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Laser-induced crystalline-amorphous phase change of Ge-Sb-Te alloys is the key mechanism
enabling the fast and stable writing/erasing processes in rewritable optical storage devices, such as
digital versatile disk (DVD) or blu-ray disk. Although the structural information in the amorphous
phase is essential for clarifying this fast process, as well as long lasting stabilities of both the
phases, experimental works were mostly limited to the short-range order by x ray absorption fine
structure. Here we show both the short and intermediate-range atomic structures of amorphous
DVD material, Ge,Sb,Tes (GST), investigated by a combination of anomalous x ray scattering and
reverse Monte Carlo modeling. From the obtained atomic configurations of amorphous GST, we
have found that the Sb atoms and half of the Ge atoms play roles in the fast phase change process
of order-disorder transition, while the remaining Ge atoms act for the proper activation energy of
barriers between the amorphous and crystalline phases. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3703570]

. INTRODUCTION

Rewritable optical storage devices, like digital versatile
disk-random access memory (DVD-RAM) or blu-ray have
meanwhile become common media for data storage and are
widely used in all areas of daily life. The writing/erasing
process on these devices is attained by a reversible laser-
induced crystalline-amorphous transition of so-called phase
change materials, such as Ge,Sb,Tes (GST). The transition
occurs on a time scale of a few nanoseconds and is accompa-
nied by a significant change of the optical and electrical prop-
erties. On the other hand, both of the phases must be
sufficiently stable for more than ten years at ambient condi-
tions. These properties are an excellent basis for the reversible
data storage ability. However, the underlying microscopic
processes enabling the above partly contradicting properties
are not well understood yet. The important step toward an
understanding of the mechanism is a detailed knowledge of
the atomic structure participating in the phase transition.

The atomic structure of crystalline GST film is relatively
well understood by x ray powder diffraction experiment;' it
does not exhibit the stable crystal structure of hexagonal in
ambient conditions, but a metastable rock salt structure, with
Te atoms occupying sites on one face-centered-cubic (fcc)
sublattice and with Ge, Sb, and 20% of vacancies forming
another fcc sublattice. Convincing evidence for pronounced
lattice distortions has been found in an x ray absorption fine
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structure (XAFS) experiment by Kolobov et al.,? where six
Ge-Te neighboring bonds of the octahedral symmetry sites
of the rock salt structure separate into three shorter and three
longer bonds, as in GeTe crystad.3

The amorphous phase has also been explored with XAFS
by Kolobov et al.,2 who found remarkable decreases of Ge—Te
and Sb-Te covalent bond lengths from those in the crystal. The
data also indicated a change in the coordination number around
Ge from sixfold in the crystal to fourfold in the amorphous.
This observation, in combination with the aforementioned crys-
tal lattice distortions, led the authors to propose an umbrella flip
model for the fast phase transition, where the Ge atoms flip
from an octahedral arrangement in the crystal to a tetrahedral
environment in the amorphous phase. Another XAFS study®
gave a different local structure around the Ge atoms that a sig-
nificant concentration of the Ge—Ge wrong bonds exists in addi-
tion to the usual Ge-Te bonds. In addition, the environment
around the Sb atoms was discussed to be mainly threefold-
coordinated by Te atoms, like the distorted rock salt crystal.

Kohara et al.> measured the total structure factor, S(Q), of
the amorphous phase using high energy x ray diffraction and
analyzed the data using a reverse Monte Carlo (RMC) calcula-
tion. Since GST is a three-component system, six partial cor-
relation functions are, in principle, needed to fully describe
the atomic arrangement. Using only a single S(Q), they had to
exclude the possibilities of cation—cation and Te-Te wrong
bonds from the RMC calculation. As a result, these constraints
force the amorphous phase to consist of even-membered ring
structure only. Therefore, their conclusion that the resem-
blance of the even-membered ring structure is related to the
fast phase change process is ambiguous.

© 2012 American Institute of Physics
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By combining x ray and neutron total scattering results
with XAFS data, Jévari er al.® performed a RMC analysis.
Thus, the reliability of the RMC output may be improved.
However, the XAFS data do not help for investigating
intermediate-range structures of amorphous GST, because
information on amorphous structure from XAFS is mostly
limited to the nearest neighboring atoms.

Instead of such a slow progress of the experimental stud-
ies, intermediate-range structural information has so far been
obtained from theoretical works. Molecular dynamics (MD)
calculations with density functional theory (DFT) were per-
formed by Akola and Jones,” which shows a high degree of
alternating four-membered rings (ABAB squares) being the
main building blocks for the metastable rock salt crystal. An
ab initio MD simulation was performed by Hegediis and
Ellott,> who also found very high densities of connected
square rings. These fragments of the crystal were considered
to be the origin of the fast phase-change process. Although it
has not yet been explicitly stated, it is often implied in discus-
sions of simulated results that the umbrella flip model is likely
to be incorrect. On the other hand, the similarities of the local
structures in the amorphous and crystalline phases intuitively
indicate less stabilities of the phases, which contradicts the
actual properties of the DVD media of long lasting phases.

As mentioned above, the key experimental information
on the intermediate-range atomic structure in the amorphous
phase is still lacking at present. In order to investigate the
local and intermediate range order in the amorphous GST, an
anomalous x ray scattering (AXS) experiment was carried
out at energies close to the Ge, Sb, and Te K edges. With
three sets of differential structure factors, A;S(Q), together
with total S(Q), we have performed the RMC analysis. As al-
ready mentioned above, the reliability of RMC strongly
depends on number and quality of the experimental scatter-
ing spectra. From the obtained atomic configurations of
amorphous GST, we show that the environment around the
Sb atoms indicates mostly the octahedral sites, as in the crys-
tal phase, while that around the Ge atoms indicates both the
octahedral and tetrahedral features. Four-membered rings of
mainly Ge-Te-Ge-Te are observed with puckered shapes,
which may be related to the difference of the electronic
structures between the phases.

In this article, the experimental procedure and the data
analysis are given in Secs. II and III, respectively. Results of
experiment and RMC modeling are presented in Sec. IV. In
Sec. V, we discuss the partial structure of amorphous GST
with several structural parameters and 3D atomic configura-
tions and present a plausible model suggested from the pres-
ent structural data. A conclusion is given in Sec. VI.

Il. EXPERIMENTAL PROCEDURE

The amorphous GST sample was prepared on a polycar-
bonate substrate in a sputter deposition device. The sample
was scratched from the substrate and contained between two
thin-walled (~50 um) sapphire plates with a thickness of
~50 um for the Ge K edge experiment or in a quartz glass
capillary with an inner diameter of 0.2 mm and a wall thick-
ness of ~10 um for the Sb and Te K edges experiments.

J. Appl. Phys. 111, 083517 (2012)

The AXS technique utilizes the anomalous variation of
the atomic form factor of a specific element near an x ray
absorption edge of the respective element. The complex
atomic form factor of an element is given as

F(Q.E) = fo(Q) +f'(E) +if"(E), (1)

where fy is the usual energy-independent term and f’ and f”
are the real and imaginary parts of the anomalous term,
respectively. When the incident x ray energy approaches an
absorption edge of a constituent element, f” has a large nega-
tive minimum and /"’ shows an abrupt jump.

One can utilize the difference between two scattering
spectra near an absorption edge of the ith element A/, where
one is typically measured at some 10eV and one at some
100eV below the absorption edge (E,.. and Eg,., respec-
tively). This differential intensity is expressed as

= ML)~ ()7 + ALPIAS(©).
(2)

OCiAi[(Qa Efan Enea/‘)

where o; is a normalization constant and A,[] indicates the
difference of values in the bracket at the energies of E,.,,
and Ey,, close to the absorption edge of the ith element.

The A;S(Q) functions are given as a linear combination
of partial structure factors S;(Q) as

AIS(Q) = Z Z Wlfi(QaEfarvEnear)Sii(Q)- (3)

=1 j=1

Here, the weighting factors, W;, are given by

Ailfif]
AL(F)’]

where x; is the atomic concentration of ith element.

The AXS experiments were carried out using a standard
o — 20 diffractometer installed at the beamline BM02 of the
European Synchrotron Radiation Facility (ESRF) in Greno-
ble, France. The scattering experiments were performed at
two incident x ray energies below each K edge (—20eV for
Ge, —30¢V for Sb and Te, and —200¢eV for all). For dis-
criminating the elastic signal from the Ky fluorescence and
Compton scattering contributions, a bent graphite crystal an-
alyzer was mounted on a 50-cm-long detector arm. The fea-
sibility of this setup is described elsewhere.” !

Wij(Qa Efar; Eneur) = XiXj 3 (4)

lll. DATA ANALYSIS

For the AXS data analysis, Sasaki’s theoretical values'?
were used for the anomalous term and are given in Table I.
The W;; values were calculated with these f’ and f” values
together with the theoretical fo(Q) values.'® Following the
procedure given in Ref. 14, A;S(Q) spectra were calculated
using Egs. (1) and (2).

The W;; values at O =20 nm ™' near the first peak posi-
tion in S(Q) are tabulated in Table II. They slightly change
with Q. As expected above, the edge-related S;;(Q) functions
are enhanced and the other partials are highly suppressed.
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TABLEI. Thef and f” values in electron units at energies measured.

Energy
Element  [eV] fee  f'ee [ v fre fre
Ge 10904 -=3.651 0510 —0.198 3.524 —-0.200 3.807
11084 —=5.982 0495 -0.211 3427 -0.209 3.702
Sb 30291 0.201 0.675 —4.422 0571 -2.731 0.620
30461 0.199 0.668 —6.029 0.565 —2.858 0.614
Te 31613 0.189 0.624 —2.701 3.344 —4.480 0.573
31783 0.187 0.617 —2.498 3314 —6.126 0.567

RMC method" is a useful tool to construct three-
dimensional (3D) structural models of disordered materials
using experimental diffraction data. In the RMC simulation
technique, the atoms of an initial configuration are moved so
as to minimize the deviation from experimental structural
data, e.g., in this study, S(Q) and three differential structure
factors, AgeS(Q), AspS(Q), and At.S(Q), using a standard
Metropolis Monte Carlo algorithm.'®

The starting configuration of a system containing 13 500
atoms and the corresponding number density were generated
using hard-sphere Monte Carlo simulations. In order to avoid
unphysical atomic configurations, two constraints were
applied: shortest atomic distances and bond angles. The
choices of the shortest atomic distances were determined to
avoid physically unreasonable spikes in g;{(r) in the low r
range. The cut-off values were determined to be 0.23, 0.23,
0.20, 0.30, 0.20, and 0.30 nm for the Ge—Ge, Ge—Sb, Ge—Te,
Sb—Sb, Sb-Te, and Te-Te atomic pairs, respectively. Weak
bond angle constraints around the Te atoms were applied to
be about 90°, which is based on the results of DFT calcula-
tion,'” to keep the semiconducting nature of amorphous GST.
The calculation box length was chosen to be 7.5395 nm, cor-
responding to the number density. The RMC simulations
were performed using the RMC++ program package coded
by Gereben ez al.'®

IV. RESULTS

Figure 1 shows A;S(Q) obtained from the present AXS
measurements close to the Ge (red circles), Sb (purple
circles), and Te (blue circles) K edges, together with total
S(Q) given by black circles. These functions already indicate
some interesting features. A small prepeak is observed in
S(Q) at about Q = 10nm ™", indicating the existence of an in-
termediate range atomic correlation. At this prepeak posi-
tion, AgeS(Q) has a prominent peak, while Ag,S(Q) and
AtS(Q) show only small peaks similar in S(Q). Thus, the
intermediate-range correlations originate from the atomic

TABLE II. The W;; values of S;(Q) at O =20 nm ™' near the first peak posi-
tion in S(Q).

Data Ge-Ge Ge-Sb Ge-Te Sb-Sb Sb-Te Te-Te
S(O) 0.026 0.075 0.167 0.054 0.281 0.367
AgeS(Q) 0.125 0.243 0.608 0.002 0.010 0.012

AspS(0) 0.000 0.136 0.028 0.191 0.545 0.100
A1S(0) 0.000 —0.008 0.176 —0.013 0.232 0.613

J. Appl. Phys. 111, 083517 (2012)
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FIG. 1. A;S(Q) obtained close to the Ge (red circles), Sb (purple circles),
and Te (blue circles) K edges together with S(Q) given by black circles. The
solid curves indicate the best fits of the RMC modeling analysis. For clarity,
the spectra are displaced upwards by 2.

correlations related to the Ge atoms. Also, Ag.S(Q) provides
only a small contribution to the distinct first maximum of
S(Q) at about Q =20 nm " '. On the other hand, these features
are hardly seen in Ag,S(Q) and A1.S(Q), which are very sim-
ilar to S(Q). Thus, it is no doubt that the atomic arrangements
around the Ge atoms are considerably different from the sites
of the other constitutes in the amorphous phase.

A RMC modeling was applied to these AXS results to
obtain the three-dimensional atomic configurations in the
amorphous GST. Solid curves in Fig. 1 show the best fits of
the RMC atomic modeling, which coincide very well with
the experimental data.

Partial structure factors, S;(Q), obtained from the pres-
ent RMC analysis for the AXS data are given in Fig. 2. The
features of Sb—Sb and Te—Te partials are basically similar to
each other, indicating similar local environments around the
Sb and Te atoms, as in the metastable rock salt crystal. On
the other hand, as expected from Ag.S(Q), the Ge-Te-related
partials SGege(Q), Sgete(Q), and Ster.(Q) are very different
from the other partials.

Also, it is interesting that these Ge—Te-related partials
resemble well those of GeSe, glass:“’19 1) The Ge—Ge cor-
relation shows a prominent prepeak, indicating the existence
of intermediate-range order; 2) the Ge—chalcogen partial
structure has a minimum at the first maximum in S(Q).
GeSe, is a typical chalcogenide glass, in which the coordina-
tion numbers follow the so-called 8 — N rule,'®'"' where N
is the number of outer shell electrons, i.e., Ge and Se are
four- and twofold-coordinated, respectively. Thus, the amor-
phous structure around the Ge atoms is expected to be very
different from the three- or sixfold-coordinated crystal.
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FIG. 2. The S;(Q) spectra obtained from the RMC modeling. For clarity,
the spectra are displaced upwards by 2.

Figure 3 shows partial pair distribution functions, g;;(r),
obtained from the present RMC analysis. Overall features
are similar to the results from the DFT calculation'’ and ab
initio MD simulation.° The partial nearest neighbor distan-
ces obtained from g;(r)s are tabulated in Table III together
with previous experimental and theoretical results.

Around the Ge atoms, the heteropolar Ge—Te bonds are
seen in the ggere(r) centered at » =0.265 nm, in good agree-
ment with the previous experimental results>*® and slightly

15 T I T ] T T T
14 | .

\
p
A "M'.'.\"q"-u\-\t-

)
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iy w

gi(n
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I

FIG. 3. The g;(r) spectra obtained from the RMC modeling. For clarity, the
spectra are displaced upwards by 2.
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TABLE III. Partial nearest neighbor distances in nm.

Ge-Te Ge-Ge Sb-Te Ref.
Experiment
AXS & RMC 0.265(5) 0.250(10) 0.282(5) Present
XAFS 0.261(1) 0.285(1) [2]
XAFS 0.263(1) 0.247(3) 0.283(1) [4]
XD-ND-XAFS & RMC 0.264(2) 0.248(2) 0.283(2) [6]
Theory
DFT 0.278 0.293 [7]
DFT-XD & RMC 0.275 0.245 0.285 [17]
Ab initio MD 0.270 0.282 [8]
Ab initio MD 0.279 0.294 [20]

shorter than theoretical data.”®!”-** In addition to the normal
Ge-Te bonds, wrong Ge—Ge homopolar bonds are seen at
r=0.25nm, which is again in good agreement with the
XAFS result by Baker et al.* and the previous diffraction
plus XAFS with RMC study.® The existence of such Ge-Ge
wrong bonds contradicts the assumption in the XD with
RMC study by Kohara et al.,5 while Akola et al. combined
the DFT calculation with RMC and this XD result and
allowed the wrong bonds, !’ resulting in the Ge-Ge bond
length matched with the present result.

Around the Sb atoms, the Sb—Te heteropolar bonds are
mainly coordinated and centered at 7 =(0.282nm, longer than
the Ge-Te distance, which is in good agreement with all of
the previous studies”*® and most of the theoretical works.*!”

The average total coordination numbers around the ith
atoms, (N}, and the average partial coordination numbers of
Jth atoms around the ith atoms, N, ;, were calculated from
gii(rs, and are listed in Table IV together with the previous
experimental and theoretical results. They were defined as
the numbers of atoms located within the first minimum of
each g;(r), i.e., r < 0.32nm. The (Nge) value is 4.24, almost
following the 8 — N rule around the Ge atoms. However,
about 0.70 is composed of the wrong Ge—Ge bonds. There-
fore, the fourfold coordination around Ge in Kolobov’s
umbrella flip model? is correct, whereas the atomic configu-
rations are not purely GeTe, tetrahedra, unlike they
suggested.

The total coordination number around the Sb atoms is
2.95, almost following the 8 — N rule. This result is in good
agreement with the other experimental data,*® while the
theories mostly overestimated.”'”?° Most of the Sb atoms
are surrounded by Te atoms (Ngp.te =2.51), and the Sb—Ge
and Sb-Sb bonds are slightly seen (Ngp.ge=0.28 and
NSb—Sb - 016)

The Nrte.ge and Nt._sp values are, respectively, 1.30 and
1.00, and the average total coordination number, (Nt.), is
about 2.30, similar to most of the theoretical results,7’17’20
but exceeding the 8 — N rule value of two, unlike the previ-
ous experimental study by Jévari et al.® and the theoretical
work by Hegediis and Elliott.®

V. DISCUSSION

Bond angle distributions around the Ge atoms are the
most controversial issue on the intermediate-range structure of
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TABLE IV. Partial average coordination numbers.

J. Appl. Phys. 111, 083517 (2012)

(NGe) NgGe-Te NGe-ce (Nsb) Nsb-e (Nre) NteGe Nre-sp Ref.
Experiment
AXS & RMC 4.24 3.26 0.70 2.95 2.51 2.30 1.30 1.00 Present
XAFS 33 0.6 2.8 1.2 1.2 [4]
XD & RMC 3.7 3.0 [5]
XD-ND-XAFS & RMC 4.24 0.69 3.22 2.04 1.08 0.96 [6]
Theory
DFT 4.2 0.4 3.7 2.9 [7]
DFT-XD & RMC 3.92 3.35 0.36 3.41 2.65 2.56 1.33 1.06 [17]
Ab initio MD ~4 ~3 ~2 [8]
Ab initio MD 3.823 3.277 0.275 4.025 3.166 2.866 1.311 1.267 [20]

amorphous GST. Kolobov et al. proposed the umbrella flip
model, in which the Ge atoms have tetrahedral configurations
under precondition.” On the contrary, a single peak was
observed at an angle only slightly larger than 90° in the XD/
RMC by Kohara e al.” and the DFT by Akola and Jones.”
From these results, they emphasized that a significant number
of fragments of the octahedral rock salt metastable crystal are
included in the amorphous GST, and this is the origin of the
fast amorphous-crystal phase change. On the other hand,
Akola and Jones also pointed out that the peak is broad and
includes tetrahedral symmetry, which becomes prominent if
the Ge—Te bonds are defined to be shorter. Furthermore, dou-
ble peaks were presented by the ab initio MD result performed
by Hegediis and Elliott.* The dominant maximum around the
Ge atoms at an average value of about 90° indicates that the
coordination geometry of Ge atoms is predominantly locally
octahedral in character, although tetrahedral configurations are
also evident from the subsidiary peak at 109°. The octahedral:-
tetrahedral ratio is about 1.0:0.7. Another ab initio MD result
by Caravati et al.?® also shows the existence of tetrahedral
symmetry around the Ge atoms to be 33%.

Figure 4 shows the bond angle distributions around the
Ge (red), Sb (purple), and Te (blue) atoms obtained from the

180

120
\

Te-Ge-Te

Octa. Tetra.

Bond angle distribution

Octa.

|
0.5

|
0.0
cosf

1.0 0.5 -1.0

FIG. 4. Bond angle distributions around the Ge (red), Sb (purple), and Te
(blue) atoms. Arrows show the angles of ideal tetrahedral, octahedral, and
straight atomic configurations. For clarity, the spectra are displaced
upwards.

present AXS study. Around the Ge atoms, the spectrum is
widely distributed and seems to have two peaks: one centered
at 90°, characteristic of ideal octahedral atomic configuration,
and one centered at about 109°, suitable for ideal tetrahedral
configuration. The portions of octahedral and tetrahedral sym-
metries are almost the same. On the other hand, the bond
angle distributions around the Sb atoms show only a single
peak at an angle slightly larger than 90°. This result is in good
agreement with the previous experiments and theories cited
above.

Figure 5(a) shows the atomic configuration of Ge (red),
Sb (purple), and Te (blue) atoms in amorphous GST obtained
from the RMC modeling. From the same atomic configura-
tion, tetrahedral or pyramidal units are deduced around the
Ge and Sb atoms, which are, respectively, illustrated in Figs.
5(b) and 5(c). Around the Ge atoms, they are mainly tetrahe-
dral units, and Ge-Te, and Ge-GeTes tetrahedra coexist.
Around the Sb atoms, on the other hand, they are mainly
Sb—Te; pyramidal units together with a small portion of the
T shape configurations, both of which are fragments of the
rock salt crystal structure.

Figure 5(d) shows only the square rings extracted from
Fig. 5(a). Square rings can be seen in amorphous GST, as
pointed out by Akola and Jones’ and Hegediis and Elliott.®
About 40% of the constituent atoms belong to these rings.
Two interesting results are found from the present analysis.
First, more than 50% of Ge atoms are the members of square
rings, while only about 30% of Sb atoms form square
rings. Thus, the square rings are preferably made up of
Ge-Te—Ge-Te, which was not pointed out by the theories.”®
Second, the shapes of the square rings are mostly highly
puckered, unlike the illustrations in Refs. 7 and 8. Thus, the
square rings should be unpuckered on the amorphous-to-
crystalline phase transition and vice versa.

Structurally, puckered or unpuckered square rings are
topologically same. However, this slight structural change
may largely affect the electronic structures. Huang and Rob-
ertson’! pointed out that the optical matrix elements are
enhanced in the crystal by aligned rows of resonantly bonded
p orbitals, and due to the absence of this order, amorphous
phases have normal-sized matrix elements. By the formation
of puckered shapes of square rings on the crystalline-
amorphous phase change, the p orbitals loose the directional
order, which should induce significant changes of the elec-
tronic properties.
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FIG. 5. (a) An example of atomic configuration of Ge (red), Sb (purple),
and Te (blue) atoms. (b) Tetrahedral or pyramidal units around the Ge
atoms. (c) Those around the Sb atoms. (d) Square rings made of mainly
Ge-Te—Ge-Te with puckered shapes. (e) The Ge atoms with the wrong
bonds given by bars.

Figure 5(e) shows only the Ge atoms (red balls) and the
wrong Ge-Ge bonds (bars) extracted from Fig. 5(a). It is
very interesting that a large number of chains of the Ge-Ge
wrong bond are observed. These seem not to be induced by a
simple mechanism that the fast amorphous-crystalline phase
transition in GST originates from the similarity of the atomic
fragments between two phases, in particular, around the Ge
atoms. Instead, collective motions of the Ge atoms may be
necessary on the phase transition.

Based on the present experimental results, we discuss a
model for the phase change process in GST. As mentioned in
the introductory section, the laser-induced amorphous-crystal
phase change in GST should happen on a fast time scale of a
few nanoseconds, while, once the phases are formed, these
phases should be very stable for more than ten years at room
temperature.

From structural points of view, the fast phase change is
relatively easy to understand by considering the similarity of
the local structures between the amorphous and crystalline
phases, as discussed in previous experimental®'” and theo-
retical®!'72! papers.

Around the Sb atoms, it is very clear that the local envi-
ronment in the amorphous phase remarkably resembles that
in the crystal, as illustrated in Fig. 6. Namely, the Sb atoms
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FIG. 6. Comparison between the crystalline and amorphous phases around
the Sb atoms (Sb: small purple balls, Te: large balls with other colors).

are mostly threefold-coordinated with the Te atoms. The ma-
jority of the configurations are the pyramidal units with bond
angles of ~90°, which is very similar to that in the distorted
rock salt crystal, as shown in the figure. A small number of
the T-shaped SbTe; are also building blocks of the distorted
rock salt crystal. Therefore, no further story would be neces-
sary for the local environments around the Sb atoms.

About half of Ge atoms have octahedral symmetry, as
shown in the bond angle distributions in Fig. 4, and thus, the
above mechanism for the Sb atoms is also applicable to these
Ge atoms. Different from the Sb atom case is that an addi-
tional Te or Ge neighboring atom should be connected with
the central Ge atom.

Let us start from the crystal structure around Ge atom
illustrated in Fig. 7(a). If the additional atom is Te, it is very
easy to build a GeTe, block by dragging one of the Te atoms
having a longer bond with the central Ge into the block, as
illustrated in Fig. 7(b), in the amorphous phase. This model
was already proposed by Huang and Robertson.?! Therefore,

FIG. 7. Comparison between the crystalline and amorphous phases around
the Ge atoms (Ge: small red balls, Te: large balls with other colors).
Amorphous phase: (a) GeTe, with octahedral bond angles; (b) puckered
Ge-Te—Ge-Te square rings; (c) Ge-Ge wrong bond chains.
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all of the Sb atoms and half of the Ge atoms may contribute
the fast phase change of GST.

If the additional atom is Ge, however, it is not easy to
make a Ge—GeTe; block, because the neighboring Ge atom
is located at the second nearest neighboring positions, indi-
cated by red balls in the crystal structure in Fig. 7(a). To
build a block by dragging the second neighboring Ge atom
with a simple translational motion, a second neighboring Ge
atom should push two of the nearest neighboring Te atoms
away to make its own path to form the Ge—GeTe; block.

As regards another half of Ge atoms having the tetrahe-
dral symmetry, this simply reflects the structural nature of
Ge atoms that they prefer the tetrahedral symmetry rather
than octahedral symmetry, due to the sp” hybridizations of
the electrons if the structural constraints of the long-range
order are lost on the amorphization. However, the fact that
the portion of the tetrahedral symmetry around the Ge atoms
is no more than a half indicates that intermediate-range con-
straints similar to the crystalline GST are still highly pre-
served in the amorphous phase.

The present AXS with RMC study gives other questions
on the atomic configurations around the Ge atoms.

1) Why do the square rings prefer Ge—Te—Ge—Te configura-
tions with puckered forms, as illustrated in Fig. 7(d)?

2) Why do the Ge—Ge wrong bonds tend to form the chains,
as illustrated in Fig. 7(e)?

These problems cannot be easily solved by a simple
translation motion of the atoms on the -crystalline-
amorphous phase transition. For example, two pyramidal
GeTe; units in the crystal can be connected by forming a
new Ge—Ge bond. However, this process only produces an
ethane-like Te;—Ge—Ge—Tes configuration and cannot make
a further connection with a third GeTe; building block.
Thus, a different scenario should be necessary.

The model that we suggest here from the present AXS
with RMC work is a modified version of the umbrella flip
model proposed by Kolobov er al.?> We start from the dis-
torted rock salt crystal, as shown in Fig. 8(a).

If the octahedral Ge atom at the center of the cubic crys-
tal (the small red ball in Fig. 8(a)) flips through the white tri-
angle to the tetrahedral symmetry, as shown by the small

Umbrella flip
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pink ball in Fig. 8(b), the flipped Ge atom can meet other Ge
atoms at the three edges, as suggested by Kolobov et al.,*
with a probability of 40% each. Suppose that there are two
Ge atoms near the flipped Ge atom, as illustrated in
Fig. 8(b), which is larger than the statistical result of 1.2, but
still highly possible. If these two Ge atoms do not flip and
make new covalent bonds with the flipped Ge atom, it can be
very easy to form a wrong bond chain with three Ge atoms,
as illustrated in Fig. 8(d).

Another story happens when the neighboring Ge atoms
also flip from the original positions possessing two Te atoms
with the previously flipped Ge atom. As shown in Fig. 8(c),
edge-sharing GeTe, tetrahedra are formed. Note that such
edge-sharing tetrahedra always have the puckered square
rings, as depicted by the shadows in the figure.

From only the geometrical points of view, thus, it is
highly plausible in the findings from the present AXS + RMC
study that the wrong bond chains and the puckered square
rings with Ge-Te—Ge-Te can be clearly explained by the
above-modified and detailed flip motions of the Ge atoms on
the crystalline-amorphous phase transition. In reality, how-
ever, the energy barrier of the flip motion is very important.

The energy barrier of the phase transition was experi-
mentally obtained?® and is a quite high value of about 2.4 eV
for GST. Such a large barrier is necessary to give a long (10
years) storage lifetime at room temperature. A DFT calcula-
tion gave similar values of some eV for the umbrella flip
motion.”* Thus, it is suggested that the umbrella flip motion
of the Ge atoms is not the key dynamic for the fast phase
change process, unlike Kolobov ez al.? proposed, but acts for
the long lifetime as an optical storage at ambient conditions.

The most critical problem is, however, still unsolved,
i.e., how the Ge atoms can flip over such a high energy bar-
rier at high temperatures. Another disadvantage of this idea
is the fact that the flip motions have not yet been reported by
ab initio MD simulation works. Since the energy barrier cal-
culated by the DFT was carried out by a simple movement
of a Ge atom and the results highly depend on local environ-
ment around the Ge atoms in the crystalline phase,®* it is
possible that the cooperative and complex motions of Ge and
Te atoms can lower the local energy barrier of the flip
motions.

FIG. 8. A modified umbrella flip model based on the present
AXS experiment with RMC. Large balls: Te; red small balls:
unflipped Ge atoms; pink small balls: flipped Ge atoms.
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Investigations on the structure of the liquid phase would
also be important to understand the mechanism of the phase
change, because the transition from the crystal to amorphous
phases undergoes through the liquid phase. The total S(Q)
function of liquid GST was obtained by Kohara et al.” using
XD, and the features of S(Q) of the liquid phase seem to be
similar to those of the amorphous phase, except damping.
The result was analyzed again using RMC. Although the
results of the liquid structure parameters are not presented in
detail in their paper, the ring statistics in the liquid phase
resembles that in the amorphous phase very well and is dif-
ferent from that in the crystal. Kolobov et al.?> carried out
XAFS measurements on liquid GST near the Ge, Sb, and Te
K edges. Although difficulties, such as the determination of
the coordination numbers, arise in the data analysis process,
owing to the damped spectral features, the bond lengths of
Ge-Te and Sb-Te are very similar to the amorphous values.
Moreover, results of the x ray absorption near-edge structure
(XANES), which contain information about the spatial
arrangement of the neighbors around the absorbing elements,
reveal that the XANES spectra of the liquid phase closely
resemble those of the amorphous phase, but are very differ-
ent from the crystal. From these experimental results, thus,
they concluded that the local structures of liquid GST are
very similar to those of amorphous GST, suggesting a semi-
conducting nature of the melt.

Akola and Jones performed DFT calculations also for
the liquid phase,”® which provide more detailed partial infor-
mation about the liquid structures. Similar to the experimen-
tal results, the features of the total S(Q) and g(r) show no
significant differences between the liquid and amorphous
phases, except damping. In the partial g;;(r) functions, how-
ever, an interesting difference is observed, as shown in Fig. 3
and Table I of Ref. 26, i.e., the Ge—Ge and Ge—Sb homopolar
partial coordination numbers increase quite largely on melt-
ing from the amorphous to liquid phases, while the Ge-Te
and Sb-Te heteropolar coordinations decrease. On the other
hand, the Sb—Sb homopolar coordination number remains
unchanged on melting. From these results, homopolar bonds
including the Ge atoms, are more favorable configurations in
liquid GST than those in amorphous GST. Assuming that the
liquid is the intermediate phase on the crystal-amorphous
transition in the present modified umbrella flip model, the
Ge—Ge and Ge—Sb nearest neighboring wrong bonds are eas-
ily formed, as seen in Fig. 8(b). (Some Ge atoms at the edges
of the cubic cell can be replaced by Sb atoms.) Thus, the
results of the DFT calculation may support the present
model. In order to confirm such partial structures of liquid
GST experimentally, AXS with RMC modeling is an excel-
lent method, which is now in progress.

Finally, a different crystalline structure of GST pro-
posed recently is introduced to consider the transition mech-
anism from a different point of view. From an x ray
fluorescence holography (XFH) measurement on a single
crystalline GST thin film with the rock salt structure, Ge
atoms with tetrahedral symmetry were found in the 3D
atomic image reconstructed from an XFH hologram.?” This
reveals that the amorphous-like tetrahedral symmetry is
already prepared in the crystal phase. Although the single
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crystal GST measured is not identical to the real DVD mate-
rial of polycrystalline form, this result indicates that the tet-
rahedral symmetry is energetically very near the octahedral
symmetry of the rock salt crystal. Very recently, using elec-
tron microscopy and diffraction techniques as well as first
principles calculations, about one-third of the Ge atoms in
the cubic phase of GST were observed to be located in tetra-
hedral environments.?® If these findings are true, the um-
brella flip motion illustrated between Figs. 8(a) and 8(b) is
no longer necessary. On the other hand, the origin of the
long-lasting stabilities of the phases at room temperature dis-
cussed above would be lost.

These studies mentioned above are, however, limited to
the static structures of this material, which is only a projected
figure of the real processes. A further experiment for the
dynamic properties, such as inelastic experiment, is essential
to clarify the mechanism, such as to examine the existence
of the flip motions, on the crystalline-amorphous phase
change process in GST.

VI. CONCLUSION

In conclusion, the short and intermediate-range atomic
structures of amorphous GST were investigated by a combi-
nation of AXS experiment and RMC modeling for clarify-
ing the fast crystalline-amorphous phase change process
and long lifetime as a storage material. From the obtained
atomic configurations of amorphous GST, we have found
that the Sb atoms and half of the Ge atoms have octahedral
environments similar to those in the crystal, which may
play roles in the fast phase change process. The remaining
Ge atoms with the tetrahedral symmetry act for the proper
energy barrier between the phases if umbrella flip motions
happen. A large number of puckered square rings result in
highly disordered p electron directions, inducing a signifi-
cant reduction of the resonant bonds and optical matrix ele-
ments in the amorphous phase. These findings around the
Ge atoms, as well as the formation of wrong Ge—Ge bond
chains, can also be explained by a modified and detailed
version of an umbrella flip motion of some Ge atoms on the
order-disorder transition in GST.
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