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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Perovskites have garnered significant attention in recent years. However, the presence of La atoms at the B-site in
ABXj structures has not yet been observed. Under high pressure, perovskites exhibit unexpected phase transitions. In
this study, we report the discovery of SbLaO3z under ambient pressure, with a space group of R3m. Mechanical property
calculations indicate that it is a brittle material, and it possesses a band gap of 4.0266 eV, classifying it as an insulator.
We also investigate the phase at 300 GPa, where the space group shifts to P2;/m. Additionally, the P2/m phase of
LalnO3 under 300 GPa is explored. Ab initio molecular dynamics calculations reveal that the melting point of SbLaO3 is
exceptionally high. The inclusion of Sb alters the electronic structure compared with LalnOs3, and the Vickers hardness
(Hy) is estimated to reach 20.97 GPa. This research provides insights into the phase transitions of perovskites under high

pressure.
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1. Introduction

Perovskite materials with an ABX3 structure have gained
widespread application in various fields due to their unique
structure and excellent properties, including solar cells, -]
catalysts,>*! sensors, >0 energy storage!”! and so on. Anti-
monate perovskites have also been confirmed to have broad
application prospects. In a recent report, Kim et al. achieved a
superconducting critical temperature (7;) of 15 K in BaSbOj3
by doping Ba with K under 12 GPa.!® This surprising find-
ing certainly boosts confidence in research on antimonate per-
ovskites. Meanwhile, by employing first-principles calcula-
tions, researchers suggest that (Ba, K)SbOs are extraordi-
nary conventional superconductors, where nonlocal electronic
correlation expands the bandwidth, enhances the electron—
phonon coupling (EPC) and boosts T¢.[°) Additionally, anti-
monate double perovskites usually possess a wide bandgap,
rendering them advantageous candidates for research on light
emission.[1%121 Moreover, multiple magnetic transitions and
external stimulus-sensitive magnetism can be exhibited in
these perovskites.!!3] Interestingly, extended research has re-
vealed that Sb atoms usually occupy the B-site in the ABO3
structure and only rarely the A-site.!'#] This preferential occu-
pancy of Sb at the B-site can be attributed to two main factors:
(a) the ionic radius of Sb allows it to effectively fit into the oc-
tahedral coordination environment characteristic of the B-site
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in perovskite structures, facilitating optimal bonding with oxy-
gen ligands; (b) the electronic configuration of Sb contributes
to its favorable role as a B-site cation. The oxidation states of
Sb (43 and +5) enable it to participate in various electronic
interactions.

High pressure is another area of keen interest, as materials
often exhibit unexpected behaviors under such conditions. For
example, the practical performance of CsyAgBiBrg is ham-
pered by its large band gap; however, band gap narrowing was
achieved on inorganic photovoltaic double perovskites through
high-pressure treatments.[!>! Also, phase transitions of per-
ovskites can significantly alter their structural and electronic
properties. Under high pressure, octahedral distortions in the
perovskite lattice can lead to changes in symmetry and sub-
sequently affect the material’s properties.!!%!”l Further inves-
tigation into the high-pressure behavior of perovskites could
unveil new pathways for optimizing their properties for vari-
ous applications, from solar cells!'®!°! to photodetectors.?!
Continued research in this area promises to deepen our under-
standing of the relationship between pressure, structure and
functionality in these complex materials. This raises a piv-
otal question: what happens if the structure is no longer a
perovskite under extremely high pressure? Would the mate-
rial performance differ? Especially in astrophysics, extremely
high pressure and temperature are common conditions that can

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

026201-1


https://doi.org/10.1088/1674-1056/ad989e
https://cstr.cn/32038.14.CPB.ad989e
mailto:dongjing@mdjmu.edu.cn
mailto:mayanbin@hrbust.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 026201 (2025)

significantly affect the behavior of materials and celestial bod-
ies.

In another investigation, a small amount of the impurity
phase LaSbOj3 in Sb3*-doped LaInO3 was highlighted, ! and
this caught our attention. Moreover, we noticed that the La

(141 This observation prompted

atoms never occupy the B-site.
several intriguing questions. Is there a structure in which La
atoms occupy the B-site? Additionally, considering that La
atoms consistently avoid the B-site what mechanisms dictate
this behavior and how does it impact the material’s stability
and performance? Hence, we primarily focus on exploring the

[21] Also, ex-

unknown LaSbO3; mentioned in Yukhno’s study.
clusive investigations of phase transition under high pressure
should also be significant. Therefore, these open questions ur-
gently need to be clarified. We hope to gain deeper insights
into the fundamental mechanisms at play and elucidate how
the unique behavior of La atoms affects the overall properties
of the material, paving the way for future applications of per-
ovskites.

In this work, we proposed a novel perovskite structure
of SbLaO3 with La atoms occupying the B-site (space group
R3m). First-principles calculations indicate that it is a brit-
tle insulator. However, under a high pressure of 300 GPa
this structure transforms into a non-perovskite structure (space
group P2;/m). Through first-principles calculations and ab
initio molecular dynamics (AIMD) simulations, we were sur-
prised to find that it exhibits an ultra-high melting point of
between 7500 K and 8000 K with superior hardness of up
to 20.97 GPa. Crystal orbital Hamilton populations (COHP)
methods confirmed that it is the strong bonding strength be-
tween two La atoms that leads to this performance. This work
may contribute to future research on perovskites and their
phase transition under high pressure.

2. Computational methods

The exploration of the crystal structure of SbLaO3 un-
der ambient pressure and 300 GPa was conducted using a par-
ticle swarm optimization algorithm implemented in the CA-
LYPSO (Crystal structure AnaLYsis by Particle Swarm Opti-
mization) code.*?l CALYPSO has been proven to be an effec-
tive tool for predicting crystal structures. Considering SbLaO3
as a ternary hydride, we employed a definite-composition pre-
diction method in CALYPSO to identify possible structures
under both ambient pressure and 300 GPa. Structure relax-
ation and electronic property calculations were performed us-
ing projector-augmented wave!?*! potentials within the VASP
(Vienna Ab initio Simulation Package) framework.[**! The
exchange—correlation potential was approximated using the
generalized gradient approximation with the Perdew—Burke—
Ernzerhof!?3! functional. The cutoff energy was set to 800 eV,
with energy and force convergence criteria of 10~% eV and
0.01 eV/A~!, respectively. A Monkhorst—Pack k-mesh with

a grid spacing of 27 x 0.05 A~! was deemed sufficient. Fur-
thermore, the phonon band structure and projected density of
states were calculated using VASP in conjunction with the
PHONOPY code,?®! employing 2 x 2 x 2 supercells. Ab initio
molecular dynamics simulations were performed using VASP,
utilizing the canonical ensemble (NVT) with the Nose—Hoover
thermostat for its high accuracy. The simulation time step was
set to 1 fs over a total simulation duration of 5 ps, resulting
in 5000 steps. The structure at 300 GPa was simulated with
a 2 x 3 x 2 supercell, and three simulation temperatures were
selected: 300 K, 7500 K and 8000 K.

3. Results and discussion
3.1. Crystal structure exploration

We conducted structure searches using a definite-
composition prediction method at ambient pressure and
300 GPa, uncovering several promising structures. For
SbLa0O3 under ambient pressure, we identified two energeti-
cally competing phases: R3m and C2/m. The crystal struc-
tures and lattice parameters of these phases are presented in
Table S1 in the supplementary material. Under 300 GPa, three
additional competing phases, namely, P2 /m, Cm and I4mm,
were found; their corresponding crystal structures and lattice
parameters are also shown in Table S1. Figure 1 illustrates the
four structures, with green, brown and red balls representing
La, Sb and O, respectively. Notably, in Fig. 1(a) an octagonal
cage formed by six oxide atoms surrounds a La atom, while a
Sb atom occupies the center of eight such cages, resembling
a typical ABXj3 perovskite structure where La occupies the B-
site and Sb occupies the A-site. This unexpected occupancy
of sites was a surprising finding that has not been reported be-
fore. The R3m space group is characteristic of perovskites,
similar to structures such as N(CH3)3Snl3, 27! BaTiO; 28! and
CsGeX3.12% In Fig. 1(a) the basic unit of R3m under 0 GPa is
comprised of a La atom, a Sb atom, and three oxide atoms,
forming a pendulum-like shape. Interestingly, the Sb atom is
not positioned at the body center of the rhombohedral structure
but is instead closer to one of the octagonal cages. Meanwhile,
Fig. 1(b) depicts the P2;/m structure under 300 GPa, where
La and Sb atoms are interconnected by O atoms, resulting in
a dense arrangement. We will discuss these two structures in
greater detail later.

Fig. 1. The crystal structures in this work: (a) R3m at 0 GPa and
(b) P2;/m at 300 GPa. The green, brown and red balls represent La,
Sb and oxide, respectively. Between (a) and (b) is a pendulum-like unit
of R3m SbLaOs3, framed by a black line.
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3.2. Ambient pressure

The electronic band structure and density of states (DOS)
of SbLaO3 at ambient pressure are calculated and presented
in Figs. 2(a) and 2(b). The indirect band gap is computed as
4.2066 eV, confirming that R3m SbLaOs is an insulator. No-
tably, there is a region of flat bands under the Fermi level,
suggesting that appropriate doping could yield favorable re-
sults for superconductivity.!®3% To assess the stability of R3m
SbLaO3; we examined its mechanical properties and lattice
dynamics at ambient pressure. The phonon band structure is
illustrated in Fig. 3(a), where the absence of imaginary fre-
quencies in the phonon spectra confirms the dynamical stabil-
ity of the R3m phase. Furthermore, a possible synthesis route
for R3m SbLaOj3 is SbpO3 + La — SbLaOj3 + Sb, of which
the reaction enthalpy is —5.28 eV/mol~!. These reactants are
Pcen Sby03,B3Y R3m Sb, 321 and P63 /mmc La. [33]

E—Eyp (eV)

E— Ep (OV)

Fig. 2. Electronic structures: (a) electronic band structure of R3m
SbLaO3 under ambient pressure; (b) density of states (DOS) of
R3m SbLaOs; (c) electronic band structure of P2;/m SbLaO3 under
300 GPa; (d) DOS of P2;/m SbLaOs.

[ V)
[=)

(b))
T

(a)
\/

. ]

e———=———

r V4

)
g

—
ot

L
20 %%

=

_—

10

IN /WO

Frequency (THz)
=
o
Frequency (THz

[=)

0
zZ I

!

Y A BD EC

Fig. 3. The phonon spectrum for (a) R3m SbLaO3 at 0 GPa and (b) P2, /m
SbLaOs3 at 300 GPa.

For a mechanically stable crystal the strain energy must
be positive, which implies that the matrix of elastic con-
stants (C;;) should also be positive. The mechanical stabil-
ity criteria for a trigonal/rhombohedral I system are given by
the conditions Cj; — Cjp > 0, C25 < 0.5 x C33(C11 + Ci2),
C%4 < 0.5 % C44(C11 — C12) and Cyy > 0.4 In this phase,
we predicted six independent nonzero elastic constants:
C11 = 111.673 GPa, C12 = 77.623 GPa, C14 =0 GPa,
C33 =39.164 GPa, C44 = 10.774 GPa and Cgg = 17.025 GPa.
All calculated constants satisfy the criteria for mechanical
stability, confirming that SbLaO3 is mechanically stable at

ambient pressure. Vickers hardness (H,) is another impor-
tant material property, and in this work we employ Chen’s
model®! to estimate its value. The mechanical properties
discussed above are summarized in Table S2. The H, val-
ues obtained from Chen’s model are relatively low. Notably,
it even predicts negative values, indicating that this material
may be extremely brittle. To further elucidate the mechanical
features, the two-dimensional projections of the bulk mod-
ulus, Young’s modulus, shear modulus and Poisson’s ratio
are presented in Fig. 4. As shown in Fig. 4(a), the projected
bulk modulus across three planes exhibits the same general
shape, which is not circular, indicating anisotropy in the bulk
modulus. Figure 4(b) displays the projected Young’s modu-
lus for the three planes, revealing a significant gap between
the maximum and minimum values, further indicating high
anisotropy. These observations suggest that this material ex-
hibits pronounced anisotropy. According to Ma’s work, ¢!
tensile strength and ductility tend to show opposite trends
with anisotropy. Thus, the strong anisotropy observed in all
three planes of SbLaO3 can account for its brittleness. To clar-
ify this phenomenon, we calculated the COHP for SbLaOs, as
shown in Fig. 5. The nearly overlapping curves indicate that
the bond strengths are very similar. Additionally, Bader charge

(a) Bulk
90° —z0yY
— 20T
Yoz

150° 30°

180°

210° 330°

270°

(b) Young’s modulus
— zoy
—z0Z%
yoz

150°

180°

210° 330°

270°

Fig. 4. The plane projection of mechanical properties of R3m @ 0 GPa
SbLaOs: (a) bulk and (b) Young’s modulus. The blue, red, yellow lines
represent xoy plane, zox plane and yoz plane of R3m @ 0 GPa SbLaOs3,
respectively.
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analysis reveals that the charges of the three types of atoms are
8.8732 (La), 3.3503 (Sb) and 7.2588 (O), respectively. Con-
sidering the valence electron counts of La (11), Sb (5) and
O (6), we conclude that each oxide atom accepts 1.2588e™
from both the La and Sb atoms. The bond strength between Sb
and O appears exceptionally strong. If we consider the unit in
SbLaO3, which resembles a pendulum as mentioned in Fig. 1,
we find that the bonds between La and O are more susceptible
to breakage than those between Sb and O. This is because the
La atoms are connected to O atoms in another unit, disrupting
the symmetry of the system. Furthermore, the excessively long
atomic spacing contributes to a less dense structure. Together,
these factors contribute to the material’s extreme brittleness.

~ 10 10
S - S Y (b)
D — B — ] <
% Lal-03
Lal-
€10 ra1-04 —10
SREP Lal-O5 920
~1.0 —05 0 0.5 1 0 1 2 3 4
—COHP —ICOHP
~ 10 10
> (©) ()
~ O hassssssssssnnsassanese—ed oo ooeeeeo o [ ] S BT T WP .
% Sb2-03
§—10f  _Sh2-04 —10 J
5 Sb2-05
—20 —20
=10 —05 0 05 0 2 1 6
—COHP —ICOHP

Fig. 5. -COHP and -ICOHP of the bonds in R3m @ 0 GPa SbLaOj3: (a),
(b) the bond between La and oxide atoms; (c), (d) the bond between Sb and
oxide atoms. The positive and negative -COHP indicate bonding and anti-
bonding, respectively, with a more positive value indicating a stronger bond
strength.

3.3. High pressure

At 300 GPa we focus on the P21 /m phase. The electronic
band structure and DOS of SbLaOj at this pressure are cal-
culated and presented in Figs. 2(c) and 2(d). The band gap
is measured at 1.8541 eV, indicating that P2;/m SbLaO3 is a
semiconductor. To ensure stability, we reassessed the mechan-
ical properties and lattice dynamics. As expected, the mechan-
ical stability criteria were also satisfied, indicating the me-
chanical stability of P2;/m SbLaO3 at 300 GPa. Notably, Hy
estimated by Chen’s model was calculated as 20.97 GPa, a rel-
atively high value. Meanwhile, the absence of imaginary fre-
quencies in the phonon spectrum also confirms the dynamical
stability [Fig. 3(b)]. Inspired by the doping work on LalnO3
where In was doped with Sb, we reversed this approach by re-
placing Sb atoms with In in the P2;/m SbLaOs3 structure at
300 GPa. The resulting crystal structure is depicted in Fig. S1.
Then we calculated the lattice dynamics, and the phonon spec-
trum is shown in Fig. S2. The dynamical stability of P2;/m
LaInO3 at 300 GPa can be confirmed by the lack of imagi-
nary frequencies in the phonon spectrum, allowing for further
investigation. This material is also mechanically stable, as in-
dicated in Table S4. Notably, we observed significant changes
in H, when comparing Tables S3 and S4, suggesting substan-
tial differences in the chemical bonds between the two materi-
als. Meanwhile, it can be concluded that the substitution of In
atoms by Sb atoms certainly increases the H, of InLaO3 under
300 GPa.

0.10 : - 0.6 : : 5 . .
(a) 300K O (b) T7500K —O (c) 8000 K —O
—Sb —5Sb —Sb
—La —La | — La
0.08 |
Z 0.06
o)
2 1
=
~ 0.04 ﬁ
0.02}
0 . . 0 . . 0 . .
0 2000 4000 0 2000 4000 0 2000 4000
Times (fs) Times (fs) Times (fs)

Fig. 6. Root mean square deviation of three different simulation temperatures: (a) 300 K, (b) 7500 K and (c) 8000 K. In each graphic, the red,

blue and green lines represent O, Sb and La atoms, respectively.

We conducted AIMD simulations on P2;/m SbLaOs at
300 GPa. The crystal remained stable and did not melt at
300 K under 300 GPa, confirming its thermodynamical sta-
bility. The root mean square deviation (RMSD) is shown in
Fig. 6(a), where all three types of atoms exhibit low values,
indicating that they vibrate around their equilibrium positions.

Thus, we conclude that P2 /m SbLaO3 at 300 GPa is dynam-
ically stable. To investigate the melting point, we heated the
crystal and were surprised to find that it did not melt at 7500 K,
only doing so at 8000 K. As depicted in Fig. 6(b), the RMSD
values remain low throughout the simulation at 7500 K, indi-
cating a solid state. At 8000 K, however, the RMSD values be-
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gin to rise, as shown in Fig. 6(c). This suggests that the melting
point lies between 7500 K and 8000 K, indicating an extremely
high temperature resistance that makes this material suitable
for application under extreme conditions. We also calculated
the radial distribution function (RDF) to assess changes in
bond lengths, with the results being shown in Fig. 7. The co-
ordination number decreases with heating. Although the ma-

terial remains solid at 7500 K, the RDF decreases significantly
compared with that at 300 K, as high temperatures induce
intense atomic vibrations, resulting in smoother and wavier
curves. By 8000 K, the material is fully melted. Hence, we
confirmed through AIMD simulations that P2;/m SbLaOj is

a high-temperature-resistant material under high pressure.

0-0 O-La 0-Sb
10 15 ' 8
(a) —300 K (b) —300 K (c) —300 K
— 7500 K —7500 K 6 —7500 K
= 8000 K 10 8000 K 8000 K
A 5 4
pﬁ 1
5
2 I
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Fig. 7. Radical distribution function of all six types of distances in the AIMD simulations: (a) O-O, (b) O-La, (c) O-Sb, (d) La-La, (e¢) La—Sb

and (f) Sb-Sb.

In Fig. S3(a) we observe some oxide molecules af-
ter a 5 ps simulation, including a zigzag O4 configuration
within the structure. Curious about its evolution, we con-
ducted another 5 ps simulation on the final structure, shown
in Fig. S3(b), where the O4 zigzag disappears, although some
oxide molecules persist. This suggests that during the melting
process oxide atoms initially form covalent bonds, which then
fracture again due to the high temperature. To further clar-
ify the high H, and melting point, we calculated COHP and
ICOHP to evaluate the chemical bonding in P2;/m SbLaO3
at 300 GPa and LalnOs3. Figure 8 presents -COHP and —
ICOHP for these two similar materials. Comparing Figs. 8(a)—
8(b) with Figs. 8(g)—8(h), we find that the bond between Lal
and La2 becomes significantly stronger in SbLaOs3, with the
—ICOHP value at the Fermi energy reaching 9.25499, an ex-
ceptionally high number. In Figs. 8(c) and 8(d), it is evident
that the Sb atoms are almost entirely bonded to the O atoms,
except for O9. The La atoms bond with the four nearest O
atoms, as shown in Figs. 8(e) and 8(f). In contrast, the bond
between the two La atoms in LalnOj is not as strong as that
in SbLaOs3, as illustrated in Figs. 8(g) and 8(h). To further
confirm these findings, we calculated the electron localization
function for both SbLaO3 and LalnO3. Since a La—O-La-O-
La parallelogram exists at the center of both structures, we se-
lected these parallelograms as the slice planes. The results are
displayed in Fig. S4. In LalnOs, the La atoms lose electrons
while the oxide atoms gain electrons, indicating the formation

of ionic bonds (Fig. S4(a)). In SbLaOj3, however, electrons re-
main around the La atoms, suggesting that the La atoms do not
lose all their electrons. This retention of electrons facilitates
the formation of strong metallic bonds, as shown in Fig. 8(b).
The bond strength between O and Sb atoms, as well as be-
tween O and La atoms, is typically ionic. However, the two
La atoms, which lose all their outer electrons, form a strong
metallic bond due to the presence of free electrons in between
them. Although the bond between the two La atoms in LalnO3
is also metallic, the metallic bond in SbLaO3 is much stronger,
as indicated in Figs. 8(a), 8(b) and 8(g), 8(h). Hence, we con-
clude that the strong La—La bond in P2; /m SbLaO3 accounts
for its high H, and density, resulting in an exceptionally high
melting point. Some might find it incredible that there can be
strong bonding between two metals atoms. Interestingly, re-
cent research validated that increased pressure can result in a
stronger bonding strength between two Ga atoms. *7! This fur-
ther confirms the strong bonding strength between La atoms
under high pressure. Additionally, research by Sun et al. indi-
cates that bond strength influences melting point, with stronger
bonds requiring more energy to break, thereby increasing the
melting temperature.333°) The combination of density and
high-strength chemical bonds makes this material exception-
ally hard and resistant to high temperatures. In addition, the
melting point of materials can increase significantly along with
the increased pressure.!*>#!l This may explain the reason for
the high melting point. Finally, we should determine the phase
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transition pressure of SbLaOj3, as shown in Fig. S5: the phase
transition pressure should be 2 GPa, a low value. This indi-

cates the thermodynamical stability of P2;/m SbLaO3 under
medium to low pressures.
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Fig. 8. -COHP and —-ICOHP of the bonds in P2;/m @ 300 GPa SbLaO3 and P2;/m @ 300 GPa LaInOs: (a)—(f) belong to SbLaO3 and
(g)—(1) belong to LaInOs3. Positive and negative COHP indicate bonding and antibonding, respectively, with a more positive value indicating a

stronger bonding strength.
4. Conclusions

In summary, we explored the crystal structures and me-
chanical properties of R3m SbLaOs at 0 GPa and P2;/m
SbLaO3 at 300 GPa using predictive methods and first-
principles calculations. The R3m phase has been identified
as a new perovskite, characterized by low Vickers hardness,
indicating its brittleness, with Sb atoms occupying the A-site
and La atoms occupying the B-site in the ABX3 structure.
Our ab initio molecular dynamics calculations revealed that
P2y /m SbLaO3 melts at an extremely high temperature be-
tween 7500 K and 8000 K under 300 GPa. Additionally, we
discovered a new phase of LalnO3 under 300 GPa, also in the
P2 /m space group. By comparing the mechanical properties
of SbLaO3 and LalnOs3 at this pressure, our COHP calcula-
tions indicated that the bond between La atoms in SbLaOj3 is
significantly stronger than in LalnO3. These findings enhance
our understanding of perovskites and their phase changes un-
der pressure.
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