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ABSTRACT

In the high-pressure phases of Sr, the Sr-V phase is considered an incommensurate host-guest structure. However, just as a low-temperature
phase Ba-VI exists in the pressure region of the Ba-IV phase of high-pressure Ba, Sr also has a Sr-VI phase on the low-temperature region
of the Sr-V phase according to experiments. We investigated the pressure range from 40 to 2400 GPa using first-principles calculations and &
found a group of promising candidate structures for the Sr-VI phase. At higher pressures, the lowest-enthalpy structure became hexagonal
close-packed (hcp) around 160 GPa and is consistent with experiments for the Sr-VII phase, and the hcp structure transformed to a double
hep (dhep) structure around 1000 GPa, and then, the dhcp structure changed to a face-centered cubic structure around 2200 GPa. The
superconducting state remained intact through these structural phase transitions, although with a decreasing T. with increasing pressure.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0230807
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I. INTRODUCTION 26-38 GPa suggested by experiments for the B-tin phase.” Based on
the enthalpy, the sequence of the phase transitions of Sr with
increasing pressure was suggested to be fcc, bee, and Sr-IV.
Another study showed that a hexagonal close-packed (hcp) struc-
ture takes lower enthalpy than the f-tin, Ia, and HG structures.” In
this work, Srepusharawoot et al. used the Sr-V supercell containing
110 atoms with 14 guest and 10 host unit cells with I4/mcm sym-
metry. They used an incommensurate ratio (y) of 1.4 in the ¢ axis
compared with 1.4041 from an experiment.'’

Kim et al. performed a structure search to find the stable
structures of Sr up to 50 GPa with simulation cells containing 2, 3,

Pressure-induced structural phase transitions of Sr have been
investigated for more than 60 years, and five phases have been
reported experimentally. At ambient pressure, Sr takes a face-
centered cubic (fcc) structure (Sr-I). With increasing pressure, the
fce structure transforms to a body-centered cubic (bcc) structure at
3.5GPa (Sr-II),"” and the becc structure transforms to the S-tin
structure (I4,/amd) at 24 GPa (Sr-III).” Next, the S-tin structure
transforms to a monoclinic structure with the space group Ia and
12 atoms per unit cell at 38 GPa (Sr-1V),* and the Ia structure then

transforms to an incommensurate phase with a host-guest (HG) 4, 8,9, 10, and 12 atoms.® They found an orthorhombic structure
structure at 46 GPa (Sr-V) and is stable up to 57 GPa. The HG  with space group Cmcm symmetry above 25GPa bringing into
structure then transforms to another accompanying phase at  question the stability of the HG structure suggested by McMahon
57 GPa and persists up to at least 75 GPa.” et al.” They also calculated the superconducting transition tempera-

Several computational studies on compressed Sr have been tures T. up to around 55 GPa assuming the Cmcm and bec struc-
conducted,””” and there remains several discrepancies between the  tures. Since the difference between the Crmcm and hep structures is
experimental and computational results. One computational work small, it is acceptable to consider the hcp structure as suggested by
showed that the S-tin structure is not the lowest enthalpy structure Srepusharawoot et al.,” however in either case, the suggested struc-
compared to the bcc or Ia structures in the pressure range of  tures are not consistent with the experiments.
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Tsuppayakorn-aek et al. reported that the discrepancy between
the experimental and computational results for the f-tin structure
can be explained using the screened exchange local density approx-
imation (sX-LDA).” However, this is the only case that could be
explained by this functional. Hence, it is not sufficient for a final
conclusion. Furthermore, the results of the enthalpy were shown
for only the hcp, bec, and S-tin structures, and the effects of con-
sidering sX-LDA were not discussed for the other structures of
interest for compressed Sr.

Katzke and Tolédano investigated the phase transition mecha-
nisms of alkaline-earth metals theoretically in the framework of an
extension of the Landau approach to reconstructive phase transitions. '’
They interpreted all the high-pressure phases as resulting from the full
or partial realization of the Burgers and Bain deformation mechanisms.
It was further suggested that the high-pressure HG structures of Sr and
also Ba reflect the competition between these mechanisms.

Desgreniers et al. showed that in the high-pressure phases of
Ba, the incommensurate and self-hosting Ba-IV phase is a high-
temperature phase realized at room temperature, while there is a
much simpler highly symmetric structure at comparable pressure
values at low-temperatures, the Ba-VI phase.'' Their calculations
predicted Ba-VI to be dynamically stable at high pressures and to
be superconductive. Moreover, Jackson et al. reported that T of the
Ba-VI phase was higher than that of the Ba-IV phase.'” These
results go on to show the potential of cryogenic compression in
revealing rich phase diagrams under high pressures.

In light of these findings around the incommensurate HG
phase of Ba, and the discrepancies between experiments and theoret-
ical calculations of high-pressure phases of Sr, especially around the
experimentally observed highest-pressure HG Sr-V phase, there is a
possibility of a highly symmetric structure on the low-temperature
and high-pressure region of the incommensurate Sr-V phase. Thus
far, to the best of our knowledge, no investigations have been carried
out on Sr in the high-pressure region above 100 GPa using first-
principles calculations. Very recently, Ito et al. reported two new
high-pressure phases at low temperatures (Sr-VI and Sr-VII) of com-
pressed Sr after the Sr-V phase and observed the highest T, of 13K
at 165 GPa experimentally."” Although they have not been able to
identify the structure of the Sr-VI phase, they have identified the
Sr-VII phase as having an hcp structure.

In trying to investigate the low temperature phases of com-
pressed Sr after the Sr-V phase, we performed a structure search
based on an original method developed by us'* in the high-
pressure region from around 40-2400 GPa. In addition, we further
investigated the phonon profiles and T, associated with these struc-
tures. In particular, the pressure dependence of T. of the Sr-VI
phase is important in determining the actual structure. In this
work, we determined a group of plausible structures for the Sr-VI
phase and their pressure dependence of T, which will be useful for
comparison with detailed experimental results when elucidating the
actual structure. We also confirmed the Sr-VII phase as having an
hcp structure. Herein, we report and discuss these results.

Il. COMPUTATIONAL DETAILS

We performed the first-principles electronic structure calcula-
tions based on density functional theory (DFT) to determine
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the crystal and electronic structures of compressed Sr. We used
Quantum-Espresso package'” to perform the total energy calcula-
tions, structural relaxations, and phonon calculations with the
Perdew-Burke-Ernzerhof (PBE)-type generalized gradient approxi-
mation (GGA)'® as an exchange-correlation functional and ultra-
soft pseudopotentials (USPP)."” The valence electron configuration
of Sr is considered to be ten electrons consisting of 4s°4p°5s’.
The cutoff radius of the local potential was set to 1.9 a.u., the cutoff
energy of the wave function E_,, was 80 Ry, and the cutoff energy
for the charge density was set twelve times E,. The Brillouin zone
for each structure was sampled using Monkhorst-Pack k-point
meshes of 24 x24x24 for four-atom systems, 12x12x12 for
12 atom systems, 8x8x8 for 16atom systems, 4x4x4 for
32 atom systems, and 2 x 2 x 2 for 64 atom systems. In determining
these values, test calculations were performed to ensure that the
total-energy precision was sufficient to estimate the differences in
the energy and enthalpy between the relaxed structures. The errors
were found to be up to 3 meV/atom, and in many cases, smaller.
Occasionally, E.,=120Ry was used for validation purposes in
some cases; however, there were no essential differences between
the obtained results. Ensuring the computational precision with the
aforementioned parameters, we performed an extensive structure
search using an original method developed by us.'*"*

Initial structures from the space group index 75 (P4) to
230 (Ia3d) were generated for a unit cell consisting of four atoms.
These cover the tetragonal, trigonal, hexagonal, and cubic struc-
tures as the initial structures. The subsequent structural relaxations
were performed assuming only the Bravais lattice. In addition, we
performed a structure search in a random manner at the given
pressure values. We did not perform structural relaxation for all the
randomly generated initial structures. Instead, we picked a set of
low enthalpy structures obtained from a self-consistent field (SCF)

calculation and performed a full optimization on those chosen ones :

hcp 8 Pnma —v—
Cc —#= Cmc2,
IAlmcm —e—  p2,/c —e—

C2im —a—

Enthalpy with respect to Hy, (¢V/atom)

40 66 80 100 120 140 160 180 200
Pressure (GPa)

FIG. 1. The calculated enthalpy H of plausible structures pertaining to com-
pressed Sr with respect to the enthalpy of the hcp structure as a function of
pressure from 40 to 200 GPa. The solid lines are guides to the eye.
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FIG. 2. The atomic structure of (a) C2/m, (b) l4/mcm, (c) Cc, (d) Pnma, (e) Cmc2, and (f) P24/c structures at 100 GPa. The lattice parameters and atomic positions at

100 GPa are listed in Tables SI-SVII in the supplementary material.
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only. We generated 800 initial structures and selected 20 low-
enthalpy structures for further investigations.

For phonon calculations, E.,; was set to 80 Ry for the fcc,
hcp, and double hep (dhcp) structures, and k-point meshes of
24 x24 x24, 24x24 %18, and 24 x 24 x 8 were used for the fcc,
hep, and dhep structures, respectively. In addition, g-point meshes
of 8x8x 8, 6x6x4, and 6 x6x2 were used for the fcc, hep, and
dhcp structures, respectively.

In calculating T, SCF calculation for electron-phonon calcu-
lations used a dense grid of k-points. SCF calculation using a grid
of k-points was used aiming for good self-consistency, and the
phonon calculations were performed for each structure. We used
48 x 48 x 32 meshes for the dense grid of k-points and 12 x 12 x 8
meshes for SCF and phonon calculations and 6 x 6 x4 g-point
meshes for the hcp structure, 24 x 24 x 24 meshes for the dense
grid of k-points and 6 x 6 x 6 meshes for SCF and phonon calcula-
tions and 4x4x4 g-point meshes for a I4/mcm structure,
16 x 16 x 32 meshes for the dense grid of k-points and 4 x4 x 8
meshes for SCF and phonon calculations and 2x2 x4 g-point
meshes for a C2/m structure, 32 x 32 x 48 meshes for the dense
grid of k-points and 8 x 8 x 12 meshes for SCF and phonon calcu-
lations and 4x4x6 g-point meshes for a Pnma structure,
16 x 16 x 16 meshes for the dense grid of k-points and 4 x4 x 4
meshes for SCF and phonon calculations and 4 x4 x4 g-point
meshes for a Cmc2, structure, and 32 x 32 x 32 meshes for the
dense grid of k-points and 8 x 8 x 8 meshes for SCF and phonon
calculations and 4 x4 x4 g-point meshes for a P2;/c structure.
40 Ry cutoff energy for the wave function and 480 Ry cutoff for
charge density were used for the C2/m and I4/mcm structures,
80 Ry cutoff energy for the wave function and 960 Ry cutoff for
charge density were used for the Pnma, Cmc2;, and P2,/c struc-
tures, and 120 Ry cutoff energy for the wave function and 1440 Ry
cutoff for charge density were used for the hcp structure. T, was
calculated according to the Allen and Dyne formula,'”

Blog —1.04(1 + 4)
T, = expl——————|,
1.2 A1 —0.62u*) — u*

1

where @,y = exp [%J'%”O!ZF((D) log w], A is the electron-phonon
coupling constant, o is the phonon frequency, and u* is an empiri-
cal parameter that describes the Coulomb screening. In this work,
we set 4*=0.13. The broadening method was used to calculate A
and o. The broadening width o was set to 0.03, except for C2/m,
which was set to 0.06 as a numerical safety measure, although the
T, value itself carries a difference in the range of +0.4K at 0.03.
Regarding the cutoff energy of 40Ry used for the C2/m and
I4/mcm structures, we calculated T using 60 Ry for the C2/m struc-
ture at 100 GPa and confirmed that there was only a difference of
0.24K from the result obtained with 40 Ry. Therefore, we believe
that there is no essential difference.

I1l. RESULTS AND DISCUSSION

Figure 1 shows the calculated enthalpies of plausible structures
hep, Cc, I4/mcm, C2/m, Pnma, Cmc2,, and P2,/c for compressed Sr
with respect to the enthalpy of the hcp structure as a function of
pressure from 40 to 200 GPa. In obtaining these results, a structure

ARTICLE pubs.aip.org/aip/jap

TABLE |. The atomic positions of the Pnma structure at 100 GPa. The lattice
parameters are a=4.9537, b=4.0503, and c=2.9485A. The atomic volume is
59.1592 A%,

Wryckoff letter X y z Wryckoff position

(x, 1/4, z)

Srl 4c 0.3334 0.2500 0.0713

search was performed (except for Cc) covering the space groups
mentioned earlier with cells containing four atoms. It is noted that
below 60 GPa and above 140 GPa, the structures labeled “Pnma,”
“Cmc2,,” and “P2,/¢” reduced to the hcp structure as a result of a
structural relaxation. The enthalpies labelled “hcp,” “I4/mcm,” and
“C2/m” remain the same even after a structural relaxation.

Below 60 GPa, the lowest enthalpy structure was the hcp one.
To confirm the difference between the Cmcm and hcp structures
around which some controversies exist, a structural relaxation was
performed using the Cmcm structure as the starting structure,
which resulted in the hcp structure. It is reasonable to suggest that
the stable structure is obtained from first-principles calculations in
the pressure region of Sr-IV is the Cmcm structure or its special
case, the hcp structure. We conjecture that Sr-IV has the hcp struc-
ture. This is reasonable considering the results of previous
works,””" and the fact that the cutoff energy of 80 Ry used in our
calculations is larger than that of 36.75 Ry (500 eV) used in previ-
ous works.

Sr-V is an incommensurate phase and should be explored
using cells containing more atoms. Hence, the structure searches
were performed using cells containing 12, 16, and 32 atoms, using
a random search at 40 and 100 GPa. The C2/m structure was found
as the lowest enthalpy structure through the random structure-
search based method and the Pnma structure as the second lowest

one using cells containing 32 atoms at 100 GPa. The I4/mcm struc-

ture was found as the lowest enthalpy structure and the P2,/c,
Pnma, and Cmc2, structures were found as the second, third, and
fourth lowest enthalpy ones using cells containing 16 atoms at
100 GPa. The Pnma structure was found as the lowest enthalpy
structure and the hcp one as the second lowest enthalpy structure
using cells containing 12 atoms at 100 GPa. However, the C2/m
and I4/mcm structures could not be found using smaller cells.
Other than these structures, the Cc structure was also obtained by
optimizing the Fdd2 structure containing 16 atoms per unit cell
shown by Whaley-Baldwin et al. as the approximate structure of
the HG structure.”” These seven structures including hcp are the

TABLE II. The atomic positions of the Cmc2; structure at 100 GPa. The lattice
parameters are a=8.2006, b=5.8491, and c=4.9306 A. The atomic volume is
236.4995 A%,

Wryckoff

Wryckoff letter X Y z position

Srl 4a 0.00000 0.66210 0.107 35 0,7y, 2)
Sr2 8b 0.75219 0.08546 0.43842 (x,y, 2)
Sr3 4a 0.00000 0.16696 0.10556 (0, vV, z)
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TABLE Ill. The atomic positions of the P24/c structure at 100 GPa. The lattice
parameters are a=5.0094, b=4.9516, and c=5.0094 A. The atomic volume is
18.7173 A%,

Wyckoff

Wyckoff letter X y z position
Srl 4e 0.83799 0.83401 0.09018 (x,V,2)
Sr2 4e 0.66223 0.33307 —0.08556 (x,Y,z)

candidate structures for consideration for the Sr-V and Sr-VI
phases in this pressure region.

From about 60 to 160 GPa, the C2/m, I4/mcm, and Cc struc-
tures are obtained as one group of lowest-enthalpy structures as
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plausible candidates for the Sr-V phase. The crystal structures of
C2/m, IA/mcm, and Cc prepared using VESTA®' are shown in
Figs. 2(a)-2(c). Even though the enthalpy is low, the Cc structure is
dynamically unstable based on the phonon calculations within the
harmonic approximation. The I4/mcm structure is also dynamically
unstable, only with the exception at 100 GPa. The I4/mcm structure
found here has the same space group as the structure shown in
Ref. 5, which might correspond to the case where the value of the
incommensurate ratio of the HG structure may be approximated
by 16atoms. The C2/m structure is dynamically stable in the
entirety of the plotted pressure range and is the most promising
candidate for the Sr-V phase as will be discussed later together
with the accompanying T. values and their conformity with the
experimental results. The atomic positions of the C2/m structure at

16 T T T T T T T T
y (a) hep —m—
14| 4/mem —o— |
C2/m —a—
Prnma ——
12 + Cmc2, ]
P2/c —o—
10|
) Al
e B F
6
:
d
2
O 1 L L 1 | L Il 1
100 150 200 250 300 350 400 450 500
Pressure (GPa)
1.6 ; ; 500
hep —= hep -=-
1.4} (b) Higeh | 450 ’té‘??c =-(c)
Pnma —— 400 nma ——
1.2 : Cp'gﬁc]_._ 2 350 %15%' -
<10l =300
3 250
0.8} ° 200 -
0.6 150 Q
_ 100
4 e —— : 50
100 150 200 250 300 350 400 450 500
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FIG. 3. (a) The pressure dependence of the superconducting transition temperature, T, of the hcp, /4/mem, C2/m, Pnma, Cmc24, and P24/c structures. (b) The pressure
dependency of the electron—phonon coupling constant. (c) The pressure dependence of the logarithmic average of the phonon frequency. The empirical parameter that
describes the Coulomb screening, 1%, is set to 0.13. The solid lines are guides to the eye.
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100 and 120 GPa and that of the I4/mcm structure at 100 GPa are
listed in Tables I-IIT in the supplementary material, respectively.
The difference in atomic positions in the C2/m structure above and
below 100 GPa is the 4e (1/4,1/4,0) or 4f (1/4,1/4,1/2) sites.

From 60 to 120 GPa, the Pnma, Cmc2,, and P2,/c structures
are obtained as another group of the second-lowest enthalpy struc-
tures being potential candidates for the Sr-VI phase. The crystal
structures of Pnma, Cmc2,, and P2,/c prepared using VESTA”' are
shown in Figs. 2(d)-2(f). Within this group, the Pnma structure
has the same space group as the Ba-VI phase.'' In considering the
experimental results of Ref. 13 and the similarity with Ba-VI, the
Pnma structure may be the most promising candidate for the Sr-VI
phase. The Pnma and Cmc2,, and P2,/c structures are similar to
each other. In fact, only when the tolerance value of the atomic
positions of FINDSYM">*" identifying a space group is increased
from 0.01 to 0.1, Cmc2, is distinguished from Pnma. With respect
to enthalpy, these three structures are considered to be the same. In
the powder diffraction patterns calculated using VESTA,”' the pat-
terns of these structures are very similar to each other as shown in
Figs. S2(a)-S2(c) in the supplementary material.'" The lattice con-
stants, atomic positions, and atomic volumes of the Pnma, Cmc2,,
and P2,/c structures at 100 GPa are listed in Tables I-III, respec-
tively. The atomic positions are almost the same as the Ba-VI
phase.'’ At 100 GPa, the pattern of the Cmc2; structure perfectly
matches that of the Pnma structure. The deviation of the Cmc2, or
P2,/c structure from the Pnma structure is also very small
Therefore, it may be reasonable to consider these as representing
the Pnma structure at 100 GPa. However, it is noted that at other
pressure values, the structures show different T, values, which will
be discussed below.

Figure 3 shows the calculated T, in this work for the hcp,
I4/mcm, C2/m, Pnma, Cmc2;, and P2,/c structures from 80 to
500 GPa. The experimental data of T. of compressed Sr up to
60 GPa were published by Mizobata et al.,”* and the computational
results were reported by Kim et al.® There is no information on T
of compressed Sr over 60 GPa. In the pressure region shown by
Mizobata et al., T. increased up to about 8 K. In our work, T,
increases up to around 9.3 K in the C2/m structure at 100 GPa, and
then decreases with pressure. This is similar to the trend observed
in the Sr-V phase.'” Hence, we conjecture C2/m to be the most
plausible approximate structure for the Sr-V phase.

In the Pnma structure, T, increases up to about 15.9 K as the
pressure increases up to 140 GPa. In the Cmc2; structure, T,
increases up to about 15.3K as the pressure increases up to
120 GPa, and then decreases with pressure. In the P2,/c structures,
T. increases up to about 11.5K as the pressure increases up to
120 GPa. These three plausible structures Pnma, Cmc2,, and P2,/c
are aggregated into the hcp structure at approximately 160 GPa
(or around 140 GPa). It is particularly important to note that the
pressure dependence of T, for Pnma, Cmc2,, and P2,/c is mostly
consistent with that of the experimental results obtained for
Sr-VL."” This is a promising evidence that the structure of Sr-VI is
either Pnma, Cmc2,, or P2,/c. If it is the same as for Ba,'' the
Pnma structure can be considered the most plausible structure.

The pressure dependence of T. for the three structures in
Fig. 3 shows that at 100 GPa, T. is nearly identical. At this point,
the Pnma structure is the most plausible candidate since the XRD
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patterns shown in the supplemental material (Fig. S2 in the
supplementary material) almost overlap. However, at 120 and
140 GPa, T_ behaves quite differently in these three structures.
Considering the experimental results where T, increases with pres-
sure within the Sr-VI phase and reaches a maximum of 13K at
165 GPa in the hcp Sr-VII phase,'” the Pnma structure in our cal-
culations shows a higher T, of 15.9K at a relatively lower pressure
of 140 GPa, while the Cmc2, structure reaches a maximum at
120 GPa and shows a sharp drop at 140 GPa. On the other hand,
the P2,/c structure shows an increase in T, up to 120 GPa (11.5K)
and then becomes the hcp structure at 140 GPa. A careful compari-
son of the pressure dependence of T. based on our calculations
with detailed experimental results is needed to ascertain the actual
structure in the Sr-VI phase.

At approximately 160 GPa, the lowest enthalpy structure
becomes the hcp structure and represents the Sr-VII phase. This is
consistent with the experimental results of Ito et al."” The enthal-
pies of the Cc, I4/mcm, and C2/m structures have higher enthalpy
above around 160 GPa, and it is reasonable not to consider these as
potential structures with further compression. Based on our struc-
ture search, there are three structures that should be compared, the
hep, dhep, and fec structures above 160 GPa pressurizing up to
2400 GPa as shown in Fig. 4. The plotted results were obtained
through a structure search covering the tetragonal, trigonal, hexag-
onal, and cubic structures with cells containing four atoms.
Moreover, to further validate the results, the structure search was
performed at 600, 1200, 1600, 2000, and 2400 GPa using cells con-
taining 16 atoms, which rendered results consistent with those
obtained through smaller cells. The sequence of the phase
transitions with increasing pressure is hcp (~160 GPa) — dhcp
(~1000 GPa) — fcc (~2200 GPa). The structural transitions from
hep to dhep and then from dhep to fec indicate that as the pressure
increases, the stacking of the close-packed structure from ABAB to
ABAC and from ABAC to ABCABC results in lower enthalpy.

0.05 T T T T
g
Q
=
2 000 = &—F
)
8
8 005
o
=
=]
2
E —0.10
<
= hep —m—
= C]
s dhép
70 15 L L L L fcc
’ 500 1000 1500 2000 2500
Pressure (GPa)

FIG. 4. The calculated enthalpy H of compressed Sr with respect to the
enthalpy of the fcc structure as a function of pressure from 200 to 2400 GPa.
The solid lines are guides to the eye.
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The structural stability of these structures is confirmed through
phonon calculations within a harmonic approximation, and the
results are shown in Fig. 5. In the restricted calculations using
small cells, structures with low enthalpy may not necessarily be
dynamically stable; however, within the harmonic approximation,
these structures are dynamically stable up to 2400 GPa.
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FIG. 5. The phonon dispersion curves of (a) the hep, (b) dhep and (c) fce struc-
tures from 300 to 2400 GPa. The solid lines are guides to the eye.
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After the transition to the hcp structure around 160 GPa, T,
decreases with pressure. Although not plotted in Fig. 3, as long as
the hcp structure stays intact, the superconducting state survives
beyond 1000 GPa with a decreasing T.. At 1000 GPa, T, is 0.65K
(A=0.371, m0g = 664.4 K). In Fig. 4, the hcp structure transforms to
the dhcp structure at approximately 1000 GPa. In the dhcp
structure, the superconducting state is stable and T, at 1000 GPa is
L1K (a=2.1667 A, c=7.0549 A, 1=0.397, 0},4=639.6K) and T,
at 2000GPa is 0.04K. (a=2.0041A, c=652344A, 1=0292,
@105 =811.7 K). The dhcp structure transforms to the fcc structure
at approximately 2200 GPa. The superconducting state of the fcc
structure diminishes at around 2400 GPa, and T. at 2400 GPa is
0.001K (a=2.77 A, 1 =0.246, w105 = 882.3 K), and the value of 1 is
much smaller.

IV. CONCLUSIONS

We performed a structure search for highly compressed Sr
using the first-principles calculations and determined the structures
from 40 to 2400 GPa. In particular, the plausible candidate struc-
tures for the Sr-V and Sr-VI (low-temperature) phases from about
60-160 GPa and for the Sr-VII phase above 160 GPa were deter-
mined. The lowest and second lowest enthalpy groups in the pres-
sure range of 60-160 GPa are considered to be the plausible
structures corresponding to the Sr-V and Sr-VI phases, respectively.
For these structures, the pressure dependence of T, was calculated,
and the results are consistent with the recent experimental
results."” Based on our calculated structures and the conformity of
T. with the experimental results, C2/m is the most plausible
approximate structure for the Sr-V phase and Pnma, Cmc2;, and
P2,/c are the most plausible candidates for the low-temperature
Sr-VI phase. The Pnma structure shares the same space group
structure with the Ba-VI phase. More detailed experimental investi-
gations are required together with our results to ascertain the actual
structure in the Sr-VI phase. Approximately above 160 GPa, the
hep structure is the most plausible candidate for the Sr-VII phase
according to our calculations, and this is consistent with the recent
experimental results. The hcp structure is dynamically stable up to
around 1000 GPa and transforms to the dhcp structure, and the
dhcp structure then transforms to the fcc structure at around
2200 GPa. The superconducting state remained intact through
these structural phase transitions, although with a decreasing T
with increasing pressure.

SUPPLEMENTARY MATERIAL

See the supplementary material for information on the
100 GPa structures in the text and the XRD patterns calculated
with VESTA using them.
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l. LATTICE PARAMETERS AND ATOMIC POSITIONS

As typical structural information, the lattice parameters and the atomic positions at
100 GPa are summarized in TABLES SI-SIV for the C2/m, 14/mcm, and
Cc structures. The atomic positions of the €2/m structure take the same Wyckoff
position at 80 GPa and 100 GPa and the same Wyckoff position at 120 GPa and 140
GPa. The difference is the 4f and 4e sites.

TABLE SI
The atomic positions of the C2/m structure at 100 GPa. The lattice parameters are
a=10.9800, b=9.2578, ¢=4.9866 A, and 4=111.4983 deg.

Wyckoff X y z Wyckoff
letter position
Srl 4f 0.25000 0.25000 0.50000 (1/4,1/4, 1/2)
Sr2 4i 0.61738 0.00000 0.69906 (x,0,2)
Sr3 49 0.00000 0.64869 0.00000 ©,y,0)
Sr4 8 0.33359 0.35196 0.00831 x,y,2)
Sr5 4i 0.71425 0.00000 0.29011 (x,0,2)
Sr6 4h 0.00000 0.74980 0.50000 ,y, 1/2)

Sr7 4 -0.05242  0.00000 0.70186 (x, 0, 2)




TABLE Sl
The atomic positions of the C2/m structure at 120 GPa. The lattice parameters are
a=10.6999, b=9.0875, ¢=4.8930 A, and £=111.2771 deg.

Wyckoff X y z Wyckoff
letter position
Srl 49 0.00000 0.25066 0.00000 ©,y,0)
Sr2 4i 0.28619 0.00000 0.20983 (x,0,2)
Sr3 8 0.16611 0.14807 0.49117 X, ¥,2)
Sr4 4h 0.00000 0.35086 0.50000 0,y, 1/2)
Sr5 4i 0.38208 0.00000 0.80073 (x,0,2)
Sr6 4e 0.25000 0.25000 0.00000 (1/4, 1/4, 0)
Sr7 4i -0.05282 0.00000 0.20046 (x,0,2)

TABLE Sl
The atomic positions of the 14/mcm structure at 100 GPa. The lattice parameters are

a=6.5486 and c=11.0003 A.

Wyckoff X y z Wyckoff

letter position

Srl 4c 0.00000 0.00000 0.00000 0,0,0)
Sr2 8h 0.14539 0.64539 0.00000 (x, x+1/2, 0)
Sr3 16l 0.64932 0.14932 0.16635 (X, x+1/2, 2)

Sr4 4a 0.00000 0.00000 0.25000 (0, 0, 1/4)




TABLE SIV
The atomic positions of the Cc structure at 100 GPa. The lattice parameters are

a=7.4761, b=6.5499, c=9.8657 A, and =103.017 deg.

Wyckoff X y z Wyckoff

letter position

Srl 4a 0.05400 0.10557 -0.04449 X, ¥,2)
Sr2 4a 0.41830 0.09808 0.02450 %, v, 2)
Sr3 4a 0.65568 0.24915 -0.09542 X, ¥,2)
Sr4 4a 0.89638 0.40238 0.78917 X, ¥,2)
Sr5 4a 0.26103 0.39238 0.85811 X, ¥,2)
Sr6 4a 0.08842 0.09969 0.68905 %, v, 2)
Sr7 4a 0.72310 0.10152 0.62501 X, ¥,2)
Sr78 4a 0.40308 0.25213 0.65411 X, ¥,2)

Il. POWDER DIFFRACTION PATTERNS

The powder diffraction patterns obtained using VESTA are shown in FIG. S1 for the
C2/m, I4/mcm, and Cc structures and FIG. S2 for the Pnma, Cmc2,, and P2,/c
structures at 100 GPa.
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FIG. S1 (Color online)
The powder diffraction patterns of the 14/mcm, C2/m, and Cc structures calculated
using VESTA [1]. The wavelength X is 0.4128 A [2].
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FIG. S2 (Color online)
The powder diffraction patterns of the Pnma and Cmc2,, P2,/c structures calculated
using VESTA [1]. The wavelength X is 0.4128 A [2].
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