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Reversing the Resistivity Contrast in the Phase-Change

Memory Material GeSb,Te, Using High Pressure

Ming X

Phase-change memory devices distinguish “1” and “0” states by the elec-
trical contrast between the amorphous and the crystalline phases. Under
ambient conditions, the amorphous phase normally exhibits a higher
resistivity, exceeding its crystalline counterpart by 2-5 orders of magnitude.
Here, however, it is demonstrated that such pronounced resistivity contrast
is remarkably reduced and even reversed with increasing hydrostatic-like
pressure in the prototypical phase-change material GeSb,Te, (GST). This
anomalous resistivity reversal originates from the differences in the pressure-
induced atomic rearrangement of these two phases, as revealed by ab initio
molecular dynamics simulations. Specifically, a low to medium pressure

(<7 GPa) primarily compresses the bonds in crystalline GST without signifi-
cantly displacing the atoms and vacancies off the lattice sites. As a result,
only relatively small changes in the band structure are induced. In contrast,
in amorphous GST, the fraction of voids changes drastically with pressure
and the Peierls-like distortion is greatly reduced, yet the average bond length
remains almost constant. These effects eventually turn the semiconducting
glass into a metallic one. Our work reveals distinct behaviors of amorphous
and crystalline phase-change materials under stress, shedding light on the
mechanisms of electronic transport in different phases, and thus may have
important implications on the design of phase-change memory devices.

1. Introduction
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unique features to the atomic structures,
and by now many ingredients are well
understood. For instance, crystalline GST
(c-GST), one of the functional phases in
memory devices, forms a rocksalt-like
structure upon fast crystallization, with
Te occupying one face-centered-cubic (fcc)
sublattice and Ge/Sb/vacancies occupying
the other.>#l The fraction of vacancies is
determined by the stoichiometric differ-
ence between the atoms on the two sublat-
tices, e.g., GeSb,Te, has 25% vacancies on
the Ge/Sb sublattice.”! The stoichiometric
vacancies ensure the three-p -valence-elec-
tron scenario and the peculiar resonant
p-type bonding in ¢-GST.I*® Neverthe-
less, a small fraction of additional “excess”
vacancies (0.19-0.2%) is also present due
to self-doping effects, yielding a large con-
centration of charge carriers. The random
distribution of vacancies in the cation
sites also affects the electrical properties
because the resulting disorder can lead to
Anderson localization of electrons.’-21 On
the other hand, amorphous GST (a-GST)
has been pictured to contain mainly right-

angle p-type bonds (with a small fraction of tetrahedrally coor-

Typical phase-change materials (PCMs), such as GeSb,Te, or
Ge,Sb,Tes (GST), are located on the tie-line between GeTe and
Sb,Te; in the Ge-Sb-Te ternary phase diagram.l!! These chal-
cogenides share several common features, namely, fast and
reversible switching between the amorphous and the crystalline
phases, which is accompanied by large optical and electrical
property contrasts, rendering their applications in data storage
devices such as optical DVDs and electronic memories.l?l Over
the past decade, there have been intense efforts to link these

dinated Ge) and a large amount of vacant areas (or voids) that
pervade the whole lattice.'31® The local defective octahedral
motifs and the free volumes between them are supposed to play
an important role in the fast crystallization upon heating.!'-20)
Although present memory devices are mostly driven by
heat, applying other thermodynamic parameters such as pres-
sure (P) has opened new dimensions to probe the structure—
property relation in PCMs.21-2%] Interesting P-induced phase
transformations have been reported for GST, showing that both
a-GST and ¢-GST turn into high-density amorphous phases,
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which resemble each other at around 15 GPa,?®! and such

amorphous phases persist upon decompression to ambient P.
Resistivity measurements performed on a-GSTB% have shown
that the conductivity of this semiconducting glass increases by
four orders of magnitude at high P and such property change is
reversible upon decompression. Ab initio molecular dynamics
(AIMD) simulations have discovered strong correlations
between the resistivity and voids in a-GST.2%

In this work, we have performed high-P resistivity measure-
ments on ¢-GST. We compressed ¢-GST up to =20 GPa and
then slowly released the pressure. Meanwhile, the electrical
resistivity (p) was measured in situ by the four-point method.
The resistivity drops by two orders of magnitude before ¢-GST
transforms to a-GST. Upon decompression, the resistivity
of the amorphous product remains metallic down to 7 GPa
(15-7 GPa) but increases drastically by more than four orders
of magnitude in the low-P regime (7-0 GPa). Interestingly, a
GST is more conductive than ¢-GST in the range of 3-15 GPa,
opposite to the behavior at ambient P. AIMD simulations
reveal that a medium P (=7 GPa) is able to tune the bandgap
in a-GST by compressing voids and reducing the Peierls-like
distortion without changing the average bond length. This is
opposite to the ¢-GST case, in which the bonds are shortened
while the lattice distortion does not increase considerably. The
understanding of atomic and electronic behaviors of PCMs
under pressure is important for memory devices, which work
under fairly high stresses due to the mismatch of crystalline
and amorphous densities.?!! Moreover, our work offers a new
method to engineer the band structure by tuning the voids and
the local distortion with P, paving the way for the development
of novel devices that are driven by elastic strains or even hydro-
static pressures.2!

2. Experimental Results

The four-point resistivity measurement was carried out on
c-GST in a diamond anvil cell (DAC), which is depicted in
Figure 1a (detailed descriptions of the experiments are illus-
trated in Experimental Section) and the results are plotted in
Figure 1b. The ¢-GST film was annealed at 175 °C with an initial
sheet resistivity of =0.1 Q cm. We then peeled off the film and
filled the steel holder with these ¢-GST powders. The sample
was pressed to =2 GPa to ensure good contact and was then
subject to the elevating P. From 2 to 15 GPa, the resistivity drops
from 0.05 to 0.002 Q cm, approximately by one order of magni-
tude. We further increased P to =20 GPa to ensure that ¢-GST is
fully amorphized (previous synchrotron diffraction experiments
showed that ¢-GST becomes amorphous at =15 GPa.21?2 This
transition is subsequently confirmed by our AIMD simulations
in the following section). Above 15 GPa, the resistivity saturates
around 0.001 Q cm. The blue dashed line in Figure 1b marks
the critical resistivity (=0.002 Q cm) where the insulator-metal
transition takes place in ¢-GST by reducing the vacancy disorder
at ambient P.l This critical value is consistent with Mott's min-
imum metallic conductivity (above which the material behaves
like a metal).***¥ Notice that, in ¢-GST, the metallic behavior in
the low-disorder limit (at ambient P) stems from the p-doping
due to the excess vacancies.”1% It is reasonable to assume that
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Figure 1. The experimental setup and the results of the high P resis-
tivity measurement. a) The schematic diagram of the experimental setup
for high P resistivity measurements. b) The resistivity of GST sample
upon compression and decompression. ¢-GST can survive the high P
of =15 GPa before fully transformed into the metallic-like a-GST. The
resistivity of c-GST slowly decreases (almost linearly) with P by =2 orders
of magnitude. Upon decompression, the amorphous phase is retained
and its resistivity first remains metallic and then increases precipitously
when the P approaches zero. a-GST has higher resistivity than ¢-GST at
0-3 GPa, but the resistivity contrast is reversed at higher P (3-15 GPa).
The blue dash line in (b) qualitatively separates the metal and the insu-
lator, according to the insulator-metal transition in ¢-GSTI®l and Mott’s
minimum metallic conductivity.?

Mott’s criterion may hold true in similar GeSb,Te, references,
thus the P-amorphized GST above 7 GPa may be qualitatively
described as a high-density and metallic-like glass.

Interestingly, the resistivity does not bounce back immedi-
ately when P is slowly removed. The amorphous phase remains
metallic-like until P is reduced to =7 GPa. This metallic-like
resistivity of a-GST (15-7 GPa) is stable and does not vary sig-
nificantly upon relaxation of the sample. Below 7 GPa, how-
ever, the resistivity of a-GST starts to increase drastically upon
decompression, and matches with that of ¢-GST at =3 GPa. As
shown in Figure 1b, a-GST is even more conductive than ¢-GST
in the range between 3 and 15 GPa. This appears to be counter-
intuitive because phase-change memory devices are mainly
based on the resistivity switching between high-resistive a-GST
and low-resistive ¢-GST under ambient conditions.

The hysteresis loop that appears in Figure 1b is partially
due to slow kinetics: the relaxation of the P-amorphized a-
GST requires much longer time than our observation period.
However, the fact that P also reverses the resistivity between
the loading disordered ¢-GST and the loading as-deposited a-
GSTBY (Figure S2, Supporting Information) confirms that the
resistivity reversal between a-GST and ¢-GST is independent of
the amorphous phase we choose. Such distinct changes of the
resistivity in a-GST and ¢-GST with pressure (i.e., the fact that
the resistivity of a-GST drops much faster than that of ¢-GST
upon compression, as shown in Figure 1b) hints at different
mechanisms of atomic rearrangement in these two phases. To
this end, we have performed AIMD simulations to trace the
origin of this resistivity reversal under pressure.

3. AIMD Results and Discussions

AIMD simulations were performed to mimic the entire loading
and unloading process up to =20 GPa (details are described in

Adv. Electron. Mater. 2015, 1, 1500240



MakieS

ADVANCED
ELECTRONIC

www.MaterlaIsV|ews.com

MATERIALS

www.advelectronicmat.de

(a)
2

i —&— Compression (c-GST)
— —&— Decompression (¢-GST)
‘e 20} 4
s | o
g 18} 2
e S
o
> 16}
1
E L
S 14}
0 3 6 9 12 15 18 20 25 30 35 40 45 5.0
P (GPa) r (A)
(d) 1 1 L] L] T L] (C)
—a— Compression (c-GST) : a-GST
312} —o— Decompression (a-GST) H
~ 309} J 110GPa/ o
< - 88GPa /i §
> ™ o
_Is 3.06 4 <~ |726pPa/ /i =
- O |arcra /[ | D
3.03 Gl 2.5GPa / /i ‘
[ 1.2 GPa :
3.00 . 0.1 GPa

0 3 6 9 12 15 18

P (GPa)

20 25 30 35 40 45 5.0
r(A)

Figure 2. Mass density and bond changes of GST with P revealed by AIMD simulations. a) The equation of states (pressure-volume relation) of GST
under P. a-GST has lower density than ¢-GST at the ambient pressure, but a low P (=2 GPa) can reverse it. b,c) The pair distribution functions (PDFs)
of ¢-GST and a-GST under various pressures. The first peak of the PDFs of ¢-GST shifts to the left with increasing P (0-9 GPa) but that of a-GST
skews to the opposite direction. d) The average bond lengths as a function of P. The bonds of ¢-GST are compressed by 3% at 0-7 GPa and then start
to recover when P > 9 GPa due to the atomic distortion in releasing the strain energy. The average bond length of a-GST, however, remains almost

invariant in the entire P range.

Experimental Section). Although DFT yields 2%-3% larger lat-
tice parameters and bond lengths than the experimental data for
both polymorphs,> the trend of the mass density changes can
still be unambiguously identified. Equations of states (EOS) for c-
GST and a-GST are plotted in Figure 2a, clearly showing that the
volume of a-GST reduces faster than ¢-GST with increasing P and
the glass becomes denser than its crystalline counterpart within
3-15 GPa. The compression and decompression of the single-
phase a-GST and ¢-GST (without phase transformations) both
show very small hysteresis loops, but the gap between these two
phases are obviously larger, emphasizing on the salient structural
difference between a-GST and ¢-GST (Figure S3, Supporting
Information). The density change coincides with the concomi-
tant resistivity reversal (Figure 1b), as discussed in the previous
section, indicating strong correlations between them. In prin-
ciple, the increase of density can be attributed to different factors,

including the compression of interatomic distances?’” (e.g., the
shortening of the bonds without changing the symmetry or local
order of the lattice), the compression of vacant regions (which
are present in most chalcogenides®’), or the rearrangement of
local atomic clusters (such as close-packed metallic glasses con-
taining few free volumes®’)). The key to understanding why
a-GST is more compressible than ¢-GST under high P is to dis-
tinguish which mechanism dominates at a given P.

Adv. Electron. Mater. 2015, 1, 1500240
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To this end, we calculated the pair distribution functions
(PDFs), g(r), of ¢-GST (loading) and a-GST (unloading) in
Figure 2b,c. The position of the first peak of the PDF has
been conventionally utilized to determine the bond length. In
Figure 2D, the first peak of the PDF of ¢-GST shifts to the left
(towards shorter r) upon compression, indicating that the bonds
are indeed shortened, which is expected owing to the volume
reduction of the simulation boxes. Surprisingly, the PDF peaks
of a-GST skew to the opposite direction with increasing P, sim-
ilar to the “negative expansion” phenomenon occurring in some
supercooled metallic liquids, which exhibit an anomalous shift
of the PDF peaks towards shorter r upon increasing tempera-
ture.383 Ding et al.*%l argued that such anomalous shift does
not necessarily link to a change in the average bond length
because it can stem from the asymmetry in the PDF peak profile
(i-e., the area of the left part of PDF peak is smaller than the right
part in Figure 2c). Therefore, one should study the entire first-
peak profile to evaluate the bond length. In this sense, we cal-
culated the average bond length (L,,5) by the following equation:

‘[rmr~47rr2g(r)dr

0

Ly =—— (1
J 4xr’g(r)dr
0
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Figure 3. The fraction (f,) of vacancies in ¢-GST and voids in a-GST under
high P. The vacancies and voids are identified with the low-electron-
density regions.% The criterion to separate the low- and high-electron-
density regions is determined by ¢-GST, which contains 12.5% vacant
areas under ambient P. The visualizations of vacancies/voids in GST are
displayed in Figure S4, Supporting Information.

where r,,,, is the location of the first minimum of a PDF pro-
file. The change of L, against pressure is plotted in Figure 2d.
The L, of ¢-GST is shortened at 0-9 GPa, as expected from
Figure 2b. But interestingly, the bond length is elongated above
=9 GPa. This is because high P (>9 GPa) severely distorts the
lattice by shifting atoms to the neighboring vacancy sites to
release the strain energy, triggering the collapse of ¢-GST into
a-GST.?1:221 On the contrary, a-GST behaves differently from c-
GST under P: the L, in this glass is almost unchanged.

More quantitatively, the lattice parameter of ¢-GST is com-
pressed by =7% at about 9 GPa but the bond length is short-
ened by =3%, while the lattice parameter of 4-GST is reduced
by 11% but the bond length changes by less than 1%. Appar-
ently, the minor change of bond length is not the reason of
the large density change under P and a more important factor
should be responsible. Intuitively, the large amount of intrinsic
vacancies in ¢-GST or corresponding voids in a-GST should
account for this change.*®! To map out the vacancies/voids of
random shapes and sizes in the GST models, we calculated the
density of electrons and identified vacancies/voids by “vacant
areas” in which electrons are sparsely distributed. Such low-
electron-density regions indicate the absence of strong covalent
bonds, which involves sharing of electrons. A cutoff of electron
density p.(r) that separates the low- and the high-electron-den-
sity regions can be determined from crystalline GeSb,Te, at
ambient P, where the fraction of low-electron-density regions
ought to be 12.5%. The cutoff has been scaled with the box size,
in that P reduces the volume of the supercell and increases the
average electron density.

Figure 3 shows the change of the fraction of vacancies/voids
(f,) during the compression and decompression process. ¢-GST
initially contains 12.5% vacancies at ambient P. The fraction
of vacant areas gradually shrinks at low-to-medium pressures
(0-7 GPa) owing to slight distortions around vacancies.
Nevertheless, the position of atoms and vacancies remains
largely unchanged (Figure S4, Supporting Information). At
higher P, however, the vacancies in ¢-GST start to be squeezed
out when nearby atoms displace towards the neighboring
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vacancies to release the strong strain energy from the bond
compression.??l Such atomic rearrangement is in line with the
bond length elongation in ¢-GST above 9 GPa (Figure 2d). On
the other hand, a-GST contains =4% more vacant regions than
c-GST at the low-P end, but these voids are pressed out much
faster than the vacancies in ¢-GST are. At =7 GPa, a-GST even
has 5% less vacant regions than ¢-GST (visualized in Figure S4,
Supporting Information). Hence, the basic reason why the den-
sity of a-GST changes rapidly is that the voids are much easier
to compress than the covalent bonds. This conclusion agrees
with the previous experimental study showing that, although a-
GST has stiffer bonds than ¢-GST, its bulk modulus is significant
lower.[1-43]

To further rationalize the atomic arrangements and link them
to the electronic properties in GST, we analyzed the Peierls-like
distortion (PD), which refers to the displacement of a sublat-
tice away from the “central position” in order to lower the elec-
tronic energy, giving rise to collinear short-long bond pairs and
entailing the opening of the bandgap.[**l Most crystalline chal-
cogenides contain some degrees of PD, and pairs of collinear
short-long bonds indicative of PD occur in liquid and amor-
phous PCMs as well.l¥8] In general, the stronger the PD is,
the larger the bandgap is expected to be.*¥! In Figure 4, we plot
the length distributions of near-collinear bonds (bond angles are
chosen between 160° and 180° and the distance cutoff is 4.6 A).
Figure 4a shows that PD in ¢-GST is not as prominent as in
crystalline GeTe: its near-collinear short/long bonds are distrib-
uted around 2.93/3.10 A (Figure 4a), compared with crystalline
GeTe whose short/long bonds are 2.85/3.28 A.*>0 Moreover
the change of the PD in ¢-GST with P appears to be subtle, e.g.,
a medium P (=7 GPa) compresses the lattice uniformly and
shortens both short and long bonds into 2.88/3.00A (Figure 4b).
In contrast, at ambient P, PD is very pronounced in a-GST:
the short bonds are distributed around 2.90 A, while the “long
bonds” are peaked at 3.28 A and can extend to 4.50 A (Figure 4c).
The tail in the bond distribution is a result of the large distance
cutoff employed (4.6 A), such that atoms separated by voids are
all considered. The tail does not contribute to the average bond
lengths in Figure 2d, which were obtained by considering only
the bonds below the first minimum of the PDFs (corresponding
to 3.3-3.5 A). Above 7 GPa, the “long bonds” (particularly the
tail above 3.3-3.5 A) that are separated by voids are compressed
sharply into 3.07 A and hence the PD of a-GST is largely sup-
pressed (Figure 4d). This finding demonstrates that P signifi-
cantly changes the PD of the void-ridden amorphous state and
hence may have strong effects on its electronic properties.

So far we have shown strong concurrence between the resis-
tivity and the vacancy/void concentration in a-GST and ¢-GST,
both exhibiting a reversal under P. To establish the physical cor-
relation between the structure and the property, one needs to
take into account the unique mechanisms of electron transport
in both phases. At ambient P, the large carrier concentration
and large conductivity of ¢-GST originate from the presence
of excess non-stoichiometric Ge/Sb/vacancies, which turn the
system into a p-type semiconductor.Z Remarkably, in a-GST
such defects do not lead to a shift of the Fermi level, which
remains pinned at the center of the bandgap.PY This different
behavior leads to the electronic contrast between crystalline
and amorphous GST. It has been suggested that the pinning

Adv. Electron. Mater. 2015, 1, 1500240
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Figure 4. Distributions of near-collinear bond lengths. In addition to the contour maps, the distribution of near-collinear short bonds (white dot lines)
and long bonds (pink dot lines) is plotted separately as well. The peak values of the bond length distribution are marked (in A). As seen in a,b), although
the PD is an intrinsic property in many crystalline chalcogenides, it seems not as prominent in ¢-GST as in GeTe. A medium P (7 GPa) compresses
the lattice uniformly and all the bonds are shortened isotopically, thus the change of PD is relatively small. In contrast, as shown in ¢,d), the PD is very
evident in a-GST at ambient P, but it is significantly reduced at 7 GPa, probably due to the removal of voids.

of the Fermi energy in a-GST is a consequence of the flexibility
of the amorphous network, which enables it to absorb excess
electrons/holes from the defects (e.g., via valence alternation or
polyvalency!’>14) and remain insulating.P!

The amorphous phase is intrinsically disordered due to the
random distribution of atoms.P! In such disordered materials,
the movement of electrons is governed by the trap-limited elec-
tronic transport®? (the electrons occupying extended states are
responsible for this transport but they are occasionally trapped
by the localized states nearby) and variable range hoppingl>’!
(electrons carry current by hopping between localized states
near the Fermi level). According to the distinct temperature
dependences of these two mechanisms, previous experiments
found that the trap-limited mechanism (governed by extended
electrons) is responsible for the electron transport in a-GST at
room temperature.’* Because of this, even a small change of
the bandgap increases the carrier concentration significantly and
has pronounced influence on the electrical conductivity. When
the voids in a-GST are squeezed out, the interaction between
atomic clusters, which are strongly affected by P9 becomes
enhanced and hence the PD is reduced, leading to the shrinkage
or even closure of the bandgap,>! as shown in Figure 5.

Adv. Electron. Mater. 2015, 1, 1500240
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Figure 5. Density of states (DOS) of ¢-GST and a-GST under various
pressures. At ambient P, a-GST normally has slightly larger bandgap
than ¢-GST. But due to the rapid reduction of PD upon compression,
the bandgap of a-GST reduces faster than that of ¢-GST. At =7 GPa, the
bandgap of a-GST almost vanishes while ¢-GST still shows a ditch.
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c-GST also exhibits complex electron transport due to the
random distribution of vacancies on the cation sites. Such dis-
order gives rise to localized states near the valence band and
insulating behavior at very low temperature.l%% Different
annealing temperatures can tune the disorder, significantly
changing the mobility of the charge carriers, but the concentra-
tion of them is barely altered.’] Figure 5 indicates that, although
P is able to decrease the bandgap of ¢-GST (and, thus, increase
the concentration of charge carriers), the reduction is not as fast
as that of a-GST and a gap-like ditch is present even at =7 GPa.
This is because only moderate decrease in PD occurs, and the
slight bond compression has minor influence on the bandgap.
The less-pronounced change of the band structure of ¢-GST is
the main reason that the resistivity of ¢-GST drops more slowly
than a-GST under P, leading to the resistivity reversal.

Our work has important implications on PCM devices. For
example, previous study demonstrated that the volume of GST
expanded by =7% when it transformed from a crystal to a glass
by heating,BU indicating that a-GST is inevitably subjected
to pressure (or stress) when it is confined by the surrounding
¢-GST matrix in a PCM memory cell. Such pressure is not high
enough to reverse the resistivity, but could significantly reduce
the resistivity contrast between a-GST and ¢-GST and may lead
to the failure of data reading (the electronic memory devices read
data by distinguishing the resistivity contrast between “1” and
“0” states). Our study advises the memory devices to be designed
with less confinement to dissipate the stress during the phase
transition. Furthermore, the tuning of the resistivity by pres-
sure opens a new window of opportunity for multi-state memory
devices driven by elastic strains or even hydrostatic pressures.?

4, Conclusions

We have measured the resistivity of the phase-change material
GST under high P. ¢-GST is compressed to ~20 GPa and becomes
amorphous irreversibly. Interestingly, the resulting amorphous
phase has a lower resistivity than ¢-GST at 3-15 GPa, opposite to
the behavior at ambient P. AIMD simulations reveal that the low
to medium P (<7 GPa) slightly compresses the bonds of ¢-GST
but leave the average bond length in a-GST mostly unaffected.
However, the fraction of voids in a-GST is decreased dramatically,
while the vacancies in ¢-GST are largely retained. The bandgap of
a-GST is almost closed up at =7 GPa because the compression of
voids reduces the Peierls-like distortion, resulting in the overlap
of the conduction and the valence bands. In contrast, the gap
of ¢-GST appears not to be entirely vanished under medium P,
consistent with the insignificant change in the crystalline lattice
and the Peierls-like distortion. The understanding of pressure-
induced atomic behaviors of amorphous and crystalline phases
in this work is important in the control of electronic properties in
PCMs and has implications on the design of memory devices to
reduce the stress in the PCM cells.

5. Experimental Section

High P Resistivity Measurement: GST films were sputtered on the
glass substrates and annealed at 175 °C for 30 min. The rocksalt
structure of ¢-GST was then confirmed by the X-ray diffraction (Figure
S1, Supporting Information) and the powders from this film were later

wileyonlinelibrary.com
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used for the resistivity measurement under high pressure. A dent was
pressed on a stainless steel sheet by diamond anvil cell (DAC) and an
insulating BN layer was coated on the sheet. Four Pt foil electrodes
were fixed above the BN layer and the dent was then filled by GST
powders (Figure 1a). The sample was pre-hardened to 2-3 GPa to
ensure good contact. The GST powders are expected to act as a
pressure transmitting medium themselves to generate hydrostatic-like
pressures due to the good malleability of this material. The values of P
were determined by the fluorescence of a ruby, which was embedded in
the GST powder.’]

High P was then applied to ¢-GST powders in steps of 1-2 GPa up to
20 GPa, at which ¢-GST was fully transformed to the amorphous phase.
Afterward we slowly released P in the same pace. An electrical current of
0.5-1.0 mA was injected into the electrodes and two sets of resistance
values (R; and R;) were recorded for each P step by switching the
electrodes. Such electrical current entails small current density, which
does not lead to the phase transition of the sample. The resistivity p can
be calculated by solving the equation exp(~7tR; / p)+exp(-mtR, [ p)=1.
The initial thickness of ¢-GST sample ¢t was estimated to be 10 pm
and we changed the t values, varying between 7.0 and 11.0 ym, under
different pressures according to the equation of states in Figure 2a.
We recorded the resistivity data at least 30 min after each compression
(decompression) itinerary to ensure that the sample was mostly relaxed
and the change of the resistivity data slowed down.

The GST films were fabricated and analyzed at I. Institute of physics
in RWTH Aachen University, Germany. High P experiments were carried
out at the High Pressure Synergetic Consortium (HPSynC), Advanced
Photon Source, Argonne National Laboratory in Chicago and the Center
for High Pressure Science and Technology Advanced Research (HPSTAR)
in Shanghai.

AIMD Simulations: The density functional theory (DFT) simulations
were performed using the projector augmented-wave (PAW) method with
the generalized gradient approximation (GGA), by the Vienna ab initio
simulation package (VASP) code.’#% A supercell with 189 atoms of
c-GeSb,Te, was first relaxed at 0 K to zero pressure (the DFT-derived lattice
parameters, either ¢-GST or a-GST, are 2%—3% larger than the experimental
data,l®"l as seen in Figure 2a). The lattice parameter of the box was then
reduced isotopically by 1% and AIMD simulations were performed on this
model at 300 K for 12 ps. The volume reduction was repeated to mimic the
hydrostatic-like compression in experiments and the AIMD simulations
allowed models to relax for 12 ps every step so that the energy fluctuation
became relatively small. The decompression process was started after the
pressure reached =20 GPa. Likewise, the lattice parameter was increased
in steps of 1% and 12 ps of AIMD simulations were run for each step until
the pressure was approximated to zero.

Different box sizes (with 84, 189, 448, and 10084 atoms) were also
tested in our simulations to minimize the size effects. Small boxes with
84 atoms or less recrystallize easily at 300 K upon decompression,
inconsistent with experimental observations. Instead, the physical
properties and the transition behavior of the 189-atom boxes are
very similar to the 448-atom and the 1008-atom ones, in terms of
coordination number, the bond length, and most importantly, the
transition pressure (all occur at 13-15 GPa). Thus, a supercell with
189 atoms exhibits reasonable consistency and efficiency in simulating
the high P behavior of GST materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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