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Abstract

The structural behaviour of CulnSe; under high pressure has been studied up to 53 GPa using
angle-dispersive x-ray powder diffraction techniques. The previously reported structural phase
transition from its ambient pressure tetragonal structure to a high pressure phase with a
NaCl-like cubic structure at 7.6 GPa has been confirmed. On further compression, another
structural phase transition is observed at 39 GPa. A full structural study of this high pressure
phase has been carried out and the high pressure structure has been identified as orthorhombic
with space group Cmcm and lattice parameters a = 4.867(8) A, b = 5.023(8) A and

¢ = 4.980(3) A at 53.2(2) GPa. This phase transition behaviour is similar to those of analogous
binary and trinary semiconductors, where the orthorhombic Cmcm structure can also be viewed

as a distortion of the cubic NaCl-type structure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The ternary I-III-VI, compound semiconductor copper
indium diselenide (CulnSe;) is an analogue of the binary II-
VI compound semiconductors. Despite much experimental
and theoretical interest in this compound [1-4], very few high
pressure studies have been carried out experimentally [5, 6].
This material has attracted much attention because of its variety
of potential applications, especially as a candidate material
for the fabrication of high-efficiency crystalline solar cells [7].
High pressure crystal structures have played an important role
in governing electrical and optical properties of materials,
which have a direct effect for photovoltaic applications [6].
In previous high pressure energy-dispersive powder diffraction
studies of this material, a structural phase transition from the
ambient tetragonal chalcopyrite phase to the face-centred cubic
NaCl structure at 7.6 GPa have been reported [5]. This NaCl
phase exists up to 29 GPa, the highest pressure obtained in
that experiment. However, the peak intensities measured using
energy-dispersive techniques were not suitable for Rietveld
analysis. Therefore, full structure refinement could not be

0953-8984/10/355801+04$30.00

performed and the previously reported NaCl-type structure was
deduced from the similarity between CulnS, and CulnSe, for
the powder diffraction profiles and volume reduction at the
transition pressure [5].

We have embarked on a re-examination of the high
pressure structures and transitions in CulnSe; using angle-
dispersive powder diffraction techniques with the image-plate
detector on station 9.1 at the Synchrotron Radiation Source
(SRS) at the Daresbury Laboratory, UK. We find the same
structural phase transition at 7.1 GPa as has been previously
reported [5]. On further compression, we have obtained
extensive data through another phase transition at 39.2 GPa.
This newly discovered phase has now been identified as an
orthorhombic distortion of the NaCl structure and is stable up
to 53.2 GPa, the maximum pressure reached in this experiment.

2. Experimental details

Single crystals of CulnSe, were grown by the horizontal
directional freezing method. The growth process was slightly

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. The full Rietveld refinement of the cubic structure at

8.7 GPa. The dotted line shows the observed profile and the solid line
shows the calculated profile. The tick marks below the profiles show
the calculated peak positions and the difference between the
observed and calculated profiles is indicated under the tick marks.

different from that normally employed elsewhere in that the
melt was kept initially at 1523 K. The top free surface of the
first half of the ingot showed the 112 plane along a length of
a few centimetres. Crack free samples of centimetre size can
be cut parallel to the free surface. In this particular batch, the
p-type single crystal was found to be of very high quality, both
with regard to the crystallinity and electrical properties [9].
X-ray powder diffraction showed sharp diffraction peaks of
= 5.7783 A and
11.5716 A, giving c/a = 2.0026. The composition
of the crystal, determined by EDS analysis, is 24.4% Cu,
23.7% In and 51.9% Se, which is slightly Cu-rich. The
composition is slightly different from the reported [8] preferred
composition of 23.5:26.4:50.1 for a large single crystal grown
by the vertical Bridgeman method. The first attempt toward
a high pressure structural solution was carried out using
single-crystal techniques. However, the high quality single-
crystal sample was pulverized upon compression. The sample
was then finely ground for powder diffraction experiment.
Diffraction data were collected on station 9.1 at the SRS using
a wavelength of 04654 A. The two-dimensional powder
patterns collected on the image plate were read on a Molecular
Dynamics 400A Phosphorlmager and then integrated to give
conventional one-dimensional diffraction profiles. Details of
our experimental setup and pattern integration program have
been reported previously [10]. The full conical aperture
Diacell DXR-5 and DXR-6 were used, with diamond culet
diameters of 200 and 300 pm respectively [11]. Samples
were loaded with a 4:1 mixture of methanol:ethanol as the
pressure-transmitting medium, and the pressure was measured
All structural
parameters, including lattice parameters, were obtained from
Rietveld refinement of the full integrated profiles using the
program GSAS [13].

the clean chalcopyrite structure with a
C =

using the ruby-fluorescence technique [12].
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Figure 2. The diffraction patterns collected under pressures between
23.9 and 47.6 GPa. The newly appearing reflections from the
orthorhombic phase are indicated by circles.

3. Results and discussion

Ambient temperature—pressure diffraction data were collected
to ensure the purity of the powder sample after grinding.
The verified samples were then pressurized and put back
on the beamline for high pressure measurements. The
diffraction pattern collected at ambient pressure showed a
very smooth and contaminant free two-dimensional Debye—
Scherrer pattern, which can be identified with the tetragonal
chalcopyrite /424 structure. On pressure increase the well-
known transition from the tetragonal /42d phase to the NaCl
phase was observed at 7.1 GPa. However, the diffraction
patterns observed for the cubic phase indicate a highly textured
powder sample, with substantial intensity variation around
the rings. In order to obtain a smooth one-dimensional
diffraction profile, a textured sample in the cubic phase was
annealed at 453 K for 10 h. The resulting smoother diffraction
rings were then used for structure refinement. In order to
confirm the structural detail of this high pressure phase, full
Rietveld refinement has been performed on powder diffraction
profiles collected over the entire pressure range of this phase.
The diffraction patterns are contamination free and the full
structural detail can be extracted. The first attempt to confirm
the reported cubic structure has been carried out. Figure |
shows the Rietveld refinement of the high pressure cubic
structure collected at 8.7 GPa.

The diffraction profiles were collected throughout the first
phase transition and beyond 29 GPa, the previous highest
pressure reported, and found a new transition at 39 GPa.
Figure 2 shows the evolution of the diffraction profile collected
at various pressures through the phase transition at the high
pressure region. The newly emerging reflections are indicated
by circles. From the angle-dispersive patterns, full structural
refinement can be performed and the cubic phase has now
been confirmed by our experiment. On further compression,
we observed a structural phase transition at 39.0 GPa and
we have obtained data throughout the phase transition and
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Figure 3. The Rietveld refinement of the diffraction pattern collected
at 53.2 GPa. The dotted line shows the observed profile and the solid
line shows the calculated profile. The tick marks below the profiles
show the calculated peak positions and the difference between the
observed and calculated profiles is indicated under the tick marks.

the high pressure phase. The highest pressure reached in
this experiment was 53.2 GPa. The structural solution of
this newly discovered phase has been carried out. From the
integrated diffraction profiles, the high pressure patterns reveal
an obvious evolution from the cubic structure. This progression
can also be clearly observed from the two-dimensional data
recorded on the image plate. Therefore, for the third phase, a
structural distortion from the cubic NaCl structure is expected.
Based on this information, we have performed the ab initio
indexing of this high pressure structure.

In the pattern collected at 53.2 GPa, it was possible
to measure the positions of ten reflections, including the
very weak reflection at 7.5°. Using the indexing program
DICVOL [14], an excellent fit to the data was found to be
given by an orthorhombic unit cell with lattice parameters of
a=486A,b=502Aand c = 4.97 A. The pattern could
then be indexed, and this revealed reflections with 4 +k = odd
in all (hkl) and [ = odd in (h0!) to be systematically absent.
The lattice symmetry is thus C-face centred. It is worth noting
that only the very weak reflection (110) rules out two space
groups, C2cb and Cmca. The systematic absence conditions
given above restrict possible space groups to Cmcem, C2cm
and Cmc2,.

Full structural refinements have been carried out for all
three possible space groups. The Cmcm, C2cm and Cmc2,
groups gave identical fit to all of our high pressure data
collected at this phase. The highest-symmetry Cmcm has
been selected for further full structural analysis. The best fit
to the Cmem structure, with Ry, factor = 0.0163, is shown
in figure 3 with refined lattice parameters a = 4.867(8) A,
b=35.023(8) A and ¢ = 4.980(3) A. The required systematic
absence corresponds to the 4(c) position of Cmcm (0, y, 1/4;
0.—v,3/4; 1/2,1/2 + y, 1/4; 1/2,1/2 — y,3/4) with
v(Cu-In) = 0.701(5) and y(Se) = 0.159(6). The structure
can be considered as a distortion of the NaCl structure. From
figure 4, it can be seen that the Cmcm structure becomes the

Figure 4. The crystal structure of the high pressure phase III of
CulnSe;,, which can be considered an orthorhombically distorted
NaCl structure.

NaCl structure if lattice parameters are all equal, y = 3/4 and
1/4. If Ay # 0.5, then there are displacement of alternate
(001) planes in the [010] direction.

The refined lattice parameters of the high pressure cubic
structure at 7.4 GPa is @ = 3.7205 A. The volume decrease
(per formula unit), AV /Vj, at the tetragonal—cubic transition
is 11%. The unit cell of the orthorhombic Cmcm structure
immediately after the transition is a = 4.897(5) A, b =
5.091(5) A and ¢ = 5.025(4) A, implying a further volume
decrease of ~1%, and hence the total volume change for the
two transitions is 12%.

Under high pressure, the ionicity becomes greater as the
atomic separation decreases. The ionicity causes significant
changes in the properties of semiconductors [18]. A larger
ionicity affects the Coulomb interaction between ions and
also the energy of the fundamental gap in the electronic
band structure. When the ionicity is large enough, the
material becomes a metal. The increasing Coulomb interaction
between ions causes an increase in the cohesive energy of
the crystal which favours the high-symmetry structure of the
increasing coordinate [19]. In the case of CulnSe,, its greater
ionicity favours the Cmcm structure containing eight-fold
coordinated atoms and the rock-salt structure containing six-
fold coordinated atoms rather than tetrahedral bonds in the
chalcopyrite structure. The recovered phase is of zincblende-
type, due to the residual disordered arrangement between the
Cu and In atoms in the cubic phase. This was also observed by
Tinoco et al [5].

4. Conclusions

In conclusion, our studies have concentrated on high pressure
structures of the ternary-compound semiconductor, CulnSe,.
This is the first time that this material has been measured
under such a high pressure. A new high pressure structure
has been observed and all the tentative structure solutions
have been tested. We conclude that there is an orthorhombic
structure with space group Cmcm, based on a weak (110)
reflection. Without this information, only available through a



J. Phys.: Condens. Matter 22 (2010) 355801

T Bovornratanaraks ef al

highly sensitive area detector, the structure solution would not
be fully determined. The observed structural phase transition
of CulnSe;, from the NaCl-like to Cmcm at the higher pressure
is similar to some of their analogue binary III-V and II-VI
groups, for example InP, InAs, ZnSe, CdS, CdSe, HgSe and
HeTe [15, 16]. A similar transition sequence has also been
reported in other ternary compounds with I-III-VI, and II-
IV=V; chalcopyrite structures [17]. A fact that supports this
observation is the tetrahedral bonding of these compounds
at ambient pressure, for which the cohesive energy favours
the high-symmetry structure of increasing coordination to the
rock-salt and Cmem structures in binary III-V and I1-VI
semiconductors and ternaries such as CulnSe,.
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Abstract. The structural phase transformations in the chalcopyrite semiconductor AginTe,
have been studied up to 10 GPa on both pressure increase and decrease. The experiments were
conducted using angle-dispersive X-ray diffraction with synchrotron radiation and an image
plate. The diffraction patterns of AgInTe, at ambient pressure reveal two coexisting phases: the
first has the chalcopyrite structure while the second has a zincblende-like structure. On
pressure increase both phases transformed at 3-4 GPa to a cation-disordered orthorhombic
structure with spacegroup Cmcm. On pressure decrease, the chalcopyrite phase started to
reappear at 0.55 GPa, and the Cmcm phase disappeared completely at ambient pressure.

1. Introduction

The I-III-VI, ternary semiconductors have recently received considerable attention due to their
applications in many optoelectronic devices such as solar cells, non-linear opticalal device and
detectors [1-2]. The ambient-pressure structure of these compounds is that of chalcopyrite (s.g. [-42d),
a doubled zincblende structure which has two distortion parameters that arise due to the difference
interactions between the I-VI and III-VI components of the structure. AgInTe, one member of this I-
I1I-VI, group, has been studied under high pressure and temperature and has been reported to have a
first-order structural phase transition from chalcopyrite structure to a cation-disorder NaCl-like
structure [3-5]. However, our angle-dispersive powder diffraction data reveal a small asymmetric peak
shape in all diffraction profiles, and re-investigation on the structure solutions have been carried out in
order to fully indentify the high-pressure structure.

2. Experiment

A single crystal of AgInTe, was prepared by Bridgman method and was ground to a fine powder for
the angle-dispersive X-ray diffraction study. High pressure was generated using a diamond anvil cell

© 2010 IOP Publishing Ltd 1
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(DAC) equipped with a tungsten gasket, and with a 4:1 methanol:ethanol mixture as the pressure
transmitting medium. The ruby fluorescence method was used to determine the pressure. The
diffraction data were collected at the Daresbury Synchrotron Radiation Source (SRS), UK, with
wavelength of 0.46540 and 0.44397 A and an image plate area detector.

3. Results and Discussion

3.1. Ambient Structure

The ambient-pressure diffraction pattern of AgnTe, is shown in the Figure 1. Using the Rietveld
refinement technique with GSAS [6], the sample was found to have the chalcopyrite structure with
lattice constants a = 6.39(6) and . = 12.61(5) A.. However, several peaks are unindexed by the
chalcopyrite structure, as identified by crosses (+) in Fig. 1. These peaks were successfully assigned to
a zincblende-like structure, previously reported to be metastable in AgInTe; at ambient condition [7].

1.0

o o
o @
1 1

(=]
EN
=

Intensity [a.u.]

(=)
[N)
1

=3
o

T T

5 10 15 20
Two theta [degree]

Figure 1 : The X-ray diffraction profiles of AgInTe2 at ambient pressure.

3.2. The High Pressure Structure

The first-order phase transition of AgInTe, was identified from the X-ray diffraction profiles shown in
Figure 2. From ambient pressure up to 2.8 GPa, the diffraction peaks shifted to the higher two theta
side but shapes and relative positions remained unchanged. No phase transition thus occurrs over this
pressure range. However, at 4.1 GPa, the diffraction peaks of the zincblende phase disappeared and
new peaks are emerged. At 6.2 GPa, the chalcopyrite phase also transformed to the same high-pressure
phase. The experimental results suggest a transition pressure around 3 to 4 GPa, from the both of the
ambient phases to the high-pressure phase.

3.2 4
1
2.8 4
— 2.4 A
:: 4.1 GPa
=, 2.0 +
. i ¥
.él 2.8 GPa
% 1.6
2 1 M o 1.7 GPa
= 1.2 4
1 A_/\ 0.8GPa
0.8
] }L A 0.3 GPa
4
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o --- -1
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Figure 2 : The X-ray diffraction profiles of AgInTe, from ambient to 6.2 GPa.
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Indexing of the high-pressure phase using DICVOL04 [8], suggested an NaCl-like structure, in
agreement with previous reports. However, comparison of the high-pressure phase diffraction pattern
with the that calculated from a best-fitting cation-disordered NaCl-like structure and a best-fitting
cation-disordered Cmcm phase (Figure 3) showed that the data are more consistent with the Cmcm
structure. At 6.2 GPa, the refined structure of NaCl structure give a lattice parameter of a = 5.87(0) A
with the agreement factors Ry, = 4.37 % and R, = 3.14 %. For the Cmcm structure at the same
pressure, the atomic coordinates are v = 0.75 for Ag or In and v = 0.25 for Te, with refined lattice

parameters a=5.80(8), b=5.79(8), and c=5.87(1) A. The agreement factors are Ry, =3.45 % and R, =

2.62 %. The Cmcm phase remains stable up to 10.25 GPa. The compressibility is shown in Figure 4,

and, using a second order Birch-Murnaghan equation of state, the bulk modulus of the chalcopyrite
and Cmcm phases are 34.01 and 57.51 GPa, respectively.

bekgr
4 3 = Calc
X Obs
w— diff
K ~@- diffraction peaks

NaCl like structure

Intensity [a.u.]

VRV IR YN R 2 Y IR YU VI VLYY

Cmem like structure

Two theta [degree]

Figure 3 : Comparison of the refinements between the NaCl-like structure and the Cmcm structure at
6.2 GPa. The tick marks show calculated peak positions and the blue like show the differences
between calculated and observed profiles.
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Figure 4 : The pressure-volume diagram of AgInTe, under high pressure.

On pressure decrease from 10 GPa, the Cmcem phase existed down to the ambient pressure but
vanished with time. The ambient-pressure profiles only reveal a chalcopyrite structure. The pure
chalcopyrite diffraction pattern appeared around 0.55 GPa, where the refined lattice constants of
a=6.39(6) and ¢=12.44(1) A, were slightly different to those observed on increasing pressure.

4. Conclusion

We have used ADXRD techniques to investigate the crystal structures and phase transitions in
AglnTe; at high pressure. The first structural phase transition occurred around 3 to 4 GPa from two
ambient structures, chalcopyrite and a metastable zincblende-like structure, to an Cmcm structure. The
atomic positions of Cmcm structure correspond to an NaCl-like structure, as reported in previuous
studies. On pressure decrease, the reverse transition from the Cmem phase to chalcopyrite occurred at
a lower pressure than on increasing pressure, and the lattice parameters of the chalcopyrite were
slightly different to those observed on pressure increase.
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We provided the first theoretical evidence for a medium-range ordered phase in high pressure
Strontium from the first-principles calculations. At the absolute zero temperature, the enthalpy-
pressure relation shows that the bce and hep are energetically more favorable than the other experi-
mentally observed phases between 24-27 GPa. In the present work, we concentrate on the bcc phase
because we found a link to a medium-range ordered phase. Our results reveal that the bcc phonon
dispersion at the N and H points starts softening at around 24.1 GPa. The ab initio molecular
dynamics at 300 K and 27 GPa showed that the bcc is quickly transformed into a lower energy
structure with R3c symmetry. The R3c unit cell looks similar to a hexagonal structure, but with
distorted basis. The simulated diffraction patterns showed that the R3c structure has only a single
major peak at low angle. The R3c peak locates near the first peak of the bee structure. This is the
evidence of the so-called medium-range ordered phase. This structure is a strong candidate for the

unsolved S-phase reported by experiments.

PACS numbers: 64.30.Ef, 71.15.Mb, 81.40.Vw

The X-ray diffraction experiments on Sr under high
pressure have been carried out in order to reveal its
richness in structural phase transitions. According to
the experiments, it has fcc (Fm3m) structure at ambi-
ent pressure, and then transforms into bce (Im3m) at
3.5 GPa, p-tin (I4;/amd) at 26 GPa, Sr-IV (Ia) at 35
GPa and Sr-V (I4/mcm) at 46 GPa.!® The fcc—bec
transition is occurred via reversed Bain path.® The bce
— [-tin transition was proposed to be a reconstructive
phase transition.” Furthermore, the f-tin, Sr-IV and Sr-
V share some common substructures, and Sr-V is pre-
scribed as an unachieved hep structure from incomplete
Burger mechanism.”

However, there is an unsolved structure reported as an
S-phase, discovered by Bovornratanaraks et al.°. It was
observed as a coexisted phase during the bec — S-tin
transition in the X-ray diffraction experiments in which
the diffraction pattern composed of spotty lines and
smooth lines on the Debye-Scherrer rings. The spotty
lines are from the crystallographic nature of the mate-
rial. The smooth lines would come from large number
of equivalent planes oriented perfectly random in space.
In addition, these smooth lines appeared in the low an-
gles, i.e. 6 ~ 9.57° in A\ = 0.4654 A. This reflects the
medium-range order of the structure, i.e. in the order of
few angstroms. The corresponding phase of these smooth
lines has been assigned to the S-phase, but the actual
structure has been unsolved. A similar smooth lines have
been found recently in a glass phase of some alloys un-
der high pressure.® Furthermore, the glass phase shares
statistical similarities with the melting phase. There was

some evidence of room temperature melting under high
pressure of some alkaline metals, such as sodium?.

From first-principles calculations, several studies have
been considered for high pressure phases in Sr.610-14 Re-
cent calculations'? showed that the predicted trend is
fccbcc—Sr-IV. This discrepancy between calculations
and experiments urges us to do more of the in-detail stud-
ies. Moreover, the previous studies considered only the
enthalpy-pressure (H-P) relationship of various phases
except Sr-V phase at absolute zero temperature.

The main aim of this research is as follows; 1. We
suggested a possible candidate for the S-phase, found in
the experiments.’ 2. We proposed a mechanism of how
S-phase coexists with other high pressure phases. 3. We
attempted to give a clue on how to construct the high
pressure phases of Sr.

In this work, we calculated the H-P curve of many pos-
sible structures of Sr including the incommensurate Sr-V
phase, and compared with reported theoretical results!*
of fee, bee, beta-tin, and Sr-IV. The H-P curve is calcu-
lated by the density functional theory and the projector
augmented wave (PAW) method!®1¢ as implemented in
Vienna Ab initio Simulation Package (VASP)!7:18  Un-
der the PAW approach, we treated 4s, 4p and 5s as
valence states. The exchange-correlation potential was
derived from Perdew-Wang (PW91) generalized-gradient
approximation (GGA) functional.*® A plane wave cutoff
energy of 500 eV is employed. The irreducible Brillouin
zone was sampled using Monkhorst-Pack scheme?®, with
9 x 9 x 1 k-points for Sr-V and 9 x 9 x 9 k-points for the
other structures.
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FIG. 1: Enthalpy-pressure relation of several possible phases
from ab initio calculations. The bcc enthalpy was used as a
reference.

The Sr-V supercell has 110 atoms with 14 guest and
10 host unit cells with I4/mcm symmetry. A similar ab
initio method has been used to calculate the incommen-
surate phases in Ba-IV?! and Sc-I1?*23 and gave a good
description on their structural phase transitions. The
incommensurate ratio () in the c-axis is 1.4 compared
with 1.4041 from experiments. The Wyckoff parame-
ter of v=1.4041 is 8h(x, x+0.5, 0), x=0.14602, taken
from the experiment at 56 GPa.* At this pressure, the
experimental lattice parameters for host structure are
a,=6.9582 A and ¢, =3.9592 A, and the lattice parameter
for guess structure are a,=6.9613 A and c,=2.8201 A.

Geometry optimization was carried out within the
Conjugate-Gradient algorithm and the force acting on
cach ion was calculated via the Hellmann-Feynman the-
orem. The equation of states (EOS) was obtained by fit-
ting the total energy of the optimized structure of several
different volumes to the third order Birch-Murnaghan
EOS. The H-P relation of all studied phases is shown
in Figure 1.

From Figure 1, we plotted the H-P relation of fcc, bee,
Sr-IIT (B-tin ), Sr-IV, Sr-V compared with hcp, shep and
dhcp phases. Moreover, we also looked at the bet and beo
structures. Our results reveal that the predicted trend
is fccbcc—hep. There are several remarkable points;
the bee has the lowest enthalpy upto 25GPa. The next
lowest-enthalpy structure is the hep. Thus the H-P re-
lation suggests that the bcc—hep transition pressure is
around 25GPa. The hep has energy closed to the fce at
low pressure. This low-pressure behavior of the hcp was
seen also in a full potential linear augmented plane wave
(FPLAPW) study'3. The key point here is that the zero
kelvin temperature calculations cannot reproduce the ex-
perimental phase diagram. This gave us a clue that only
absolute zero temperature calculations give inadequate
description to the high pressure phase of Sr.
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FIG. 2: bce phonon dispersion at various pressures. At the N
and H points, the phonons start softening at 24.1 GPa. The
results are compared with the available experimental data at
930K.%4
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FIG. 3: The AIMD time evolution of the bcc structure. The
bec is stable for 1 ps before undergoing a phase transition to
a lower energy phase.

Next, the dynamic contribution are considered. It has
been showed that alkali and alkaline-earth metals exhibit
severe mechanical instabilities?® 2% i.e. phonon instabil-
ities and elastic softening, which lead to structural phase
transitions. Therefore, in order to give more insight into
the discrepancy between the calculated phase sequence
and the experiments, the mechanical analysis in terms
of phonons and molecular dynamics has done extensively
in the bce structure in the pressure range where the dis-
crepancy emerges. Moreover, we believed that the bcc
phase might be able to link to the S-phase when time is
evolved.

The phonon dispersion curve was calculated using lin-
ear response theory via Quantum Espresso code?®. The
linear response theory gives us the phase stability in the
harmonic regime. The calculated phonon dispersion re-
lation compared with the available experimental data at
930K24 of bce phase is shown in Figure 2. There was
a low temperature measurement of the bee phonons®? as
well but data points were unavailable. The phonon hard-
ening under pressure can be obviously observed and it can
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FIG. 4: (A) The typical configuration of the R3c structure. (B) the simulated X-ray diffraction of the R3c structure (black)

compared with the bce structure at 27 GPa (red).

be seen also in the studies of alkaline metals.?”2® Accord-
ing to Figure 2, we found that the calculated bce phonons
are stable at low pressure. At around 24.1 GPa, phonons
at the N and H-points start softening. It was shown be-
fore that the softening of the N-point phonons leads to
a bee-hep phase transition in zirconium3!. However, the
H-point phonons are also softening a little. According to
the H-P relation and the phonon calculations, there is a
strong tendency that the bee Sr would transform into the
hep or other lower symmetry structures. Then, we used
AIMD simulations to carify this point.

At the final stage, we consider full dynamics of the sys-
tem, using AIMD simulations.!7'!® This is because Stron-
tium, in particular, was shown to exhibit anomalously
anharmonic effects.?> Underestimating anharmonicity in
the dynamical contribution results in incorrect P-T phase
boundary in the fcc—bce phase transition in Sr.3? It is
indicated that the full dynamics can be responsible for
the discrepancy between the previous theoretical predic-
tion and experimental phase diagram.

The AIMD was performed using NVT ensembles, pe-
riodic boundary condition and Gamma-point sampling.
The same method was used in the study of Na melt-
ing under high pressure.® The bce supercell contained 64
atoms of Sr. The fully relaxed structures at 27 GPa were
used as an initial configuration. This pressure is just
beyond the stability region of the bce phonons. The in-
tegration timestep was 1 fs and it was integrated upto 15
ps. Temperature was set at 300 K and regulated by the

velocity rescaling every time step. The time evolution of
the bec supercell were shown in Figure 3.

According to Figure 3, we found that the bcc struc-
ture is stable for 1 ps only. Then it undergoes a phase
transition to a lower energy structure, i.e. the en-
ergy difference compared with the bce is about -0.05
eV /atom. From the symmetry determination of the final
structure obtained from the AIMD, we found that the
transforming phase belongs to R3c space group. The
structural parameters of this structure are a = b =
21.3470 Aand ¢ = 6.2436 A, o = 8 = 90°, and v = 120°,
as shown in Figure 4 (a). The positions of Sr atoms
are as follows: Sr1=(-0.164,-0.570,0.316), Sr2=(0.169,-
0.402,-0.698), Sr3=(0.003,-0.490,-0.309), Srd=(-0.402,-
0.328,-0.042), Sr5=(0.236,-0.002,-0.206), and Sr6=(0,0,-
0.681). From our symmetry analysis, it can be seen that
this structure is a hexagonal lattice with distorted ba-
sis. Then, we calculate the diffraction pattern with A =
0.4654 A. The results were shown in Figure 4 (B), com-
pared with the bee structure (red curve). The first peak
of the bec is at 10.17°. The R3c structure has only one
major peak at 10.01°, which corresponding to orderness
of a range of a few angstrom. As mentioned earlier, the
experimental diffraction pattern consisted of very smooth
lines at 9.57° in Debye-Scherrer rings. This should be
corresponding to a phase with some limited degree of or-
derness. This feature can be fitted with the R3c structure
from AIMD, except the position of the diffraction peak
which is 0.44° higher than the experimental values.



From our findings, we can suggest phase coexistence
scenario where 1) the bec is mechanically unstable and
transformed into the distorted hexagonal structure, with
R3c symmetry. 2) We found from the H-P relation that
the hcp is energetically favorable. It could be a sug-
gestion for further studied of other hcp-like structures.
Furthermore, the Sr-III, Sr-IV and Sr-V structures were
believed to be a result of incomplete Burger mechanism.”
There must be a link between the hcp and high pressure
phases of Sr. 3) We also showed that the full dynamics
of Sr is significant in correctly describing high pressure
phase transitions. In order to correctly reproducing the
high pressure phase diagram, the full dynamics must be
fully taken into the account.
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