrov vs. Kooi) can yield different theoretical band
gaps. The primary objective of this studywas to evaluate the performance of
the shGGA-1/2 methodology against established benchmarks. Therefore,
we utilized these well-defined, ordered models as a standardized and

computationally tractable testbed. The remarkable agreement between our
shGGA-1/2+ SOC results and HSE06+ SOC calculations, as well as select
experimental data within this framework, demonstrates the significant
potential of our approach. Future work will involve applying this efficient
method to larger supercells incorporatingGe/Sbdisorder tomore accurately
capture the properties of real-world PCM devices.

Methods
Structural models
Table 5 and Fig. 7 demonstrate the structural information of the six mate-
rials. Crystalline GST-225 has a hexagonal symmetry with space group
P�3m1, whose basic repetitive stacking unit is Te-Ge-Te-Sb-Te-Te-Sb-Te-
Ge, including 9 layers. The reference experimental lattice constants are

Fig. 5 |DOS and IPRof a-GST-225under different
computational methods. a GGA; b GGA+ SOC;
c shGGA-1/2; d shGGA-1/2+ SOC. The Fermi level
corresponds to zero energy.
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Fig. 6 | DOS and IPR of amorphous phase-change materials using shGGA-1/2+ SOC. a a-Sb2Te3; b a-GST-147; c a-GST-124; d a-GST-225; e a-GST-326; f a-GeTe. The
Fermi level corresponds to zero energy.
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a = 4.25 Å, c = 18.27 Å67, which are used for setting up the model cell. GST-
124 is short of aGe-Tebi-layer in itsbasic stackingunit comparedwithGST-
225, i.e., Te-Ge-Te-Sb-Te-Te-Sb. To facilitate direct comparison with the
experimental structural reports67 and to clearly visualize the layered stacking
sequences, we adopted the hexagonal setting for our structural models. In
this setting, the conventional unit cell contains multiple formula units (e.g.,
21 atoms for GST-124, 33 atoms for GST-326) to fulfill the periodicity
requirements. But equivalent calculations could be performed using the
smaller primitive trigonal cells. Hence, we set up a 1 × 1 × 3 supercell that
contains 21 layers, with initial lattice parameters of a = 4.25 Å, c = 41.00 Å67.
The basic stacking unit of GST-326 contains Te-Ge-Te-Sb-Te-Te-Sb-Te-
Ge-Te-Ge. It involves an additional Ge-Te bilayer compared to GST-225.
Thus, a 33-layer model supercell was set up for GST-326, with initial lattice
parameters a = 4.25 Å, c = 62.60 Å67. The basic stacking unit for GST-147
consists of Te-Sb-Te-Te-Sb-Te-Ge-Te-Sb-Te-Te-Sb, with 12 layers and
a = 4.236 Å, c = 23.761 Å68. Matsunaga et al.68 revealed a van derWaals-like
weak force between Te and Te layers, as observed through X-ray diffraction
and DFT calculations. However, a recent work by Kooi and Wuttig69 sug-
gests that in chalcogenide-based layered materials, the interlayer interac-
tionsmaynot be purely vanderWaals innature. Instead, thesematerials can
exhibit metavalent bonding (MVB), a unique bonding mechanism char-
acterized by a competition between electron delocalization and localization,
which leads to stronger interlayer coupling than expected from typical van
derWaals forces. This is particularly evident in compounds such as Sb2Te3,
where the apparent van der Waals gap is smaller and shows enhanced
interactions, serving as a fingerprint of MVB. While MVB implies a more
complex bonding picture, we have incorporated van derWaals corrections
in our DFT calculations to better describe the interlayer interactions, as this
approach remains practical for capturing the non-covalent components in
such systems. Sb2Te3 has a hexagonal lattice with space group R�3m, whose
basic stacking unit is Te-Sb-Te-Te-Sb. To ensure that the number of layers
along the c-axis is divisible by 3, a 15-layer supercell was established, with
a = 4.34 Å, c = 31.29 Å70. At room temperature, GeTe also shows a hex-
agonal lattice with the R3m space group. Its basic stacking unit contains
merely Te-Ge, but the supercell has to contain 6 layers with a = 4.23 Å,
c = 10.92 Å70.

Density functional theory calculations
DFT calculations were performed with the Vienna Ab initio Simulation
Package (VASP)71,72, in terms of the projector augmented-wave73,74 (PAW)
method with a 350 eV plane-wave kinetic energy cutoff. The exchange-
correlation energy was treated within the generalized gradient approxima-
tion using the PBE functional16. For the Ge pseudopotential, two common
options include the standard 4-valance-electron (4e) Ge potential and the
14eGe_d potential that includes semi-core 3d electrons. Tomake a justified
choice, we conducted benchmark tests on GST-225 to evaluate both com-
putational speed and accuracy. As detailed in Supplementary Note 7 and
Supplementary Table 11, the results demonstrate that the two pseudopo-
tentials yield very similar results, despite the difference in system sizes (48
electrons versus 68 electrons per unit cell). Therefore, the valence electron
configurations were: 4s and 4p for Ge; 5s and 5p for Sb and Te. The van der
Waals force correction was carried out using the DFT-D2 scheme by

Table 4 | Number of atoms in a specific CN configuration per
supercell, in several amorphous models

CN Number of atoms per supercell

Ge Sb Te

GST-147 1 0.1 (0.0) 1.8 (0.0) 3.6 (0.6)

2 0.4 (0.0) 8.2 (0.5) 16.4 (54.3)

3 2.7 (3.3) 11.8 (42.8) 49.2 (83.5)

4 12.5 (14.4) 28.7 (37) 55.3 (19.7)

5 5.5 (4.6) 27.8 (10.4) 29.4 (2.8)

6 1.6 (1.0) 13.5 (1.4) 7.0 (0.0)

7 0.1 (0.0) 0.2 (0.0) 0.2 (0.0)

8 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

GST-124 CN Ge Sb Te

1 0.0 (0.0) 0.3 (0.0) 0.7 (0.3)

2 0.2 (0.0) 1.5 (0.0) 13.2 (22.5)

3 2.3 (13.4) 10.9 (2.8) 52.8 (71.2)

4 17.7 (21) 24.7 (17.6) 61.2 (50.7)

5 14.3 (4.6) 29.2 (33.6) 27.3 (13.3)

6 5.5 (0.8) 13.2 (22.5) 4.7 (1.9)

7 0.0 (0.0) 0.1 (3.2) 0.1 (0.0)

8 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

GST-225 CN Ge Sb Te

1 0.1 (0) 0.1 (0.0) 1.4 (0.1)

2 0.5 (0) 1.1 (0) 15.2 (29.6)

3 3.5 (5.1) 7.5 (5.5) 54.5 (76.5)

4 30.3 (31.3) 18.3 (19.6) 54.8 (38.3)

5 19.5 (18.5) 22.1 (23.6) 21.2 (5.3)

6 6.1 (4.7) 10.7 (11) 2.8 (0.2)

7 0.0 (0.5) 0.1 (0.3) 0.1 (0.0)

8 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

GST-326 CN Ge Sb Te

1 0.2 (0.0) 0.2 (0.0) 0.9 (0)

2 0.8 (0.0) 0.6 (0.0) 10.3 (15.2)

3 5.8 (6.1) 7.1 (2.4) 45.1 (68.4)

4 37.7 (38.4) 16.7 (12.4) 62.6 (46.2)

5 23.0 (24.5) 16.4 (18.8) 26.7 (15.7)

6 7.6 (5.7) 8.7 (15) 4.3 (4)

7 0.1 (0.2) 0.2 (1.4) 0.1 (0.3)

8 0.0 (0.0) 0.0 (0.0) 0.0 (0.1)

Sb2Te3 CN Ge Sb Te

1 - 0.4 (0) 1.5 (0.2)

2 - 2.1 (0) 18.9 (24.8)

3 - 12.7 (8.1) 54.9 (84.1)

4 - 32.9 (30) 62.5 (54.2)

5 - 42.8 (45) 35.0 (15)

6 - 28.8 (32.0) 7.0 (1.7)

7 - 0.4 (4.6) 0.1 (0.1)

8 - 0.0 (0.3) 0.0 (0.0)

CN Ge Sb Te

GeTe 1 0.7 (0.0) - 2.5 (0.0)

2 2.5 (0.0) - 11.2 (17.5)

3 10.7 (20.2) - 53.3 (95.4)

4 77.7 (86.1) - 61.9 (33)

Table 4 (continued) | Number of atoms in a specific CN
configuration per supercell, in several amorphous models

CN Number of atoms per supercell

Ge Sb Te

5 43.1 (36.2) - 18.9 (4)

6 15.2 (7.3) - 2.2 (0.1)

7 0.1 (0.1) - 0.0 (0.0)

8 0.0 (0.0) - 0.0 (0.0)

The value outside the parentheses was obtained through the MLACmethod, while the value inside
the parentheses was obtained through the traditional RDF integration method.
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Table 5 | Structural parameters and self-energy correction schemes

Material Space group Lattice constant (Å) Exact way of shGGA-1/2

a0 c0

Sb2Te3 R�3m (No. 166) 4.34a 4.26b, 4.27c, 4.34i 31.44a 30.45b, 30.45c, 31.29i shGGA-1/4-1/4

GST-147 P�3m1 (No. 164) 4.23a 4.24j 24.05a 23.76j shGGA-0-0-1/2

GST-124 R�3m (No. 166) 4.23a 4.27 d, 4.25 h, 4.25 h 41.26a 41.7d, 41.0h, 41.0h shGGA-0-0-1/2

GST-225 P�3m1 (No. 164) 4.21a 4.22e, 4.25 h 17.16a 17.24e, 18.27 h shGGA-0-0-1/2

GST-326 R�3m (No. 166) 4.21a 4.21 f, 4.25 h 61.76a 62.31 f, 62.6 h shGGA-0-0-1/2

GeTe R3m (No. 160) 4.23a 4.17 g, 4.23k 10.86a 10.62 g, 10.92k shGGA-0-1/2

This table compiles the crystallographic parameters (space group and lattice constants) and the detailed self-energy correction schemes employed in the shGGA-1/2 calculations for all six investigated
materials.
aThe calculation result of our own.
bExperiment in ref. 82.
cExperiment in ref. 49.
dExperiment at 873 K in ref. 83.
eExperiment in ref. 55.
fExperiment at 90 K in ref. 84.
gExperiment in ref. 56.
hExperiment in ref. 67.
iExperiment in ref. 70.
jExperiment in ref. 68.

Fig. 7 | Crystal structures ofGeTe and variousGST
compounds. aGeTe; bGST-147; cGST-124;dGST-
225; e Sb2Te3; and fGST-326. Each symbolA, B, orC
denotes a basic repetitive stacking unit of the
structure along c-axis.
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Grimme75. After constructing the initial models for the six materials,
structure optimization was performed consistently using the PBE func-
tional. Structural optimization criteria were: (i) the residual stress in any
direction was less than 100MPa; (ii) the Hellmann-Feynman force for any
atom was below 0.005 eV/Å in any direction. In the structure optimization
and self-consistent field (SCF) calculations, the equal-spacing Monkhorst-
Pack scheme76was consistently used to generate the k-point grids. Following
the structure optimization, band gap calculations were performed using
various methods. Detailed k-point information and the calculation proce-
dure can be found in Supplementary Note 1. The SCAN45 and mBJ46,47

functionals were used for the meta-GGA calculations, for comparative
purposes.

After completing the structural optimization, to evaluate the structural
stability and characteristics, we calculated the formation energies. First, we
computed the energies of the three elemental substances (Ge, Sb, and Te),
each in a 12 Å cubic cell containing only one atom. Subsequently, SCF
calculationswere performed to obtain the energies of these elements. For the
six GST alloy materials, additional SCF calculations were carried out to
determine their energies. The energy convergence criterion for the SCF
calculations was set to 10-6eV. The final formation energy results are pre-
sented in the SupplementaryTable 12. The formation energies of all sixGST
alloys are negative, ranging from−3.621 to−3.871 eV/atom, showing their
stability.

Optimization of self-energy potential cutoff radii in shell DFT-1/2
For electronic structure calculations, all DFT-1/2-type methods attach the
self-energy potentials to the anions, which account for amajority part of the
valence band states. In shell DFT-1/2, a shell-like trimming function is used
to confine the spatial range of the self-energy potential, defined as:

Θ rð Þ ¼

0 r < rin

1� 2 r�rinð Þ
rout�rin

� 1
h ip� �3

rin ≤ r ≤ rout

0 r > rout

8>>><
>>>:

9>>>=
>>>;

ð1Þ

where the power indexp is an even integer,which should be sufficiently large
and is recommended to be p ¼ 20. Here, rin and rout denote the inner and
outer radii of the cutoff function, respectively. Both values ought to be
obtained from the variational principle, to maximize the band gap. This is
because shell DFT-1/2 pulls down the valence band of the semiconductor or
insulator, through rectifying the spurious electron self-interaction error. To
recover the ground state from an ionized state, the total energy should be
minimized, thus the band gap ought to be maximized. In this sense, the
cutoff radii rin and rout should not be regarded as parameters in shell DFT-1/
2, because they are derived computationally, not empirically. After
trimming, the self-energy potential is attached to the pseudopotentials of
the anions for the self-energy correction for the valenceband. Inotherwords,
the self-energy corrected pseudopotentials are used in standard self-
consistent electronic structure calculations30,35. For highly ionic compounds
it is straightforward to identify the anion elements. However, the bonding in
PCMs is different from that of a typical ionic bond. Hence, we adopted the
differential charge method to explore the spatial extension of valence band
holes. This involves subtracting 0.01 electron fromaunit cell and comparing
the charge distribution between the neutral cell and that of the ionized cell.
The reason forusing0.01 electron insteadofone electron lies in that this does
not perturb the electronic states to an undesirable extent. The differential
charge density will then be magnified by 100 times to recover one electron
removal33. The hole locations are illustrated in Supplementary
Fig. 1. It seems that for GeTe one should prefer shGGA-0-1/2, where 0
and 1/2 are the amounts of equivalent electron removal from Ge and Te,
respectively. For Sb2Te3, on the other hand, shGGA-1/4-1/4 is to be carried
out, where Sb and Te are both subject to 1/4 electron removal. The various
GST models (GST-147, GST-124, GST-225, GST-326) fit shGGA-0-0-1/2,
where 0, 0 and 1/2 are the amounts of equivalent electron removal fromGe,

Sb, andTe, respectively. Through scanning rin and rout tomaximize the band
gaps, all cutoff radii are obtained unambiguously as listed in Table 6. Since
near the extreme point, the band gap varies very slowly with respect to the
cutoff radii, it turns out that a consistent setting Te rin ¼ 0:9 Bohr and Te
rout ¼ 3:0 Bohr can be used for GST in general, though inGST-326we used
the optimal value rout ¼ 2:9 Bohr, which makes extremely little difference.

Ab initio molecular dynamics
A melt-quench scheme77 was employed to generate the amorphous struc-
tures of Sb2Te3 (a-Sb2Te3), amorphous GST (a-GST-147, a-GST-124, a-
GST-225 as well as a-GST-326), and amorphous GeTe (a-GeTe). AIMD
simulation was performed within the Born–Oppenheimer framework78 as
implemented in VASP. The canonical NVT ensemble was used with a
Langevin thermostat79. The time stepwas set to 2 fs, andonly theΓpointwas
used to sample the Brillouin zone of all models. All model supercells were
first melted at a high temperature of 2000 K for 20 ps. Subsequently, during
thequenchingprocess, the temperaturewas gradually reduced to 300 K.The
size of the simulation box was adjustedmultiple times, tominimize internal
stress. The quenching time for each structure was 50 ps, with a cooling rate
of approximately 34 K/ps. After cooling to 300 K, the system was equili-
brated at this temperature for 10 ps to ensure thermal stability. The resulting
amorphous structures underwent thorough geometric relaxation to further
reduce internal stress, ensuring that the absolute value of thefinal stress in all
models was less than 100MPa.

Data availability
The datasets that support the findings of this study are available from the
corresponding author upon reasonable request.The underlying code is
available from the corresponding author upon reasonable request.

Code availability
The underlying code is available from the corresponding author upon
reasonable request.
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