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Insights into the structure of the stable and metastable (GeTe),,(Sb,Te;),, compounds
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Using first-principles calculations, we identify the mechanisms that lead to the lowest energy structures for
the stable and metastable (GeTe),,(Sb,Tes), (GST) compounds, namely, strain energy release by the formation
of superlattice structures along of the hexagonal [0001] direction and by maximizing the number of Te atoms
surrounded by three Ge and three Sb atoms (3Ge-Te-3Sb rule) and Peierls-type bond dimerization. The
intrinsic vacancies form ordered planes perpendicular to the stacking direction in both phases, which separate
the GST building blocks. The 3Ge-Te-3Sb rule leads to the intermixing of Ge and Sb atoms in the (0001)
planes for Ge;Sb,Teg and Ge,Sb,Tes, while only single atomic species in the (0001) planes satisfy this rule for
the GeSb,Te, and GeSb,Te; compositions. Furthermore, we explain the volume expansion of the metastable
phase with respect to the stable phase as a consequence of the different stacking sequence of the Te atoms in
the stable and metastable phases, which leads to a smaller Coulomb repulsion in the stable phase. The
calculated equilibrium lattice parameters are in excellent agreement with experimental results and differ by less
than 1% from the lattice parameters derived from a combination of the GeTe and Sb,Te; parent compounds.
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I. INTRODUCTION

Phase-change = materials such as the ternary
(GeTe),,(Sb,Tes),, (GST) compounds have been considered
as one of the most natural candidates for the development of
nonvolatile memory devices.!?> This expectation is based on
the current applications of GST compounds in optical storage
products, namely, rewritable compact disks (CD-RW), digital
versatile disks (DVDs), and blu-ray disks (BDs), which rely
on a fast and reversible resistance change between a meta-
stable crystalline phase (low resistivity) and an amorphous
phase (high resistivity).>? The GST compounds are widely
employed in rewritable multimedia technology, however,
their success as a candidate for nonvolatile memory devices
requires a complete understanding of the basic properties of
the GST phases involved in the transition, which can be used
to improve the transition speed as well as the reversibility
between the metastable crystalline and amorphous phases.
Several recent studies have focused on the characterization
of the amorphous phase,>*-!! however, as we will show be-
low, there is no common consensus on the crystalline struc-
ture of the GST compounds, which plays an important role in
the phase transition to the amorphous phase.

The ternary GST compounds have two crystalline poly-
morphs, namely, a ground-state phase and a slightly higher
energy metastable phase. X-ray diffraction (XRD)
studies'?0 observed that the stable GST phase for different

compositions crystallize in hexagonal structures (P3m1 or

Rgm), in which the Ge, Sb, and Te atoms form building
blocks composed of 1 f.u. stacked along the [0001] direction
(¢ axis). The building blocks are separated by intrinsic va-
cancies originating from Sb,Te;, in which they are naturally
present (see Fig. 1), and hence, there is a large separation
between the GST blocks, e.g., from 3.9 to 4.5 A. Thus, the
structure of the stable phase appears well defined, however,
there is a debate related with the occupation of the cation

sites by Ge and Sb atoms in the hexagonal lattices (P3m1 or
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R3m). For example, Matsunaga and co-workers'72" using

XRD suggested that the cation planes perpendicular to the
stacking [0001] direction contain both species (Ge and Sb),
however, Kooi and De Hosson!® also using XRD suggested
that each cation plane contain only one species, i.e., Ge or Sb
(see Fig. 2). Recent first-principles calculations?!?? for four
GST compositions support the XRD results obtained by Kooi

FIG. 1. (Color online) Crystal structures of the bulk GeTe and
Sb,Te; in the conventional hexagonal unit cells, which contain 3
f.u. The primitive thombohedral unit cell contains 1 f.u. The Ge
(small balls), Sb (medium balls), and Te (large balls) are labeled,
while the dashed lines indicate the conventional hexagonal lattice.
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FIG. 2. (Color online) Crystal structures of the bulk GeTe (distorted rocksalt), Sb,Te; (rhombohedral and rocksalt), and Ge,Sb,Tes
(stable hexagonal and metastable rocksalt) compounds. All structures are represented in the conventional hexagonal lattices indicated by the
dashed lines. A, B, and C indicate stacking sequence and have coordinates (0,0,z), (2/3,1/3,z), and (1/3,2/3,z), respectively, using the
(1 X 1Xn) unit cell. The Ge (small balls), Sb (medium balls), Te (large balls), and intrinsic vacancies (v) are labeled.

and De Hosson,!® however, no structure mechanism is pro-
vided to justify either of the two suggestions, i.e., a mixed
Ge and Sb or single species layer.

High-resolution  transmission electron  microscopy
(HRTEM), XRD, and x-ray absorption fine-structure spec-
troscopy (EXAFS) studies have suggested that the meta-
stable GST phase crystallizes in a rocksalt-type (RS-type)
structure, in which the Te atoms occupy the anion (4a-type)
sites, whereas the Ge, Sb, and intrinsic vacancies occupy
randomly the cation (4b-type) sites.*?>2¢ It is important to
notice that intrinsic vacancies occupy defined high-symmetry
lattice sites in the metastable phase, while they only separate
the GST building blocks in the stable phase, which increases
the complexity of the metastable RS-type structures. First-
principles calculations performed by Sun et al.?! for meta-
stable Ge,Sb,Tes found no intermixing of Ge and Sb atoms
in the planes perpendicular to the RS [111] direction ([0001]
direction using a hexagonal lattice). Their model, in which
the intrinsic vacancies are ordered in planes perpendicular to
the RS [111] direction, leads to the formation of Ge-Te bond
lengths of 2.99 and 3.03 A (A,=0.04 A) in Ge,Sb,Tes,

however, experimental studies based on EXAFS found bond
lengths of 2.83 and 3.15 A (A,=0.32 A),2° which indicates
that the structure models suggested by Sun et al.?' cannot
provide a reliable description of the experimental trends.
First-principles calculations performed by Eom et al.?’ sug-
gest that intrinsic vacancies tend to distribute randomly in
Ge,Sb,Tes, which is in contrast to the results obtained by
Sun et al.?!' and experimental results based on HRTEM,*
which indicates intrinsic vacancy ordering. However, we
want to point out that Eom et al.?’ conclusions were based on
calculations for nonstoichiometric composition (Ge,Sb,Tey)
instead of the stoichiometric Ge,Sb,Tes compound.
Therefore, even though the GST compounds are currently
used in rewritable technological applications, the knowledge
and understanding of their atomic structure are far from sat-
isfactory. For both crystalline phases, the Te atoms occupy
well-defined anion lattice sites, whereas the exact atomic oc-
cupations of Ge, Sb, and intrinsic vacancies (metastable)
have been a source of controversy and debate. In the present
work, we will show that those controversies can be resolved
through identification of the underlying structure formation
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mechanisms that leads to the lowest energy structures, as
well as the relation between the parent GeTe and Sb,Te;
compounds and the GST compounds. In order to achieve
these goals, we performed first-principles density-functional
theory (DFT) calculations for the GST compounds as a func-
tion of Ge/Sb composition, namely, Ge;SbsyTes, Ge,Sb,Tes,
GeSb,Te,, GeSb,Te;, as well as for the single GeTe and
Sb,Te; compounds. Based on our calculations and analysis,
we identified a set of basic rules that lead to the lowest en-
ergy structures, which explain the two Ge-Te bond lengths in
GST compounds, and the volume expansion of the meta-
stable phase compared with the stable phase.

The remainder of this paper is organized as follows. In
Sec. II, we report the theoretical approach and computational
details, while in Secs. III and IV we discuss the structures of
GeTe and Sb,Tes. In Sec. V, we discuss the structural simi-
larities between both single compounds and explore the low-
est energy GST structures. Finally, in the Appendix, we dis-
cuss the accuracy of our results.

II. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

Our first-principles calculations are based on the all-
electron projector augmented wave (PAW) method?®?° and
DFT within the generalized gradient approximation Perdew-
Burke-Ernzerhof (GGA-PBE) (Ref. 30) as implemented in
VASP.3!1:32 For total-energy and stress tensor calculations, we
employed cutoff energies of 288 and 576 eV, respectively.
For the Brillouin-zone integration a (6 X 6 X 1) k-point grid
was used for bulk GeSb,Te, in the conventional hexagonal
(1X1X1) structure. The same k-point density was em-
ployed in all other calculations. The total energies and equi-
librium volumes at zero temperature for all structures were
obtained by full relaxation of the volume, shape, and atomic
positions of the unit cell to minimize the quantum-
mechanical stresses and forces. In order to check the quality
of our results, we calculated the lattice constants using stress
tensor as a function of the cutoff energy and number of k
points in the irreducible part of the Brillouin zone, which are
summarized in the Appendix. From those test calculations,
we found that a higher cutoff energy (864 eV) and high
k-point density (12X 12X 1) change a, and ¢, by less than
0.10% and 0.35%, respectively.

III. RESULTS AND DISCUSSION
A. Bulk GeTe

At ambient pressure and room temperature (RT), GeTe
crystallizes in the distorted RS structure, which has space
group R3m and 1 f.u. per primitive rhombohedral unit cell (3
f.u. in the conventional hexagonal unit cell, see Fig.
1).2%33-35 The anion sites occupied by Te atoms have
ABCABC stacking along of the RS [111] direction, i.e.,
[0001] direction in the conventional hexagonal unit cell (see
Fig. 2). The distortion occurs along the RS [111] direction,
which induces the formation of distorted octahedrons in
which each Te atom is surrounded by three Ge at 2.85 A and
three Ge at 3.26 A, which is consistent with EXAFS results
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(2.80 and 3.13 A).2636 In the hexagonal lattice configuration
as shown in Fig. 1, the lattice parameters are ay=4.23 A and
co/3=3.64 A, while the experimental results are 4.17 and
3.54 A, respectively,?® i.e., deviations of 1.43% and 2.82%.
Furthermore, we obtained a rhombohedral angle of 57.69°,
while the experimental value is 58.36°,2 i.e., a deviation of
1.15%. For temperatures higher than RT, the thombohedral
angle increases and reaches 60° at 716 K (transition
temperature),>* which corresponds to the perfect RS struc-
ture. Thus, the structural GeTe parameters are in good agree-
ment with experimental results,”>* as well as previous first-
principles calculations.?’

The distortion gives rise to the formation of a sequence of
short and long bonds projected along the ¢ axis in Fig. 1 and
the formation of a dipole moment along of the ¢ axis.’® The
short and long bond-length sequences can be explained by a
Peierls-type electronic instability.>**! For the undistorted RS
structure, the symmetry of the valence and conduction-band
extrema are L; and Lj, respectively. Atomic displacement
along the RS [111] direction reduces these states both to L;
symmetry,*> which can subsequently couple, thus lowering
the electronic energy (44 meV/atom) and further increasing
the band gap from 0.37 eV (undistorted RS) to 0.50 eV (dis-
torted RS).

B. Bulk Sb,Te;

Sb,Te; crystallizes in a rthombohedral layered structure

with space group R3m with 1 fu/unit cell, in which the
building blocks (Te-Sb-Te-Sb-Te) are stacked along of the
[0001] direction in the conventional hexagonal lattice (see
Fig. 1).15%34 We observe that a single building block has a
RS-type structure, in which the Te atoms within the block
have a stacking sequence like in the GeTe structure (ABC),
however, in the hexagonal unit cell composed of three build-
ing blocks the Te atoms have a stacking sequence like
ABCBCACAB along of the ¢ axis (see Fig. 2). The Sb and Te
atoms in the center of the building block are sixfold coordi-
nated, whereas the Te at the edge of the blocks bind only to
three Sb atoms within the block. Due to the large interlayer
separation between the blocks (3.04 10\) compared with the
Sb-Te interlayer distances (1.71 and 1.99 A), the Sb,Te,
structure can be viewed as a composition of Sb, Te, and
intrinsic vacancies ordered in the planes perpendicular to the
c axis. The existence of the intrinsic vacancy layer is a con-
sequence of the valence of the Sb (V) and Te (VI) atoms and
the electron octet counting rule.

The calculated lattice parameters are ay=4.34 A and
co/3=10.43 A, which deviate by 1.88% and 2.76% from the
experimental results (ag=4.26 A and ¢,/3=10.15 A),15%
which are typical error bars for DFT-GGA calculations.*~+/
Furthermore, our results are consistent with previous first-
principles calculations (ag=8.35 A, ¢,=10.28 A).*® Similar
to the GeTe structure, there are short (3.03 A) and long
(3.20 A) bonds in the Sb,Te; structure, however, they are
associated with the internal and block edge Te atoms, respec-
tively. We found an energy gain of 32 meV/atom due to the
alternating bond lengths, which is smaller than 44 meV/atom
in GeTe. Such differences are consistent with the difference
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between the short and long bond lengths, e.g., 13.7% for
Ge-Te and 5.3% for Sb-Te.

For comparison, we calculated Sb,Te; also in the RS
structure (see Fig. 2), in which the Te atoms are stacked
along of the RS [111] direction ([0001] direction in the hex-
agonal cell) like in GeTe (ABCABCABC). Thus, the intrinsic
vacancies occupy the cation sites. We found that Sb,Te; in
the RS-type structure is only 15 meV/f.u. higher in energy
than the rhombohedral structure, which is expected by taking
into account that all structural features observed in the rhom-
bohedral structure such as short and long bond lengths and
intrinsic vacancy ordering are replicated in the RS-type
structure, except for the stacking sequence.

C. Stable and metastable GeTe-Sb,Te; phases

As mentioned in Sec. I, the stable and metastable GST
phases indicate GST compounds within hexagonal (P3m1 or

R3m) and RS-type structures, respectively. These have a
large number of similarities and both can be represented us-
ing hexagonal lattices with the Ge, Sb, Te, and intrinsic va-
cancies stacked along of the ¢ axis (Fig. 2).

1. GeTe and Sb,Te; structure similarities

GeTe and Sb,Te; share a large number of structural simi-
larities. For example, the stacking sequence of Te in GeTe is
ABC along of the [0001] direction, whereas in Sb,Tes it is
ABCBCACAB (rhombohedral) and ABCABCABC (RS type).
Thus, there is a direct connection with the stacking se-
quence in the GST phases. For example, in the stable
GST phase, x-ray diffraction studies'>!31-20 obtained
stacking sequences for the Te atoms along of the [0001] di-
rection such as ABCACABCABABCABCBC, ABCBC,
ABCBCABABCAC, and ABCACAB for Ge;Sb,Teq,
Ge,Sb,Tes, GeSb,Te,, and GeSb,Te;, respectively. How-
ever, in the metastable phase, which crystallizes in a RS-type
structure,*?3-23 the Te atoms stacked along of the RS [111]
direction have a stacking such as ABCABCABCABC for all
compositions (see Fig. 2). The number of Te layers in the
hexagonal cells depends on the stacking and number of GeTe
and Sb,Tes units in the (GeTe),,(Sb,Tes), compound. Thus,
this analysis indicates that Sb,Te; plays an important role in
the Te stacking sequence of the GST phases, i.e., it dictates
the stacking in the stable and metastable GST phases.

The lattice parameters, aOGETe and a§b2T33, differ by less
than 2.2%, which indicates a very small mismatch between
the two hexagonal lattices. Furthermore, using the lattice
constants (a, and c,) of GeTe (distorted RS) and Sb,Te; (RS
type), we derived averaged lattice constants for the conven-
tional RS structure, e.g., ag (GeTe)= (a5 V2 +c5T¢\3)/2.
We found a§5=6.14 and 6.20 A for GeTe and Sb,Tes, i.e., a
difference of less than 1.0% between the average RS lattice
constants, which is unexpected taking into account that Ge
and Sb have different valences, however, the valence differ-
ence is compensated by the presence of intrinsic vacancies in
the Sb,Tes structures. Thus, the average lattice constants of
GST compounds in the metastable phase should not differ
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significantly,
results,!7-18:23.24

which is consistent with experimental
as well as our calculations (see below).

2. GST structure mechanisms

Based on the structural similarities between GeTe and
Sb,Tes, experimental studies for the GST
phases,!213:16-2023-25 a5 well as previous first-principles
calculations, 2499 it is natural to consider the stoichiometric
GST compounds in both phases as superlattices of GeTe and
Sb,Te; in which the stacking sequences are dictated by the
Sb,Te; structures. Therefore, in order to calculate GST in
both crystalline phases and at different Ge/Sb compositions,
which is the key to obtain an atom-level understanding of the
structure mechanism that drives the formation of the those
superlattice structures, we employed a set of well defined
steps. (i) Both GST phases are described using (2X2X 1)
hexagonal superlattices, in which the number of f.u. within
the hexagonal unit cell depends on the (GeTe),,(Sb,Te;),
composition and phase. (ii) The stacking sequence of the Te
atoms in both phases is determined by the stacking of the Te
atoms in the rhombohedral and RS-type Sb,Te; structures
and the number of (GeTe),,(Sb,Tesz), units. As mentioned
before, in the metastable phase intrinsic vacancies occupy
cation sites together with the Ge and Sb atoms, however, in
the stable phase, the intrinsic vacancies do not occupy high-
symmetry sites but only separate the building blocks as in
the rhombohedral Sb,Te; structure. (iii) For both GST
phases we considered different Ge, Sb, and Te sequences
along of the c¢ axis, e.g., Ge atoms located near to the intrin-
sic vacancy regions instead of Sb atoms, occupation of the A,
B, and C sites by Ge or Sb atoms. (iv) For both phases, we
considered model structures in which the Ge and Sb atoms
form pure planes perpendicular to the ¢ axis or intermixed
planes, in which there are Ge and Sb atoms at different com-
positions, e.g., 25% (Ge) and 75% (Sb), 50% (Ge) and 50%
(Sb), and 75% (Ge) and 25% (Sb). (v) For the metastable
GST phase, we considered ordered (perpendicular to the ¢
axis) and random occupations of the cation sites by intrinsic
vacancies. (vi) For all calculated systems, the lattice param-
eters a, and ¢, are relaxed independently.

Therefore, all calculated structure models (about 100)
were based on physical arguments instead of a random
search in the configurational space of the atomic positions
and lattice vectors,”! which is not possible to be applied us-
ing first-principles calculations for systems containing about
100-150 atoms even using large-scale supercomputers. The
approach adopted in this work was successfully employed to
study the multilayered M-modulated InMO5(ZnO), com-
pounds (M=In, Ga, Al and n is an integer).”> The lowest
energy GST structures are shown in Figs. 3 and 4, while the
structural parameters of the lowest energy structures are
summarized in Tables I and II.

From our calculations and analysis, we identified a set of
rules and formation mechanisms that lead to the lowest en-
ergy structures, which will be explained below using the
lowest energy structures shown in Figs. 3 and 4 as examples,
as well as the structures shown in Fig. 2. (i) For both GST
phases, the (GeTe),,(SbyTes), superlattices are constructed
by the insertion of mGeTe units into one single Sb,Te; build-
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Stable GST phase: hexagonal structures

FIG. 3. (Color online) Lowest energy structures for the stable

GST phase, namely, for Ge;Sb,Teq, Ge,Sb,Tes, GeSb,Te,, and

GeSb,Te;, in which there are 12, 4, 3, and 1 f.u. within the indi-
cated hexagonal unit cells (dashed lines). The Ge (small balls), Sb
(medium balls), Te (large balls), and intrinsic vacancies (v) are
indicated.

ing block (Te-Sb-Te-Sb-Te), while the remaining (n
—1)Sb,Te; units form (n—1)Sb,Te; blocks as in the original
Sb,Te; parent structure, i.e.,

(GeTe),,(Sb,Tes), = [(GeTe),,(SbyTes)] + [(n — 1)Sb,Tes].

This superlattice configuration is expected as the GST sys-
tem tends to preserve as much as possible the parent struc-
tures which are optimized based on the atomic sizes and
valences of the Ge, Sb, and Te atoms. For example, in the
lowest energy GeSb,Te; structure, one unit of GeTe is in-
serted into a single Sb,Te; block, while the second block is
preserved as in the original Sb,Te; structure. This rule is also
satisfied by all reported experimental structures beyond those
studied in the present work.!>!316-20 For example, Matsu-
naga et al.”® found using x-ray diffraction that six GeTe units
are inserted within a single Sb,Te; block in the GegSb,T,
compound. (ii) In the resulting (GeTe),,(Sb,Te;) building
blocks, Ge atoms locate preferentially at the center of the
block, while the Sb atoms locate preferentially close to the
edges, in which the undercoordinated Te atoms are located.
These preferences are due to different valence of Ge (IV) and
Sb (V), as well as to the smaller size of the Ge atoms, e.g.,
calculated covalent radius using bulk Ge and Sb yields 1.25
and 1.48 A for Ge and Sb, respectively. This rule is satisfied
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Meta—stable GST phase: rocksalt—like structures

FIG. 4. (Color online) Lowest energy structures for the meta-
stable GST phase, namely, for Ge;Sb,Teg, Ge,Sb,Tes, GeSb,Tey,
and GeSb,Te;, in which there are 4, 12, 3, and 3 f.u. within the
indicated hexagonal unit cells (dashed lines). The Ge (small balls),
Sb (medium balls), Te (large balls), and intrinsic vacancies (v) are
indicated.

in all recent experimental studies,'®?" as well as previous

first-principles calculations.?'?>% (iii) We found that the
strain energy of the crystal can be further reduced by an
interchange of Ge and Sb atoms between different layers to
maximize the number of Te atoms surrounded by three Ge
and three Sb (3Ge-Te-3Sb), in which the Ge and Sb locate at
the opposite corners of the octahedron structures. This gives
rise to the formation of a sequence of short and long lengths
as in the GeTe and Sb,Te; structures, i.e., the Peierls-type
electronic instability plays an important role. This rule is
supported by experimental results. For example, using a
single species (Ge or Sb) per plane for Ge,Sb,Tes (see Fig.
2), which does not satisfy this rule, we found bond lengths of
2.99 and 3.03 A (A,=0.04 A) for Ge-Te, while EXAFS
studies obtained 2.83 and 3.15 A (A,=0.32 A),2 e, it
cannot explain the experimental results. However, structure
models for Ge,Sb,Tes, which satisfy the (3Ge-Te-3Sb) rule,
yield bond lengths of 2.87 and 3.24 A (A,=0.37 A) for
Ge-Te, which are consistent with the experimental results.
Furthermore, structure models for GeSb,Te,; employing the
(3Ge-Te-3Sb) rule yields only a single bond length for
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TABLE 1. Lattice parameters of the GeTe, GST, and Sb,Te; compounds. ag is given per (1 X 1X 1) unit cell, while ¢y is given per
number of building blocks in the (1 X 1 X 1) hexagonal cell. The numbers in parentheses are obtained using the lattice constants of GeTe and

Sb,Te; (see text). The experimental results for the metastable phase are obtained from the averaged aj

RS 0Pe (ee text).

Stable hexagonal GST structures

Metastable rocksalt GST structures

ap Co ap Co

(A) (&) (A) (A)
GeTe 423 4.17* 3.64 3.548
Ge;Sb,Teg 428  (426) 421 2115 (2134 20.77° 426  (4.25) 21.65  (21.81)
Ge,Sb,Tes 427  (426) 422 1789  (17.71) 17.24¢ 427  (426)  4.26° 18.36  (18.17)  17.40°
GeSb,Te, 431 (4.28) 427 1404  (14.07) 13909 430  (427) 4274 1438  (14.53) 13.96¢
GeSb,Te, 432 (4.30) 2442 (24.50) 430  (4.29) 2526  (25.42)
Sb,Te, 434 4265 1043 10.15¢  4.32 10.89

“Experiment in Ref. 23.
PExperiment at 90 K in Ref. 19.
“Experiment in Ref. 18.
dExperiment at 873 K in Ref. 17.
°Experiment in Ref. 44.

Ge-Te, which is also consistent with experimental results.26
(iv) In the lowest energy metastable GST structures, the in-
trinsic vacancies form ordered planes perpendicular to the ¢
axis, i.e., (111) planes in the RS-type structure, which is
consistent with experimental data obtained by HRTEM.? All
the metastable structures in which the intrinsic vacancies are
randomly distributed among the cation sites have higher en-
ergies, e.g., higher by 180-720 meV/f.u. for Ge,Sb,Tes.
Thus, our results suggest that a random distribution of intrin-
sic vacancies can be present only in high energy or nonequi-
librium structures, which may play an important role in the
phase transition from the metastable to the amorphous phase.

3. GST lowest energy structures

Thus, due to the rules summarized above, the lowest en-
ergy structures for the studied Ge/Sb compositions show dif-
ferences concerning the occupation of the cation sites. There
are three compositions to consider, namely, Ge/Sb>1,
Ge/Sb=1, and Ge/Sb<1. For Ge rich, e.g., Ge;Sb,Teg, the
Ge and Sb atoms are intermixed in the (0001) planes, how-
ever, due to the large number of Ge atoms, not all Te atoms
are surrounded by three Ge and three Sb (see Figs. 3 and 4).

TABLE II. Bond lengths (given in A) of Ge-Te and Sb-Te in the
GeTe, GST, and Sb,Te; compounds.

Stable GST Metastable GST
Ge-Te Sb-Te Ge-Te Sb-Te

GeTe 2.85, 3.26

Ge;Sb,Teg 2.86,3.23 3.00,3.29 2.85,3.24 3.00, 3.39
Ge,Sb,Tes 2.87,323 297,330 287,324 296, 3.30
GeSb,Tey 3.01 3.01, 3.20 3.01 3.01, 3.20
GeSb,Te; 3.01 3.02, 3.20 3.01 3.02, 3.20
Sb,Tes 3.03, 3.20 3.02, 3.20

For Ge/Sb=1, e.g., Ge,Sb,Tes, all the Te atoms, except the
ones at the building block edges, are surrounded by three Ge
and three Sb, which, as in the case of Ge;Sb,Teq, requires
intermixing of Ge and Sb atoms in the same (0001) planes.
As discussed above, the intermixing of Ge and Sb atoms in
the same planes is essential to explain the different Ge-Te
bond lengths in Ge,Sb,Tes.?® Furthermore, it plays an impor-
tant role in determining the interlayer spacing between the Te
planes (see below). For Ge/Sb<1 (Ge poor), e.g., GeSb,Te,
and GeSb,Te;, we found that only one atomic species (Ge or
Sb) per plane satisfy the structure rules for both phases, i.e.,
no intermixing of Ge and Sb atoms in the (0001) planes is
required to satisfy the (3Ge-Te-3Sb) rule. We want to empha-
size that all calculated model structures for GeSb,Te, and
GeSb,Te; in which intermixing was allowed have higher en-
ergies, e.g., about 20 meV/f.u. for GeSb,Te,. Our results
suggest that the intermixing of Ge and Sb in the planes per-
pendicular to the ¢ axis is not a rule by itself, but a conse-
quence of the (3Ge-Te-3Sb) rule, which should be taken into
account in order to lower the crystal energy of crystalline
GST structures.

Our lowest energy structures for Ge;Sb,Tes and
Ge,Sb,Tes are consistent with analysis of XRD data, which
suggests that the cation sites are occupied by either Ge or Sb
atoms in the stable GST phase.'”"' However, our results do
not support the same suggestion for GeSb,Te, and
GeSb,Te,,!” for which we found no intermixing of Ge and
Sb atoms in the (0001) planes. Thus, the present results pro-
vide important insights, which can be used to improve those
XRD model structures. Our results are in contrast to the con-
clusions obtained by Sun and co-workers?'?? using first-
principles calculations, who found that there is no intermix-
ing of Ge and Sb atoms in the (0001) planes for all studied
compositions.

For all GST compositions, the stable phase has lower en-
ergy than the metastable phase, however, the relative ener-
gies are in the range of a few meV/f.u., e.g., 4.7, 3.6, 2.2, and
28 per fu. for the Ge;Sb,Tes, Ge,Sb,Tes, GeSb,Te,, and
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GeSb,Te,, respectively. This result is expected due to the
similar bonding environments but slightly lower Coulomb
energy for the stable phase due to the stacking sequence
along of the ¢ axis, i.e., it lowers the Coulomb energy by
changing the stacking sequence from ABCABC (RS, meta-
stable phase) to ABCBCA (hexagonal, stable phase). Compa-
rable energy differences (about 15 meV/f.u.) are also ob-
tained between the rhombohedral Sb,Te; and RS-type
Sb,Te; structures. This result stresses once more the strong
correlation between the Sb,Te; rhombohedral and RS-type
structures and the GST structures.

4. GST stability

In order to check the stability of the compounds, we cal-
culated the formation energy, AH, with respect to the parents
compounds, namely, GeTe and Sb,Te;. For example, the for-
mation energy of (GeTe),,(Sb,Tes), is given by

EGeTe _ nEszTe3 , (1)

GeTe (SbyTes3),
AH = E m ot

where E,, indicates the total energy per f.u. for the ternary
GST compounds, GeTe, and Sb,Te;. The formation energies
are 72 (77), 26 (29), 12 (14), and 2 meV/f.u. (29 meV/f.u.)
for the Ge;Sb,Teq, Ge,Sb,Tes, GeSb,Te,, and GeSb,Te; in
the stable hexagonal phase, respectively. The numbers in pa-
rentheses are for the metastable GST phase. We found that
the ternary GST compounds are less stable by few meV/f.u.
than their separated compounds. We observe that the forma-
tion energy increases with the GeTe composition, i.e., these
GST structures are less stable, which might play an impor-
tant role in GST applications.

5. GST equilibrium lattice constants

For both GST phases, we found that the lattice parameters
ay and ¢ can be calculated in good approximation from the
lattice parameters of the separated GeTe and Sb,Te; com-
pounds and their relative compositions in (GeTe),,(Sb,Tes),,.
The following equations are used: gPP“’X (ma§e'e
+naSb2Te‘)/ (m+n) and ¢PP*= G"’Te+nch2Te3 in which the
lattice constants of szTe3 in the rhombohedral and RS-type
structures are used to obtain ai’™** and cP™** for the stable
and metastable GST phases, respectively. The estimated lat-
tice constants are also summarized in Table I. We found that
aiPP* <aq for all compositions, while cff***>c, for all
compositions, except for Ge,Sb,Tes, in which we found that
c™ " <cy for both phases. By inspecting the lowest energy
structures, we found that the presence of Sb atoms in all
cation layers (fully intermixed layers) increases the interlayer
separation between Te layers, and hence, it gives rise to a
larger ¢ than the sum of the isolated parent compounds in
which there is no Ge and Sb intermixing. The same does not
occur for Ge;Sb,Teg because the center layer in the building
block is composed by only Ge atoms, which disrupt the for-
mation of a sequence of short and long bonds. The approxi-
mated lattice constants differ by less than 1.0% compared to
the calculated DFT values for the stable and metastable
phases. Furthermore, the experimental values (stable phase)
can be also derived using the experimental lattice values of
GeTe and Sb,Te;. Therefore, these results provide strong

PHYSICAL REVIEW B 78, 224111 (2008)

validation for the superlattice picture introduced above, i.e.,
there is a direct relation between the lattice constants of GST
and the lattice parameters of GeTe and Sb,Te;.

For all GST compositions, we found that c{*®
<c metastable and agtable az)nelastable’ which 1mphes that Vstable
< ypetastable, These trends are satisfied by DFT calculated lat-
tice parameters as well as by the estimated lattice parameters
(ag?™ and ¢gPP™). Furthermore, we found that meb"h‘g‘dral
<V0RS for Sb,Te;. Experimental studies have also obtained
the same volume trends, i.e., ViPe < ygesiable 17,53 which we
explain as follows. For all studled compositions, we found
that the interlayer separation between the building blocks is
smaller in the stable phase (3.0-3.2 A) than in the meta-
stable phase (3.5-3.7 A). Due to the RS stacking sequence
of the Te atoms in the metastable phase (ABCABC), the Te
lone pair electrons are oriented toward each other at the
block edge, whereas in the stable phase they are not because
of a different stacking sequence, e.g., ABCACAB for
GeSb,Te;. Therefore the stable phase has lower Coulomb
repulsion and shorter Te-Te distances between the blocks,
i.e., smaller interlayer separation. For Sb,Te;, Ge;Sb,Teq,
Ge,Sb,Tes, GeSb,Te,, and GeSb,Te;, the volume expan-
sions are 3.65%, 1.40%, 2.26%, 1.97%, and 2.54%, respec-
tively, while the volume expansions derived from experimen-
tal lattice constants are 2.44% (Ref. 53) and 2.83% (Ref. 18)
for Ge,Sb,Tes and 0.48% (Ref. 17) for GeSb,Te,. We want
to point out that metastructures in which the intrinsic vacan-
cies are randomly distributed among the cation sites show a
volume expansion of 4.0% (averaged over five structures) for
Ge,Sb,Tes, hence, intrinsic vacancy ordering plays an im-
portant role in the volume expansion.

All lattice parameters are in good agreement with experi-
mental results,!”!? i.e., deviations of about 1.0%—4.0% (see
Table I). For the metastable phase, we derived the average
RS lattice constant, aos, using our results for a; and ¢,. We
found 6.13, 6.20, 6.15, and 6.17 A for Ge;Sb,Tes,
Ge,Sb,Tes, GeSb,Te,, and GeSb,Te,, respectively, which is
consistent with experimental results.!”!82324 For both GST
phases, the bond lengths of Ge-Te and Sb-Te show similar
trends (see Table II), which are consistent with EXAFS
analysis.”® We found two bond lengths for Sb-Te, e.g., 2.97
and 330 A for Ge,Sb,Tes (stable phase), which is very
similar to the results obtained for the Sb,Te; rhombohedral
structure. However, the existence of several bond lengths for
Ge-Te depends on the composition. For example, for
GeSb,Te, and GeSb,Te; there is only one bond length
(3.01 A), which is consistent with EXAFS for GeSb,Te,.20
For Ge;Sb,Tes and Ge,Sb,Tes, we found two bond lengths
for Ge-Te, which is also consistent with the EXAFS results.26
As discussed above, the intermixing of Ge and Sb atoms in
the same plane (3Ge-Te-3Sb rule) plays an important role in
order to obtain two bond lengths for Ge-Te. Thus, these re-
sults indicate that the Ge and Sb atoms are slightly shifted
from their high-symmetry sites in the RS-type structure as
are Ge atoms in the distorted RS structure. Therefore, our
results support the interpretation provided by Kolobov et
al.,* who suggested that the metastable phase adopts a RS-
type structure with the cations and anions slightly shifted
from their ideal RS positions.
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IV. SUMMARY

In summary, first-principles calculations were performed
for GeTe, Sb,Tes, and crystalline GST phases. From our cal-
culations and analysis, we obtained important insights into
the structure and formation mechanism of the crystalline
GST phases. We found that crystalline GST compounds form
superlattices composed of blocks formed by mGeTe units
inserted into a Sb,Te; unit plus (n—1) single Sb,Te; blocks.
We identified that strain energy releases by formation of su-
perlattice structures and by maximizing the number of Te
atoms surrounded by three Ge and three Sb atoms (3Ge-Te-
3Sb), and Peierls-type bond dimerization, which leads to a
sequence of short and long bond lengths that lower the crys-
tal total energy. The intrinsic vacancies form ordered planes
perpendicular to the stacking direction, which separate the
GST building blocks. Furthermore, we explained the volume
expansion of the metastable phase as a consequence of Cou-
lomb repulsion between the Te atoms located in adjacent
blocks. Our structure models provide a solid foundation for
future exploration of the metastable to amorphous transition.
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APPENDIX: LATTICE PARAMETERS AND RELATIVE
ENERGY DIFFERENCES VERSUS CUTOFF
ENERGY AND NUMBER OF k POINTS

As mentioned in Sec. II, the total energies and equilibrium
volumes for all structures were obtained by full relaxation of
the volume, shape, and atomic positions in the unit cell by
minimizing the stress tensor and the atomic forces. It is well
known that the convergence of the stress tensor as a function
of the number of basis functions is slower than relative total-
energy differences. In addition to that, the crystalline GST
compounds are composed of building blocks stacked along
of the ¢ axis (conventional hexagonal lattice), in which the
individual blocks are bound through long-range Te-Te inter-
actions, which are relatively weaker compared to the Ge-Te
bonds. Furthermore, we observe that GST structures with
slightly different occupation of the lattice sites by the Ge, Sb,
Te, and intrinsic vacancies have very similar energies, e.g.,
the hexagonal and RS phases differs by few meV/f.u. The
most important computational parameters are the cutoff en-
ergy and the number of k points in the Brillouin zone. There-
fore, in order to demonstrate the accuracy of our calcula-
tions, which is important to support our conclusions, we
report in this Appendix convergence calculations of the equi-
librium lattice constants and relative energy differences as a
function of the cutoff energy and number of k points in the
Brillouin zone.

Equilibrium lattice parameters: For those calculations, we
employed the Ge,Sb,Tes composition and a (1 X 1) unit cell

PHYSICAL REVIEW B 78, 224111 (2008)

03950300 400 500 600 700 800 900
Cutoff Energy (eV)
FIG. 5. (Color online) Convergence of the lattice parameters aj
and ¢ as a function of the plane-wave cutoff energy.

as a test case, which contains 3 f.u. stacked along of the ¢
axis (see Fig. 2). Using the stress tensor to optimize equilib-
rium lattice parameters requires special care, e.g., the initial
lattice constants are different from the final ones, however,
the G vectors (basis set) were defined for the initial lattice.
To avoid such problems, our stress tensor calculations were
restarted several times (from three to six times) in order to
achieve the convergence requirements. The results for a, and
¢o as a function of cutoff energy and number of k points in
the irreducible part of the Brillouin zone (IBZ) are shown in
Figs. 5 and 6. The changes in the lattice parameters are given
in percent with respect to the calculations obtained with the
largest cutoff energy and largest number of k points.

Using a (6 X6 X 1) k-point grid and a cutoff energy of
288 eV, which is the recommended cutoff energy for total-
energy calculations by the VASP developers for systems con-
taining Ge (d states in the valence), Sb, and Te PAW projec-
tors, we found that a, and ¢, change by less than 0.04% and
0.20% compared to calculations using a cutoff energy of 864
eV and the same k-point grid. Thus, even a relatively small
cutoff energy yields quite accurate lattice constants using
stress tensor calculations. In order to decrease the relative
error in ¢, higher cutoff energies are required. Therefore, in
the present work, we employed a cutoff energy of 576 eV,
which is 2 X288 eV, in order to obtain accurate results for
the equilibrium volumes. Using a cutoff energy of 576 eV

150
g 100}
< 0.50f
S 0.00f

5 10 15
Number of k-points in the IBZ

FIG. 6. (Color online) Convergence of the lattice parameters aj
and ¢ as a function of the number of k points in the irreducible part
of the Brillouin zone. We employed (3X3X 1), (6X6X1), (9
X9X 1), and (12X 12X 1) k-point grids, which yield 3, 7, 12, and
19 k points in the IBZ.
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and a (3 X3 X 1) k-point grid (three k points in the IBZ), we
found that a; and ¢, change by 1.09% and 0.79% compared
to calculations using a (12X 12X 1) k-point grid (19 k
points in the IBZ). Thus, three k points in the IBZ do not
provide accurate results. Calculations using a (6 X 6 X 1) grid
(seven k points in the IBZ) yields relative errors of 0.08%
and 0.32% for a, and ¢, respectively. Therefore, taking into
account accuracy and computational cost, all stress tensor
calculations were performed using a cutoff energy of 576 eV
and a (6 X6 X 1) k-point grid.

Relative energy differences: In order to check the conver-
gence of the relative energy differences between two alterna-
tive structures, we calculated the energy difference between

PHYSICAL REVIEW B 78, 224111 (2008)

the stable and metastable phases of Ge,Sb,Tes as a function
of cutoff energy and number of k points in the IBZ. Using a
cutoff energy of 288 eV and a (6 X6 X 1) k-point grid, we
found that the stable phase (hexagonal structure) is 8.76
meV/f.u. lower in energy than the metastable (RS structure),
which increases to 9.30 meV/f.u. using 432 eV and the same
k-point grid. It changes from 8.76 to 7.98 meV/f.u. by in-
creasing the k-point grid from (6 X6X 1) to (12X 12X1)
for a cutoff energy of 288 eV. Thus, for the total-energy
calculations for the relative energy differences, we employed
a cutoff energy of 288 eV and the same k-point grid. The
resulting precision in comparing total energies can therefore
be estimated at about =2 meV/f.u.
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