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GeTe/Sb,Te; superlattice phase-change memory devices demonstrated greatly improved performance
over that of Ge,Sb,Tes, a prototype record media for phase-change random access memory. In this work,
we show that this type of GeTe/Sb,Te; superlattice exhibits topological insulating behavior on the basis of
ab initio calculations. The analysis of the band structures and parities as well as Z, topological invariants
unravels the topological insulating nature in these artificial materials. Furthermore, the topological insulating
character remains in the GeTe/Sb,Te; superlattice under small compressive strains, whereas it is not
observed as more Sb,Te; building blocks introduced in the superlattice. The present results show that
multifunctional data storages may be achieved in the GeTe/Sb,Te; superlattice. Such kinds of artificial
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materials can be used in phase-change random access memory, spintronics, and quantum computing.
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Putting two types of crystals together in one lattice
creates a superlattice with properties different from or
greater than the sum of those of its individual components.
For example, neither SrCuO, nor BaCuO, is a supercon-
ductor, whereas a superlattice consisting of thin layers of
both oxides exhibits superconducting behavior [1]; a three-
component ferroelectric BaTiO;/SrTiO;/CaTiO; super-
lattice has 50% enhancement in ferroelectric polarization
compared with its only ferroelectric component, barium
titanate [2]. Recently, the property enhancement has been
achieved in a two-component phase-change GeTe/Sb,Te;
superlattice, also referred as interfacial phase-change ma-
terials (IPCM) by Simpson et al. [3]. Chalcogenide phase-
change materials are widely investigated to replace Flash
memory for the application of nonvolatile data storage [4],
which relies on the large contrast in electrical or optical
properties between the amorphous and crystalline states of
the phase-change materials switched reversibly by heat
pulses [5]. Among the chalcogenides, Ge,Sb,Tes (GST)
in the GeTe-Sb,Te; tie line exhibits the best performance
in terms of speed and scalability [6], whereas compared to
GST, the IPCM data storage devices exhibit dramatically
improved performance in terms of reduced switching en-
ergies, improved write-erase cycle lifetimes, and faster
switching speeds [3]. Furthermore, an extraordinarily large
magnetoresistance of AR/R > 2000% has been reported in
the GeTe/Sb,Te; superlattice, which is induced by apply-
ing an electrical field at temperatures exceeding 400 K [7].
Therefore, Tominaga et al. believed that the results paves
the way for developing conceptually new memory devices
combining the merits of both phase-change memory and
magnetic data storage [7].
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On the other hand, trigonal GST has also been shown to
exhibit topological insulating behavior either at ambient
conditions or induced by hydrostatic pressures or mechani-
cal strains [8—10]. In addition, Sb,Te; was reported to be a
topological insulator (TI) with a conducting surface state
[11]. It is thus natural to speculate that the GeTe/Sb,Te;
superlattice could also exhibit topological insulating
behavior. At the European Phase Change and Ovonics
Symposium 2011, Tominaga et al. once mentioned that
IPCM could be a TI merely based on the presence of a
strong Rashba effect [12]. However, both experimental and
theoretical realization that IPCM is a TI is lacking. In this
Letter, we unravel the topological insulating nature of
GeTe/Sb,Te; superlattices based on ab initio calculations.
The present work expands not only the catalog of TIs but
also the applications of GeTe/Sb,Te; superlattice phase-
change materials. These remarkable superlattices will find
their applications in phase-change random access memory,
spintronics, and quantum computing, and hence multifunc-
tional data storage can be achieved.

Our theoretical calculations are based on density func-
tional theory (DFT) within generalized gradient approxima-
tions of Perdew-Burke-Ernzerhof (PBE) in conjunction with
projector augmented wave (PAW) potentials which is imple-
mented in the Vienna ab initio simulation package (VASP)
[13]. The calculation details are given in Supplemental
Material [14]. To have a direct comparison with
Ge,Sb,Tes, the prototype, and well investigated phase-
change material, we first studied the TI behavior of the
[(GeTe),(Sb,yTe3),] superlattice. The crystal structures of
the [(GeTe),(Sb,Te;),] superlattice were constructed
from the (001) direction of trigonal Sb,Te; and the (111)
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FIG. 1 (color online). Phonon dispersion curve for GTST
without SOC and with SOC.

direction of cubic GeTe, with an atomic stacking
of Te-Sb-Te-Te-Ge-Ge-Te-Te-Sb-, hereafter referred to as
GTST [Fig. S1(a)] [14]. For comparison, the two typical
stacking models for trigonal Ge,Sb, Tes (GST) [15], referred
to as GST-I [Fig. S1(b)] and GST-II [Fig. S1(c)], have also
been studied.

Our PAW-PBE calculations show that GTST exhibits the
same space group (P3ml) as trigonal GST, in agreement
with previous work of IPCM [3]. GTST has smaller a but
larger ¢ parameters which results in a larger unit cell volume
compared to GST-I and GST-II (Table S1). Furthermore,
GTST is energetically stable by its lower cohesive energy
than that of GST-II (Table S1). Our results provide a picture
for GTST with a low density structure and high stability.

To further explore the lattice dynamic stability of GTST,
we have calculated the phonon dispersions both without
spin-orbit coupling (SOC) and with SOC as shown in
Fig. 1. Obviously, there is no negative frequency observed
for GTST either without SOC or with SOC, suggesting that
GTST is dynamically stable. The good lattice dynamic
stability of GTST agrees well with the above discussed
energetic stability. Furthermore, the degenerate transverse
acoustic mode calculated without SOC is lifted with SOC
along the I (0, 0, 0) to A (0, 0, 0.5) direction, with one mode
obviously lower than the other two. The result reveals the
softening of the transverse acoustic mode in the I' to A

TABLE 1.
in GTST using the PBE and DFT-D2 methods.

direction. Hence the effect of SOC on the lattice and atomic
vibrations in GTST is mainly along the ¢ direction.

Table I lists the calculated bond lengths and charge
transfers for the constitute elements of GTST, the results
of which for GST-I and GST-II are given in Table S2
for comparison. The interaction between the adjacent Te
atoms in GST has been argued to be van der Waals (vdW)-
like weak bonding [16]. However, traditional exchange and
correlation potentials like PBE can hardly treat such a
weak interaction well. Therefore, in this work we have
also performed DFT calculations with vdW corrections by
the approach of Grimme [17] (DFT-D2) to understand the
weak interaction in GTST. As seen in Table I, PBE pro-
vides larger lattice parameters and longer bond lengths
than DFT-D2. The largest difference is observed in lattice
parameter ¢ as well as the Te-Te (0.361 A difference) and
Ge-Ge (0.106 A difference) homopolar bonds. Meanwhile,
the strong covalent Ge-Te and Sb-Te bonds are slightly
affected by the calculation methods with the differences
being within 0.05 A. On the other hand, the bond length
of Ge-Ge 2.958 A is much larger than the ideal Ge-Ge
covalent bond length 2.40 A [18]. The Te-Te bond length
in GTST is also larger than that in GST-I and GST-1I
(Table S2). The results indicate that the weak interaction
between adjacent Te and Te and between adjacent Ge and
Ge is vdW-type bonding. This vdW-type weak bonding is
further confirmed by analyzing the charge density (Fig. S2)
and charges on the Bader atoms (Table I) which are bound
through a bond point [14]. This type of Ge-Ge weak bonding
results in the easy movement of Ge atoms and thus can
explain the proposed phase-change model of Ge atoms
switching between tetrahedral and octahedral sites at the
interfacial GeTe/Sb,Te; [3]. The charge transfer between
the building units of GeTe and Sb,Te; in GTST superlattice
can be viewed by the Bader charge analysis [19,20]. As
seen in Table I, the ionic charges in GTST superlattice
can be presented as Ge®!7TTel 18~ (Sh%333+),(Te®3 ),
and Ge®?3*Te%26~(Sb%32%),(Te*347); by PAW-PBE and
DFT-D2 calculations, respectively. Even though the charge
transfer around an individual element by the two methods is
different, the ionic charges in GTST can be viewed as

The calculated lattice parameters and bond lengths as well as the Barder charge and volumes according to Bader analysis

Lattice parameters (A)

Bond length (A)

a c Ge-Tes Sb-Te, Sb-Te, Tes-Tes Ge-Ge
PBE 4.206 19.359 2.829 2.997 3.172 4.226 3.064
DFT-D2 4.140 18.288 2.796 2972 3.128 3.865 2.958
Bader charge Qp (e) Bader volume Vy (A%)
Ge Sb Te, Te, Tes Ge Sb Te, Te, Tes
PBE 3.83 4.645" 6.35 6.17 6.18 23.23 28.38 3241 39.87 40.04
DFT-D2 3.75 4.48 6.42 6.30 6.26 20.77 25.36 32.26 37.15 36.31

*Note: The subscript 5 for Sb in Bader charge is the third digit after the decimal point.
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FIG. 2 (color online).
SOC and with SOC.

Bulk band structures for GTST without

(GeTe)*01~,(Sb,Te;)* 2. It is clear that there are only
0.02¢ charge transfers from Sb, Te; to GeTe. This tiny charge
transfer together with the GTST superlattice configuration
[Fig. S1(a)] reveals very weak interaction between the build-
ing units of GeTe and Sb, Te;. This weak interaction can be
neglected and will not affect the topological nature of GTST.

The bulk band structures without and with SOC for GTST
were plotted in Fig. 2. As seen in the figure, GTST is a narrow
band gap (0.07 eV) semiconductor with a direct band gap at
the I' point without SOC. The conduction band minimum
(CBM) at the I point is occupied by the Ge s Ge p, Te s state,
and the valence band maximum (VBM) at the I point is
occupied by the Ge s Sb s Te p, state. With introducing SOC,
the electronic structure of GTST shows a very small band gap
(0.01 eV) by inversing the band characterizations of CBM
and VBM. For the observed tiny band gap, it is well known
that DFT calculations always underestimate the band gap of a
system. Fortunately, in this respect, the hybrid function with
the mixing of the Hartree-Fock and DFT exchange terms is a
practical solution to solve the band gap problem [21].
Therefore, we use the Heyd-Scuseria-Ernzerhof [22] hybrid
functional to further investigate the band inversion of GTST.
The calculated total electron density of states for GTST
without SOC and with SOC is shown in Fig. S3 [14]. The
band gap of GTST is 0.23 eV without SOC and is 0.12 eV
with SOC, which is around 3 and 12 times that calculated by
PBE, respectively. This band gap with SOC is very close to
the newly discovered actinide TT materials [23]. Therefore,
our results indicate a topological insulating nature in
GTST [24].

As it has been shown previously that compressive strain
can tune the topological nature of materials [25], we have
applied 2% and 4% compressive strains along the ¢ axis to
GTST to study the effect of strain on the band inversion.
The corresponding bulk band structures are illustrated in
Figs. 3(a) and 3(b), where SOC induced Ge s Ge p, Te s
and Ge s Sb s Te p, band inversion is clearly seen.
Furthermore, the existence of small compressive strain in
GTST results in the band overlap at the I" point without SOC
but induces the opening of a band gap with SOC. The results
indicate that GTST could be a TI even under compressive
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FIG. 3 (color online). Bulk band structures for GTST under
(a) 2% and (b) 4% compressive strain along the ¢ direction,
(¢) [(GeTe),(Sb,Tes),1, and (d) [(GeTe),(Sb,Tes),] without and
with SOC. The Fermi level is set at O eV.

strains. It is also interesting to note that, for GTST under a 4%
compressive strain, the time-reversal symmetry at the I" point
isinvariant and two peaks around the I" point in CBM reveal a
strong Rashba effect.

To investigate the effect of stoichiometry or building
blocks on the band inversion, we have considered two
other superlattices, i.e., [(GeTe),(Sb,Tes),] and [(GeTe), X
(Sb,Te3),] with a stoichiometry of Ge;Sb,Te, and
Ge,;Sb,Te;, respectively. For [(GeTe),(Sb,Tes),], the
Te-Ge-Ge-Te- unit locates in between two Sb,Te; blocks,
and it bisects four Sb,Te; blocks for [(GeTe),(Sb,Tes)4].
Figures 3(c) and 3(d) show the bulk band structures for
[(GeTe),(Sb,yTes),] and [(GeTe),(Sb,Tes),], respectively.
It is seen that the SOC induced band inversion of VBM and
CBM is observed in [(GeTe),(Sb,Tes),] but not in
[(GeTe),(Sb,yTe3),]. Obviously, the topological insulating
nature of [IPCM may be closely related to the geometry of the
superlattice which will be further analyzed below.

Itis known that the “Dirac cone” featured metallic surface
state is the direct evidence of a TI [26,27]. We studied two
important surfaces for GTST; i.e., one was constructed by
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FIG. 4. The surface band structures for (a) St. and (b) S of
GTST. The Fermi level is set at 0 eV.

cleaving the adjacent Te layers (S1.-GTST), and the other
was constructed by cleaving the adjacent Ge layers
(Sge-GTST). More details about the surface constructions
are given in Supplemental Material [14]. Figure 4 shows the
surface band structure for the two fully relaxed surface
atomic structures with SOC, where a Dirac cone feature at
the I" point is seen even though the node is hardly separated
from the bulk conduction band. To further investigate the
effect of vdW corrections on the band structure, we have also
calculated the bulk band structure and surface band structure
of S1.-GTST by DFT-D2 methods, the results of which are
illustrated in Fig. 5. Obviously, as seen in Fig. 5(a), the vdW
correction increases the band gap of bulk band structure in
contrast to the very small band gap obtained by PBE with
SOC. Furthermore, the conducting surface state with a Dirac
cone feature at the I' point is distinguished from the bulk
conduction band [Fig. 5(b)]. The present results clearly un-
ravel the topological insulating nature of GTST.

Based on the above results, i.e., the band character
inversion of VBM and CBM of the bulk band structure
as well as the distinguished Dirac cone featured metallic
surface state for the GTST superlattice, it is clear that
the GeTe/Sb,Te; superlattice with a stoichiometric
Ge,Sb,Tes is a TIL. In the following, we present a simple
analysis on the topological insulating character of GTST. It
has been shown that the most general and direct approach
to understand a TI with inversion symmetry is to analyze
the Z, topological invariants from the parities of time-
reversal invariant moments [28]. The calculation details
of the Z, topological invariants v(;(v;v,v3) [29] are given
in Supplemental Material [14]. The products of the parities

(@)
1.0

0.0

Energy (eV)

-0.5¢

-1.0
K

FIG. 5. The GTST bulk and St.-GTST surface band structure
with SOC using the DFT-D2 method. The Fermi levelis settoOeV.

for the occupied bands of [(GeTe),(Sb,Tes);] (GTST),
[(GeTe),(Sb,Tes),], and [(GeTe),(Sb,Te;),] are given in
Table S3, S4, and S5, respectively. The corresponding
calculated Z, topological invariants vg;(v,v,v3) are 1;
(110), 1;(001) and 0;(000), which verifies that GTST and
[(GeTe),(Sb,Tes),] are strong TIs while [(GeTe), X
(Sb,Tes)4] is a normal semiconductor. These results agree
well with the above analysis on the band inversions.
Furthermore, the results show that the topological insulat-
ing nature will disappear with the increase in the content of
Sb,Te;, suggesting that the Te-Ge-Ge-Te building unit
plays a very important role in the topological insulating
properties of GTST.

The band inversion of VBM and CBM in trigonal
Ge,Sb,Tes has been characterized to be the inversion of
the Ge s Sb s states with Ge p Sb p states under SOC for
GST-1[9,10] and the inversion of Te s states with Te p states
under SOC for GST-II [9], whereas for the GTST superlat-
tice, the band inversion was characterized to be the inversion
of the Ge s Ge p, Te s state with the Ge s Sb s Te p, state
under SOC. It is obvious that the topological insulating
character in the GeTe/Sb,Te; superlattice results from the
special atomic configuration, particularly the directly bonded
Ge-Ge weak bonds. For this strong Rashba effect in [PCM
[7], Tominaga et al. observed that if a displacement of the
second Sb due to the interfacial stress from a lattice mismatch
happens, it has the potential to induce a large Rashba effect
by the break of the spatial symmetry, while the present results
show that the GeTe/Sb,Te; superlattice is a TI at ambient
conditions when there are directly weak Ge-Ge bond. On the
other hand, the weakly bonded adjacent Ge atoms may be the
origin of the easy switch of these special Ge atoms between
tetrahedral and octahedral positions to which was attributed
the origin of phase-change data storage in IPCM by Simpson
et al. [3]. Therefore, multifunctional data storage devices
that combine the merits of both phase-change memory
and quantum computing can be achieved in GeTe/Sb,Te;
superlattices. Furthermore, the previously reported phe-
nomenon of electrical-field induced giant magnetoresistivity
in GeTe/Sb,Te; superlattices indicates that it is possible to
develop conceptually new memory devices that combine the
merits of phase-change memory, magnetic data storage, and
quantum computing. The present findings open new insights
on tailoring phase-change materials and the performance of
data storage devices.

In conclusion, we have investigated the topological insu-
lating behavior in GeTe/Sb,Te; superlattices by means of
ab initio calculations. Using [(GeTe),(Sb,Tes),] as an ex-
ample, we show that this artificial material is dynamically
stable based on the phonon dispersion analysis and is a TT as
analyzed by the band structures and parities as well as Z,
invariants. Furthermore, the topological insulating character
is also observed even under small compressive strains.
However, with further increasing the number of Sb,Tes
blocks to [(GeTe),(Sb,Tes),], the superlattice remains as
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a normal semiconductor. As TIs have great potential appli-
cations in quantum computing [30], the present work shows
that developing a new conceptual memory device that com-
bines the merits of both quantum computing and phase-
change data storage is possible.
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