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Engineering the crystal structure and band gap
of SrTeO4: inducing bonding changes and
metallization through compression

Ertugrul Karaca®® and Daniel Errandonea () *©

The impact of external pressure on the characteristics of SrTeO,4 has been thoroughly examined using
density-functional theory calculations up to 100 GPa. It has been predicted that SrTeO,4 undergoes three
phase transitions in the pressure range covered by this study. A first transition occurs at 2.5 GPa from the
ambient-pressure orthorhombic structure (space group Pbcn) to another orthorhombic structure
described by space group Pbcm. A second transition occurs at 7 GPa to a monoclinic structure described
by space group P2;/c and a third transition occurs at 80 GPa to another monoclinic structure described
by space group P2;/n. The phase transitions involve drastic changes in the atomic coordination of Sr and
Te atoms. Additionally, we found that structural changes make the band-gap energy to rapidly decrease
with pressure and drive metallization at 80 GPa. Moreover, we characterized the phonons and determined
the compressibility of the different phases. We found that the low-pressure phase of SrTeO,4 exhibits a
bulk modulus of 73.3(8) GPa. However, the bulk modulus is enhanced following the observed structural
sequence, reaching a value of 175(6) GPa in the high-pressure phase found beyond 80 GPa. Finally, our
study indicates that superconductivity is not induced by pressure in the metallic phase. Our findings
provide fundamental insights into the high-pressure behavior of SrTeO,.

1. Introduction

Oxidotellurates(vi) of transition and alkaline-earth metals have
garnered significant attention over recent decades due to their
intriguing physical properties and potential applications in
the energy sector.’”” The physical characteristics and structural
integrity of compounds with compositions ATeO;, A;TeO,
ATeO,, and A;TeOg (where A represents a transition or alka-
line-earth metal) are known to be affected by the nature of the
metal cation A. This influence is particularly evident through
factors such as cationic ordering, octahedral distortion, and
the arrangement of A and Te cations within the octahedral or
tetrahedral sites.*®° This fact has motivated recent studies in
SrTeO, and related compounds, which were focused on their
structural, thermoelectric, and optical properties.'® SrTeO, is a
narrow-gap semiconductor and a potential thermoelectric
material for mid-range temperature (600-800 K) applications,
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as well as PbTe, SrTe, and PbTe,.'’ Compared to PbTe and
SrTe, SrTeo, has the advantage that its function is not dimin-
ished by superficial oxidation products that can form under
atmospheric working conditions, as it happens in PbTe and
SrTe.'” Compared to PbTeQ,, SrTeO, has the advantage of
being a lead-free material that is less toxic and has a smaller
environmental impact. As in many semiconductors, the pro-
perties of SrTeQ,, particularly its band gap and conductivity,
can be significantly altered and tuned by applying mechanical
stresses, such as compression. In some cases, the application
of external pressure has driven pressure-induced metallization,
a phenomenon with numerous potential applications. These
include the creation of new superconducting materials, the
development of high-pressure sensors, and the design of
advanced materials for energy storage and conversion.

High pressure is not only a tool to tune the properties of
semiconductors but it is also an effective method to better
understand the properties of materials."® There are at least
three significant applications of high-pressure techniques in
both fundamental and materials science: (1) the synthesis of
innovative materials that cannot be produced through other
methods, (2) the phase transformation of existing materials,
and (3) the exploration of fundamental systematics and rigor-
ous testing of theoretical models. Compounds with a compo-
sition similar to that of SrTeO, have been broadly studied
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under compression."*"® The influence of pressure on tung-
states, molybdates, vanadates, phosphates, and sulphates has
been deeply understood. Other compounds like selenates,
chromates, antimonates, perrhenates, and arsenates have also
been studied by different authors.'®?° In contrast, ATeO, tellu-
rates are probably among the compounds less studied under
high-pressure conditions. The only tellurate studied under
compression is PbTeO,,>" for which recently high-pressure has
been used to synthesize a metastable polymorph in a multian-
vil apparatus at 8.2 GPa. This structure is monoclinic (space
group I2/a or alternatively C2/c).

SrTeO,, a tellurate with technological applications as an
additive in ceramics, in thermoelectric applications, and in
pyrotechnics,” has not been studied yet under pressure. In
addition, the computational modeling studies carried out pre-
viously'® reported a crystalline structure described by space
group P2,/c that is different from the structure determined by
X-ray diffraction by two different groups,”** which cast
doubts on previous simulations. On the other hand, nothing is
known about the phonons and the band structure of SrTeO,
and how they are modified under compression. Given the
aforementioned details, we deemed it appropriate to conduct a
high-pressure study of SrTeO, at this time. We performed a
density-functional theory (DFT) study exploring pressures up
to 100 GPa. Utilizing DFT calculations has been proven to be
an effective approach to investigate the behavior of oxides
related to SrTeO, when subjected to compression.”> We found
that SrTeO, undergoes three phase transitions induced by
pressure, suffers a drastic decrease in the band-gap energy,
and becomes metallic at 80 GPa.

2. Methods

We carried out ab initio calculations employing the density-
functional perturbation theory (DFPT) within the generalized-
gradient approximation (GGA)*® as implemented in the
Quantum ESPRESSO simulation package.”””*® The exchange-
correlation functional was approximated using the Perdew-
Burke-Ernzerhof (PBE) scheme,*® and ultrasoft pseudopoten-
tials were employed throughout the calculations.>® We decided
to use this approximation because it balances accuracy and
computational efficiency. In addition, different authors have
used it to predict high pressure phases discovered by experi-
ments.*® Readers should note that PBE tends to slightly under-
estimate the band gap energy but accurately predicts how
band gaps change under pressure.”’ A plane-wave kinetic
energy cut-off of 80 Ry (~1088 eV) was used for all calculations.
The Kohn-Sham equations were solved with an iterative conju-
gate gradient scheme. The Brillouin zone (BZ) integration for
total energy calculations of the low and high pressure phases
of SrTeO, was carried out using the Monkhorst-Pack sampling
scheme?” with a mesh of points 16 x 16 x 16 k, corresponding
to a maximum spacing of 0.01 x 2z A™. Convergence tests are
included in the SI to ensure that the results are stable and
reliable. Structural optimization was carried out by minimizing
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the total energy and using the zero atomic force criteria. The
calculations of the electronic band structure and density of
states used a denser 24 x 24 x 24 k-point mesh. Phonon calcu-
lations for each structure were conducted within the harmonic
approximation using the linear response method®’?®* in
Quantum ESPRESSO, employing a 4 x 4 x 4 g-point grid for BZ
sampling. The dynamical matrices were obtained on a 4 x 4 x
4 grid, and phonon properties at any g-point were obtained by
Fourier interpolation.

The Migdal-Eliashberg theory***® is used to calculate the
electron-phonon interaction and, consequently, the supercon-
ducting critical temperature (T.). The Eliashberg spectral func-
tion &’F(w) is calculated by*®

F(w) = m;%&(w o), (1)

where N(Eg) is the electronic density of states at the Fermi
energy, and «a represents the average electron-phonon matrix
element for phonons with energy  in the Brillouin zone. The
electron-phonon coupling (EPC) constant, 4(w), can be deter-
mined by integrating the Eliashberg spectral function o®F(w)
as follows:***”

= zJ CE@) 4 (2)
0 w
The logarithmic average phonon frequency (wy,) is then cal-
culated using

“d
ln = exp (21‘1 J b
(0]

0

aZF(a))lnw) . (3)

Finally, the superconducting transition temperature T, is
calculated using the Allen-Dynes modification of the
McMillan formula and the values of A and wy,:

1.04(1+ 1) ) (@)

T:%ex S
¢ T 129 A — p*(1+0.622)

where u* is the effective screened Coulomb repulsion para-
meter. In most conventional superconductors, u* is typically in
the range from 0.10 to 0.16.>°*° In this study, we set the
Coulomb pseudopotential y* to 0.10.

3. Results

3.1. Crystal structure and pressure-induced transitions

Strontium oxidotellurate remains largely unexamined, with
previous studies focused on the orthorhombic Phcn low-
pressure (LP) phase.'®**** In this study, we begin by optimis-
ing this phase, followed by a systematic investigation of poten-
tial high-pressure polymorphs. We examined four potential
high-pressure (HP) phases of SrTeO, (HP1 (Pbcm, ortho-
rhombic), HP2 (C2/c, monoclinic), HP3 (P2,/c, monoclinic),
and HP4 (P2,/n, monoclinic)). These structures were chosen
using the structural diagram proposed by Bastide,*' which has
been demonstrated to be an effective instrument for predicting

This journal is © The Royal Society of Chemistry 2025
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high-pressure crystal structures that were subsequently con-
firmed through experimental methods.*>** The HP1 phase is
isostructural to SrUO,,** HP2 is isostructural to the HP phase
of PbTeO,,>" HP3 is isostructural to CePO,** (and it is the
structure mistakenly considered in a previous DFT study'® as
the ambient-pressure structure of SrTeO,), and HP4 is isostruc-
tural to BaTeO,4.*® The crystal structure of the LP phase and
the four potential HP phases of SrTeO, are shown in Fig. 1.
The LP phase of SrTeO, is composed of linear chains of TeOg
octahedra, which share edges and extend along the c-axis. The
chains are held together by Sr** ions, which are coordinated by
six O atoms, forming a Sr coordination octahedron with three
different Sr-O bond distances and a relatively distorted struc-
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Paper

ture. The calculated lattice constants for the crystal structure
of the LP phase and the phases that are stable at different
pressures are reported in Table 1. The calculated atomic posi-
tions for the same phases are presented in Table 2.

Fig. 2 shows the calculated enthalpy for the different
phases we have considered in this work versus pressure. At 0
GPa the lowest enthalpy phase is the orthorhombic LP phase
(space group Pbcn), which supports that this is the thermo-
dynamically most stable phase of SrTeO, at ambient pressure,
in agreement with X-ray diffraction experiments.**** The unit-
cell parameters and atomic positions determined for the LP
phase (see Tables 1 and 2) are in remarkable agreement with
earlier research.>®** The calculated lattice parameters show a

Fig. 1 The crystal structures of SrTeO, under different pressures: (a) LP (low-pressure) phase, (b) HP1 phase, (c) HP2 phase, (d) HP3 phase, and (e)
HP4 phase. Green, brown, and red spheres represent Sr, Te, and O atoms, respectively. Polyhedral representations are used to highlight the coordi-

nation environments of Te (brown) and Sr (green) atoms.

Table 1 The calculated lattice parameters for the low-pressure and high-pressure phases of SrTeO4 at pressures where they are stable. For the

low-pressure phase, results from previous experiments324

are included for comparison. The present results are shown in bold letters

Phase P (GPa) Space group a(d) b(A) c(Ad) pe

LP (orthorhombic) 0 Pbcn 5.664 13.316 5.134

Exp.** (orthorhombic) 0 Pbcn 5.574 13.114 5.001

Exp.”* (orthorhombic) 0 Pbcn 5.605 13.181 5.003

HP1 (orthorhombic) 0 Pbcm 5.747 7.589 7.617

HP1 (orthorhombic) 5 Pbcm 5.636 7.488 7.535

HP3 (monoclinic) 10 P2/c 5.996 6.293 7.274 126.6
HP4 (monoclinic) 80 P2,/n 3.768 4.376 11.383 105.65

This journal is © The Royal Society of Chemistry 2025
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Table 2 The calculated atomic positions for the LP, HP1, HP3, and HP4
structures at selected pressures (given in the table). The present results
are shown in bold letters. They are compared with results from previous
experiments?324

Atomic positions

Pressure (GPa) Atom  Site
LP 0 x ¥ z
This work Sr 4c  0.0000 0.6665 0.7500
Exp.>? Sr 4c 0.0000 0.6665 0.7500
Exp.”* Sr 4c 0.0000 0.6655 0.7500
This work Te 4c  0.0000 0.0705 0.7500
Exp.>? Te 4c 0.0000 0.0704 0.7500
Exp.** Te 4c  0.0000 0.0699 0.7500
This work O(1) 8d 03091 05425 0.5718
Exp.>? O(1) 8d 0.3186 0.5423 0.5497
Exp.* O(1) 8d 0.3145 0.5420 0.5710
This work 0(2) 8d 02845 0.3313 0.6292
Exp.”® 0O(2) 8d 0.2686 0.3284 0.6444
Exp.>* 0(2) 8d  0.2847 0.3333 0.6322
HP1 5
This work Sr ad 0.4907 0.1908 0.2500
This work Te 4a 0.0000 0.0000 0.0000
This work o(1) 8e 0.6948 0.4258 0.0659
This work 0(2) 8e 0.1452 0.2500 0.0000
HP3 10
This work Sr 4e 0.8355 0.1541 0.7213
This work Te 4e 0.3190 0.1777 0.7021
This work o(1) e 0.3386 0.1281 0.4910
This work 0(2) 4e 0.6286 0.2278 0.8841
This work 0(3) 4e 0.0908 0.3554 0.5980
This work 0(4) 4e 0.1880 —0.0070 0.7610
HP4 80
This work Sr 4e 0.5001 0.2807 0.8314
This work Te e —0.0001 0.7650 0.4094
This work 0o(1) 4e 0.2669 0.5000 0.7669
This work 0(2) e 0.5000 0.8457 0.8780
This work 0(3) 4e 0.9999 0.1367 0.4211
This work 0(4) e 0.0001 0.5354 0.2751

23,24

deviation of 1% from experimental results. The results
obtained for the low-pressure phase confirm the precision in
the representation of the crystal structure based on the
GGA-PBE approximation employed in the calculations. Our
results also show that the structure proposed in a previous
DFT study'® is not the correct structure of SrTeO, having a
higher enthalpy than that of the correct crystal structure of
this compound (the LP phase). In addition, we noticed that
the structure proposed by Abubakr et al.’® has a volume which
is 50% smaller than the unit-cell volume of SrTeO, and a Sr-O
bond distance of 1.374 A, a distance smaller than the covalent
radii of Sr (1.95 A), which cast serious doubts on the crystal
structure proposed in the previous DFT study.'® From our cal-
culations, we obtained the Sr-O and Te-O bond distances for
the low-pressure phase. The calculated Sr-O bond lengths are
2.528 A (x2), 2.575 A (x2), and 2.587 A (x2), which agree well
with experimental values.>*** The average Sr-O bond distance,
2.563 A, is slightly shorter than the sum of the covalent radii

14202 | Dalton Trans., 2025, 54, 14199-14213
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Fig. 2 The enthalpy per atom as a function of pressure for the ortho-
rhombic low-pressure phase of SrTeO4 (SG: Pbcn), and the high-
pressure phases: HP1 (SG: Pbcm, orthorhombic), HP2 (SG: C2/c, mono-
clinic), HP3 (SG: P2;/c, monoclinic), and HP4 (SG: P2;/n, monoclinic).
The inset show results for pressures up to 10 GPa to facilitate the
identification of the transitions occurring at 2.5 and 7 GPa.

of Sr (1.95 A) and O (0.63 A), totaling 2.58 A. Similarly, the Te-
O bond lengths are calculated to be 1.893 A (x2), 2.009 A (x2),
and 2.067 A (x2). In this case, the average Te-O bond distance
is 1.989 A, which is equal to the sum of the covalent radii of Te
(1.36 A) and O (0.63 A). The calculated bond distances provide
evidence for strong bonding interactions between Sr and O
atoms and Te and O atoms, supporting the existence of a sig-
nificant covalent character within the crystal structure.

From the results shown in Fig. 2, it can be seen that at 0
GPa the enthalpy of phase HP1 is nearly degenerated to that of
the LP phase. Upon compression, phase HP1 (space group
Pbcm) becomes the lowest enthalpy phase at 2.5 GPa, support-
ing the occurrence of a structural phase transition to phase
HP1 at this pressure. The phase transition triggers a 13% col-
lapse of the unit-cell volume as shown in Fig. 3. The phase
transition also involves a change in the coordination of Sr
atoms, involving an increase in the coordination number from
6 to 9. However, there is no change in the coordination of Te.
The unit-cell parameters of phase HP1 at 0 and 5 GPa are
given in Table 1. The Sr-O bond lengths in the orthorhombic
HP1 phase are 2.504 A, 2.519 A (x2), 2.637 A (x2), 2.745 A (x2),
and 2.785 A (x2). The Te-O bond lengths in the orthorhombic
HP1 phase are 1.874 A (x2), 2.015 A (x2), and 2.043 A (x2).
These results show that the TeO4 octahedra are not very modi-
fied, and that the phase transition is related to changes in the
Sr coordination environment. Phase HP1 consists of zigzag
chains of corner-sharing TeO, octahedra, which are intercon-
nected by SrOq polyhedra.

As shown in Fig. 2, our calculations predict that subsequent
transitions occur at 7 GPa to phase HP3 (space group P2,/c)
and at 80 GPa to phase HP4 (space group P2,/n). Note that
phase HP3 is isomorphous to monazite. This structure was
assumed to be stable at 0 GPa in previous DFT calculations.'®

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Pressure dependence of the volume of the four phases of
SrTeO,4 found from 0 to 100 GPa.

However, we have found that this structure is not the lowest
enthalpy structure up to 7 GPa. In addition, the monazite-type
previously reported'® has unreasonable values of unit-cell
volume and bond-distances, a fact that it is corrected in the
present study. The transitions from HP1 to HP3 and from HP3
to HP4 happen with changes in the volume of 23% and 6%,
respectively (see Fig. 3). Both transitions involve an important
structural reorganization as shown in Fig. 1. Regarding the
coordination polyhedra of Sr and Te, we found that they are
modified in both transitions. The Sr and Te coordination
numbers are 10 and 5 in phase HP3, and 11 and 7 in phase
HP4. In both phases, the coordination polyhedra of Sr and Te
are highly distorted. In HP3 at 10 GPa, Sr—O bond distances
range from 2.116 A to 2.787 A and Te-O bond distances range
from 1.538 A to 2.371 A. In HP4 at 80 GPa, Sr-O bond dis-
tances range from 1.971 A to 2.525 A and Te-O bond distances
range from 1.632 A to 1.968 A. Our results indicate that the
successive phase transition induces a considerable decrease in
the Sr-O bond lengths, which will enhance orbital overlap,
potentially allowing the pressure-induced transition from
semiconducting to metallic behavior, a phenomenon we found
to happen at 80 GPa, as we will show in the next section of the
manuscript.

The existence of the predicted phase transitions could be
qualitatively understood using the hypothesis proposed by
Bastide, which correlates the effects of external pressure and
chemical pressure.”” According to this idea, a given oxide
might take under pressure the structure of a similar oxide but
with larger cations. For instance, ZrSiO, transforms under
compression into the CaWO, structure.” This is exactly what
happens in SrTeO, when external pressure is applied. It under-
goes phase transitions into more compacted structures with
more efficient packing with a gradual increase in the coordi-
nation number of cations. Note that the structure of phase
HP4 is isomorphic to that of the densest polymorph of

This journal is © The Royal Society of Chemistry 2025
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BaTeO,,*® having Ba ionic radii larger than those of Sr, which
is consistent with the hypothesis of Bastide.

As described above, the reported phase transitions affect
the coordination of both cations. In Te, the coordination
number changes following the sequence 6-6-5-7 and the
coordination of Sr changes following the sequence 6-9-10-11.
Under high pressure, cation coordination in oxides generally
shifts towards higher coordination numbers, leading to more
compact and denser structures. This is because the increased
pressure forces the atoms closer together, favoring configur-
ations where cations are surrounded by more anions.
Therefore, the changes found in the Sr and Te environment
are chemically plausible. In SrTeO,, the coordination environ-
ment of Sr is more affected than that of Te. This is related to
two facts. The first one is their contrasting ionic radii and
charge. Sr, being a larger ion with a +2 charge, tends to adopt
under compression a higher coordination number with oxygen
atoms, while Te, with a +6 charge and smaller ionic radius,
maintains a coordination close to octahedral. The second one
is that the ionic interaction Sr-O is more easily open to coordi-
nation changes than the (at least partially) covalent Te-O
interaction.

The successive phase transitions also affect the compressi-
bility of SrTeO, as shown in Fig. 3. We have fitted our results
with the third-order Birch-Murnaghan equation of state*® and
determined the volume at zero pressure (V;), the bulk modulus
(Bo), and its pressure derivative (Bj). The parameters obtained
are summarized in Table 3. The bulk modulus of the low-
pressure phase of SrTeO,, 75 GPa, is similar to the same para-
meter in related ternary strontium oxides. In SrSeO, B, = 58
GPa,” in SrSO, B, = 62 GPa,*® in SrCrO, B, = 59 GPa,”" in
SrUO, B, = 66 GPa,* in SfTWO, B, = 66 GPa,>® and in SrMoO,
B, = 71 GPa.>® This is not surprising since, as a first approxi-
mation in ternary oxides, the change in volume under com-
pression is mainly caused by the contraction of the coordi-
nation polyhedra or the largest cation.”® In all of the com-
pounds mentioned above, this is the Sr coordination polyhe-
dra. More recently, Errandonea and Manjon?” applied this
idea to ternary oxides. Applying the empirical formula derived
by these authors to SrTeO,, a bulk modulus of 72 GPa is
obtained, which is fully consistent with the present results and
supports the hypothesis that the volume change in the LP
phase of SrTeO, is mainly caused by the contraction of Sr-O

Table 3 The calculated equilibrium volume V, (A®) at 0 GPa, bulk
modulus Ky (in GPa) at 0 GPa, and its pressure derivative Kp for the LP,
HP1, HP3, and HP4 phases

Phase Vo K, Kp

LP 387.22(3) 73.3(8) 4.1(6)
HP1 332.1(1) 103(2) 4.8(5)
HP3 251.1(6) 153(4) 4.9(5)
HP4 231.1(9) 175(6) 4.9(5)

Dalton Trans., 2025, 54,14199-14213 | 14203
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bonds. With regard to the increase of the bulk modulus at the
successive phase transitions, this phenomenon is consistent
with the discontinuous decrease of the volume at each tran-
sition, which triggers an increase of the density of the
material. This increase is often accompanied by an increase in
compression resistance, which is reflected in the increase in
the bulk modulus.>®

3.2. Electronic properties of SrTeO,

In addition to the structural behavior of SrTeO,, we examined
the electronic properties of this material by calculating the
band structures and the corresponding total and partial elec-
tronic densities of states (DOS and PDOS) for the low-pressure
and high-pressure phases. The results are shown in Fig. 4. The
LP phase of SrTeO, exhibits an indirect band gap of 2.03 eV.
To the best of our knowledge, there are no experimental
results to compare with. We will then compare with studies on
CoTe0,,”” SrSeO,, and SrCr0,." CoTeO, has a band-gap
energy of 2.42 eV according to optical-absorption spec-
troscopy.”” It is therefore reasonable that for the related tellu-
rate SrTeO, we obtained a slightly smaller band-gap energy,
2.04 eV, considering that DFT calculations within the PBE
scheme tend to slightly underestimate the band-gap energy.>®
On the other hand, the band gaps of SrSeO, and SrCrO,,*°
obtained from similar DFT calculations, are 3.61 and 2.67 €V,
respectively. This aligns with the observation that the band-
gap energy of selenates is typically greater than that of chro-
mates, which in turn is generally greater than that of tellurates.
In the LP phase of SrTeO, the valence band maximum (VBM)
is located at the Y point in the BZ. The conduction band
minimum (CBM) occurs at the I" point in the BZ, as shown in
Fig. 4(a). The energy difference between the valence-band
edges at the Y and I'" points is only 0.02 eV, suggesting that
SrTeQ, is close to a direct-gap regime. This near-degeneracy of
the valence band edges can improve optical transitions by
enabling thermal and external effects to overcome the small
splitting, thereby allowing tunable optical behavior in
pressure-sensitive optoelectronic devices.

For a more comprehensive analysis of the electronic band
structure, we calculated the density of states (DOS), as shown
in Fig. 4. The bands between —20.4 eV and —15.7 €V in the LP
phase of SrTeO, are dominated by the s-states of O atoms,
while the contributions from other atoms in this energy range
are negligible, which is expected for low-energy s-states.
Around —14 eV, a sharp and high-intensity peak appears in the
DOS, mostly coming from the Sr 4p states. This sharp charac-
teristic reflects the localized nature of the Sr 4p orbitals, with
negligible contributions from O or Te atoms in this energy
range. In the energy range between —11.0 and —7.5 eV, the
DOS reveals nearly equal and overlapping contributions from
Te 55 and O 2s and 2p orbitals. In addition, hybridization
between Te 5p and O 2s orbitals is observed in this energy
range, confirming the existence of a strong covalent interaction
between Te and O atoms. In the valence band region between
—6.5 eV and —3.1 eV, the electronic states are primarily domi-
nated by O 2p orbitals. In the energy range of —3.1 eV to the
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Fermi level, the valence band is mostly formed of O 2p orbi-
tals, showing that oxygen plays a major role at the top of the
valence band. The bands in the energy range between 2.03 and
4 eV primarily originate from the hybridization between Te 5s
and O 2p orbitals, indicating a mixed character at the bottom
of the conduction band. This significant hybridization leads to
a dispersive conduction band with a low effective electron
mass, which is advantageous for high carrier mobility and
suggests promising optoelectronic device performance.
Additionally, the mixed orbital character may enhance optical
transition strengths and enable tunability of electronic pro-
perties under external factors such as pressure or strain.

We also analyzed the electronic properties of SrTeO, by
comparing the LP (orthorhombic Pbcn) and the HP1 phases
(orthorhombic Pbcm), both calculated at 0 GPa to enable a direct
comparison. The electronic band structures and DOS character-
istics of both phases are broadly similar, indicating that the main
orbital interactions are not significantly affected by the structural
differences. The energy levels, peak positions and orbital contri-
butions, including Te-O hybridization, are close to the same,
indicating that the covalent bonding character is mainly
unchanged across the transition. As shown in Fig. 4, the band
gap decreases from 2.03 eV in the LP phase to 1.40 eV in the HP1
phase at ambient pressure. In addition, the DOS patterns
between —20.4 eV and —15.7 €V reveal four peaks for the LP
phase, while only three peaks are present in the HP1 phase, and
all peaks show a reduced intensity compared to those in the LP
phase. The fewer and weaker peaks suggest that the electronic
states have been slightly modified by the structural change.

We next examined the electronic properties of the HP3
phase, which is stable from 7 to 80 GPa. The band structure
and PDOS at 7 GPa (see Fig. 4) show that the general character-
istics of orbital hybridization and atomic contributions to the
valence and conduction bands remain very similar to those
observed in the LP and HP1 phases. However, the intensity of
all peaks is significantly reduced, especially the peak at about
14 eV related to Sr 4p states. In addition, the lowest valence
bands shift from —20 eV in the LP and HP1 phases to —24 eV
in the HP3 phase, indicating stronger binding and increased
structural stability under pressure. The HP4 phase of SrTeO,,
stable at 80 GPa, exhibits metallic behavior at this pressure, as
confirmed by both the band structure and density of states
(DOS) analyses (see Fig. 4). The atomic contributions to the
electronic band structures of the HP3 and HP4 phases are
notably similar. The lowest-energy valence bands in HP3 are
separated by a minor gap of about 0.1 eV; however, this gap
vanishes in the HP4 phase at 80 GPa. A similar behavior is
observed at around —14 eV for the Sr 4p-derived bands: in
HP3, there is a gap of about 0.5 eV between these bands and
the higher-energy valence bands; however, this separation dis-
appears in HP4. Finally, the energy gap between the valence
and conduction bands vanishes in HP4, confirming its metal-
lic nature at 80 GPa. In the HP4 phase, the total density of
states (DOS) at the Fermi level has been calculated to be 3.069
states per eV, mainly coming from O 2p orbitals (2.450 states
per eV, 79%) and Te 5s orbitals (0.520 states per eV, about
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Fig. 4 The electronic band structures (left panels) and total and partial densities of states (right panels) of SrTeO, for (a, b) the LP phase at 0 GPa,
(c, d) the HP1 phase at 0 GPa, (e, f) the HP3 phase at 7 GPa, and (g, h) the HP4 phase at 80 GPa. The Fermi level is set to 0 eV.

17%). This suggests that the electrical conductivity for HP4 hybridization. The contribution of Sr atoms to N(Eg) is negli-
particularly originates from oxygen and tellurium atoms. This  gible, indicating that Sr behaves fully as Sr>" in the HP4 phase.
behavior indicates a pressure-induced insulator-to-metal tran- We then examined the pressure-dependence of the band
sition, which is mainly caused by increased Te-O orbital gap (E,) and electronic density of states (DOS) at the Fermi
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Fig. 5 (a) Pressure dependence of the electronic band gap (Eg) and (b)

the electronic density of states at the Fermi level (N(E)) for SrTeO, in
different structural phases. LP (3, black), HP1 (*, green), HP3 (m, blue),
and HP4 (@, red) phases are represented by different symbols and
colors.

level (N(Eg)). The results are given in Fig. 5, where panel (a)
shows the pressure dependence of the band gap (E,), and
panel (b) presents the corresponding N(Eg) for both the LP and
the four high-pressure phases of SrTeO,. Fig. 5(a) shows that
the LP phase and the HP1 phase, stable at 2.5 GPa, both have
semiconducting properties, with band gaps that gradually
decrease as pressure increases. The band gap of the HP3
phase, which is stable from 7 to 80 GPa, is calculated to be
0.75 eV at 7 GPa, which is lower than that of the LP (0.980 eV)
and HP1 (0.883 eV) phases at the same pressure, and con-
tinues to decrease with increasing pressure until the phase
transition at 80 GPa. The HP3 phase remains semiconducting
up to 80 GPa, despite the decreasing band gap. The band-gap
energy of phase HP3 at 80 HPa is 0.15 GPa. The HP4 phase
becomes thermodynamically stable at 80 GPa and exhibits a
metallic character at that pressure. As shown in Fig. 5(b), the
density of states at the Fermi level, N(E), increases signifi-
cantly to 3.609 states per eV at 80 GPa, indicating the begin-
ning of metallic behavior. Upon further compression, N(Eg)

14206 | Dalton Trans., 2025, 54,14199-14213

View Article Online

Dalton Transactions

increases linearly, reaching 4.501 states per eV at 100 GPa. The
results show that pressure significantly influences the elec-
tronic structure of SrTeO,, leading to an insulator-to-metal
transition and increased conductivity in the high-pressure
phase.

3.3. Phonon properties of SrTeO,

Phonon calculations are crucial for determining the dynamical
stability of SrTeO, under pressure and for understanding its
vibrational properties and structural transitions. Therefore, we
performed phonon calculations for the LP and HP1 phases at
0 GPa to allow a direct comparison under similar conditions,
comparable to the electronic structure analysis. Furthermore,
the phonon spectra of HP3 at 7 GPa and HP4 at 80 GPa have
been determined, corresponding to the pressures at which
these phases become thermodynamically stable. All SrTeO,
structures analyzed in this study consist of four formula units
per unit cell, totaling 24 atoms. As a result, the phonon dis-
persion curve contains 72 vibrational modes, which include 3
acoustic and 69 optical phonon modes.

The zone-center optical phonon modes of the LP phase can
be classified according to the irreducible representations of
the point group D,;,. The symmetry of these optical phonon
modes is predicted by group theory in the following form: " =
8(Ag + Ay) + 10(Byg + Byg) + 8Bz, + 9(Byy + Byy) + 7Bgy, where
the By, B,y, and B;, modes are infrared-active (IR), while the
Ay, Big, By, and Bj, modes are Raman-active (R). The A,
modes are silent. The calculated zone-center phonon frequen-
cies at the I' point for the LP phase of SrTeO, at 0 GPa are
given in Table 4, together with their mode symmetries and the
atomic contributions to each vibration. The corresponding
results for the HP1, HP3, and HP4 phases are presented in
Tables 5, 6, and 7 respectively. To our knowledge, no IR or
Raman experiments have been previously reported for any of
the phases of SrTeO,. However, a Raman study was carried out
for CoTeO,.” Interestingly, both compounds have four Raman-
active high-frequency modes separated by more than 100 cm™*
from the rest of the modes. These are internal stretching
modes of the coordination polyhedron of Te. These phonons
are at 780, 704, 643, and 626 cm™" in CoTeO, and at 737, 681,
630, and 610 cm™" in SrTeO,. The similarities between the fre-
quencies of the internal stretching modes of the Te coordi-
nation polyhedron in both compounds make us confident
about the accuracy of our calculations.

Our results also support that the optical phonon modes in
the LP phase are mainly determined by vibrations of Te and O
atoms, thereby confirming the strong covalent character of Te-
O bonding in SrTeO,. The wide frequency range of Raman-
active (49-737 cm™') and infrared-active (50-707 cm™)
phonon modes in SrTeO, highlights the vibrational complexity
of the crystal and suggests that Te-O bonds are crucial in both
polarizability and dipole-related lattice dynamics. The eigen-
vector analysis of zone-center optical phonon modes in the LP
phase of SrTeO, shows different atomic contributions in the
vibrational spectrum. The low-frequency modes (<150 cm™")
mainly contain Sr atom motions, consistent with its large

This journal is © The Royal Society of Chemistry 2025
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Table 4 The calculated zone-center optical phonon frequencies (v in
cm™) and dominant atomic contributions (eigen characteristics) for the
LP phase of SrTeO,4 (orthorhombic Pbcn) at 0 GPa. IR, R, and S denote
infrared-active, Raman-active, and silent modes, respectively. The atom
contributing most significantly to each mode is shown in bold. Mode
symmetries are also indicated
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Table 5 The calculated zone-center optical phonon frequencies (v in
cm™) and dominant atomic contributions (eigen characteristics) for the
HP1 phase of SrTeO4 (orthorhombic Pbcm) at 0 GPa. IR, R, and S denote
infrared-active, Raman-active, and silent modes, respectively. The atom
contributing most significantly to each mode is shown in bold. Mode
symmetries are also indicated

(v) Eigen (v) Eigen () Eigen (v) Eigen
Mode (em™)  characters = Mode (em™)  characters  Mode (em™ characters Mode (em™)  characters
A (R) 11942 Sr+Te+O By (R) 61.66 Sr+Te+O Ag(R) 9021 Sr+0 Biz(R) 59600 O
A, (R) 17827 Te+O By (R) 9472  Sr A (R) 117.59  Sr+0 By (R) 69748 O
A; (R) 222.07 Sr+O B,y (R) 14147 Sr+Te+O A, (R) 22557 O B,y (R) 14564 Sr+O
A; (R) 287.31 O B, (R) 179.39 Te+O A; (R) 27224 O B, (R) 23797 O
A, (R) 38945 O B,y (R) 23222 Te+O A, (R) 29052 O B,z (R) 27054 O
A (R) 49127 O By (R) 26607 Te+O Ag (R) 44167 O By (R) 43668 O
A; (R) 60835 O B,y (R) 34495 Te+O A (R) 160.67 O B,z (R) 62706 O
Ag (R) 73432 O B (R) 50291 O A (R) 71598 O B (R) 70784 O
B, (R) 49.02  Sr+Te+O By (R) 63095 O By, (R) 56.18 O B (R) 73.67 Sr+0
By (R) 11005 Sr+Te+O B, (R) 67149 O By (R) 12011  Sr+O B: (R) 21043 O
Bz (R) 12728 Sr+O0 By (R) 14581 Sr+0O Bi;(R) 16041 Sr+O0 Bi;(R) 24681 O
Big(R) 18047 Sr+Te+O By (R) 19938 O B (R) 24857 O By (R) 28442 O
Bi;(R) 22729 O Bi;(R) 22037 Sr+Te+O B, (R) 28008 O Bi;(R) 53117 O
Biz (R) 26715 Te+O B:; (R) 29363 O Bz (R) 35977 O B (R) 61690 O
Bz (R) 34207 Te+O By, (R) 41824 O Bi;(R) 46089 O Bi;(R) 69630 O
Biz(R) 50649 O By (R) 49924 O
Bi;(R) 63053 O Bi;(R)  609.87 O By (IR) 9446 Sr+Te+O By (IR) 39053 Te+O
B, (R) 68149 O By, (R) 73789 O By, (IR) 10025 Sr+Te+O By, (IR) 44277 Te+O
By (IR) 153.86 Te+O By (IR) 47551 Te+O
B,y (IR) 50.41 Sr+Te+0O By, (IR) 239.00 (0] B4 (IR) 206.66 Te+O B,y (IR) 72530 Te+O
By (IR) 9198 Sr+Te+O B, (IR) 32131 Te+O By (IR) 21417 Te+O Bsu (IR)  80.09 Sr+Te+O
By, (IR) 127.32  Sr+0O By (IR) 47161 O B, (IR) 26279 Te+O Byu (IR) 11128 Sr+Te+O
By (IR) 21248 O Bou (IR) 54334 Te+O B (IR) 53118 O Bs (IR) 15664 Te+O
By, (IR) 23545 Te+O By, (IR) 669.48 Te+O By, (IR) 58141 Te+O By, (IR) 20583 Te+O
By (IR) 32279 Te+O Byu (IR) 155.66 Sr+Te+O B, (IR) 70275 Te+O By, (IR) 21485 Te+O
B, (IR) 47031 O By, (IR) 207.89 O By, (IR) 13477 Sr+Te+O By, (IR) 229.89 Te+O
By (IR) 54452 Te+O By (IR) 34594 O B (IR) 153.16 Sr+Te+O By (IR) 28643 Te+O
B, (IR) 68042 Te+O By, (IR) 40271 O B, (IR) 199.74 Te+O By, (IR) 41400 Te+O
B (IR) 5283 Sr+Te+O By (IR) 51506 O B, (IR) 25091 Te+O By (IR) 45113 Te+O
B, (IR) 10602 Sr+Te+O By (IR) 58291 O B, (IR) 26448 Te+O B, (IR) 54202 O
B (IR) 12134 Sr+Te+0O By (IR) 70682 O B, (IR) 363.60 Te+O By (IR) 723.07 Te+O
B, (IR) 21726 O
Au(S) 9502 Te+O Ad (S) 363.10 Te+O
Ad(S) 101.80 Sr+Te+O A, (S) 399.88 O Au(9) 116.06 Sr+Te+0 A, (S) 42229 Te+O
Ad(9) 13770 Sr+0 Au(9) 538.16 O A (9) 135.66 Te+O Ad(9) 582.84 O
A (9) 18449 O A (9) 609.18 O A (9) 20934 Te+O A () 712.65 O
Ad(9) 35575 O Au(9) 739.03 O A (9) 23861 Te+O

atomic mass. In the mid-frequency range (150-400 cm ™), both
Te and O atoms make a significant contribution, and their
vibrational interaction is observed in a high-frequency range.
The existence of Te-related modes at high frequencies, despite
the fact that Te is heavier than Sr, suggests that the Te-O
bonds in SrTeO, are stronger than the Sr-O bonds. At higher
frequencies (>500 cm™'), oxygen atoms dominate the
vibrations. Similar behaviors are seen in both the infrared-
active and silent modes, highlighting the importance of Te-O
bonding in determining the vibrational behavior of SrTeO,.
The HP1 phase (Pbcm) zone-center optical phonon modes
are given the same point group D,;, as the LP phase; however,
their distribution of zone-center optical phonon modes is
different. Specifically, the LP phase exhibits 8A,, 10B;,, 10B,,
8B3g, 9B1y, 9Bsy, 7Bz, and 8 A, modes, whereas the HP1
phase contains 8A,, 9Byg, 6By, 7B3g, 9B1y, 10B,y, 11B3,, and 9
A, modes. The eigenvector analysis shows that, as in the LP

This journal is © The Royal Society of Chemistry 2025

phase, in the HP1 phase, the low-frequency Raman-active
modes involve Sr atom vibrations, while mid- and high-fre-
quency modes are dominated by oxygen contributions, with a
significant Te-O hybridization. The high frequency modes in
HP1, which extend up to 715-725 cm ™", are mainly dominated
by oxygen and are related to the internal stretching vibrations
of the Te coordination polyhedron. Our results confirm the
persistence of strong Te-O covalent bonding under pressure.
The HP3 phase of SrTeO,, stabilized at 7 GPa, belongs to
the point group C,,, which results in a different symmetry
classification compared to the LP and HP1 phases. An analysis
using group theory yields the following distribution of zone-
center phonon modes: I = 18A, + 18B, + 17A, + 16B,, where
the A, and B, modes are Raman-active, and the A, and B,
modes are infrared-active. The calculated phonon modes and
eigenvector analysis (Table 6) show that the vibrational behav-
ior in HP3 is notably richer and more delocalized compared to

Dalton Trans., 2025, 54,14199-14213 | 14207
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Table 6 The calculated zone-center optical phonon frequencies (v in
cm™) and dominant atomic contributions (eigen characteristics) for the
HP3 phase of SrTeO4 (monoclinic P2;/c) at 7 GPa. IR and R denote infra-
red-active and Raman-active modes, respectively. The atom contribut-
ing most significantly to each mode is shown in bold. Mode symmetries
are also indicated
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Table 7 The calculated zone-center optical phonon frequencies (v in
cm™) and dominant atomic contributions (eigen characteristics) for the
HP4 phase of SrTeO4 (monoclinic P2;/n) at 80 GPa. IR and R denote
infrared-active and Raman-active modes, respectively. The atom contri-
buting most significantly to each mode is shown in bold. Mode sym-
metries are also indicated

) Eigen (v) Eigen (v) Eigen (v) Eigen
Mode (em™ characters Mode (em™)  characters = Mode (em™) characters ~ Mode (em™) characters
A;(R) 6415 Sr+Te+0 By (R) 5251  Sr+Te+O Ag(R) 53.450 Sr+Te+O By (R) 65229 Sr+Te+O
A; (R) 80.74 Sr+Te+O B (R) 6838 Sr+Te+O A (R) 100.634 Sr+Te+O By (R) 83.353 Sr+Te+O
A (R) 95.93 Sr+Te+0  Bg(R) 98.29 Sr+Te+0O Ag(R) 114178 Sr+Te+O Bg(R) 129404 Sr+Te+O
A;(R) 121.77 Sr+Te+O By (R) 11229  Sr+Te+O A (R) 122370 Sr+Te+O By(R)  137.849 Sr+Te+O
A (R) 131.84 Sr+Te+0 By (R) 13944 Sr+Te+O0 Ag(R) 177775 Sr+Te+O By(R) 186226 Te+O
A; (R) 156.05 Sr+Te+O  Bg(R) 159.82 Sr+Te+O A (R) 189514 O B;(R)  207.780 Te+O
A (R) 162.64 Sr+Te+0 By (R) 18343  Sr+Te+O A (R) 211.813 Sr+Te+O By(R) 215441 Te+O
A (R) 22553 Sr+Te+0O  Bg(R) 205.81 Sr+Te+O Ag(R) 220725 Te+O B;(R) 225381 Te+O
A (R) 24729 Te+O B; (R) 235.67 Sr+Te+O Ag(R) 266304 Te+O B;(R) 268.001 Te+O
A; (R) 260.71 Te+O B, (R) 269.11 Te+O A;(R) 283937 Te+O B;(R) 292210 O
A (R) 32584 Te+O B; (R) 34142 Te+O A;(R) 337772 Te+O B;(R) 340790 Te+O
Ag(R) 33722 Te+O B, (R) 353.68 O A;(R) 366277 O B,(R) 391951 O
A (R) 359.17 Te+O B; (R) 386.70 Te+O A;(R) 458319 O B,(R) 466201 O
A; (R) 39520 O B, (R) 41439 Te+O A;(R) 475779 O B;(R) 474467 O
A (R) 678.01 Te+O B; (R) 69143 Te+O A;(R) 552787 O B;(R)  555.068 O
Ag(R) 691.95 Te+O B, (R) 705.64 Te+O A;(R)  580.026 Te+O B;(R) 579.023 O
A (R) 70421 O B; (R) 718.69 Te+O A;(R) 593348 O B;(R) 584619 Te+O
A; (R) 716.09 O B, (R) 73153 O A;(R) 667.687 O B,(R) 668122 O
A, (IR) 71.07 Sr+Te + O B, (IR) 68.94 Sr+Te+0O A, (IR) 50.069 Sr+Te+O B, (IR) 53.200 Sr+Te+O
A, (IR) 9446 Te+O B,(IR) 106.82 Sr+Te+O A,(IR) 79.381 Sr+Te+O B,(IR) 89211 Sr+Te+O
A,(IR) 11613 Sr+Te+O B,(IR) 13837 Sr+Te+0O A, (IR) 94014 Sr+Te+O B,(IR) 115943 Sr+Te+O
A,(IR) 13574 Sr+Te+O B,(IR) 15658 Sr+Te+O A,(IR) 121.553 Sr+Te+O B,(IR) 143.457 Sr+Te+O
A,(IR) 16715 Sr+Te+O B,(IR) 17136 Sr+Te+O A,(IR) 129906 Sr+Te+O B,(IR) 210.839 Te+O
A,(IR) 189.04 Sr+Te+O B,(IR) 211.33 Sr+Te+O A,(IR) 195866 Te+O B,(IR) 218301 O
A.(IR) 20367 Sr+Te+O B,(IR) 21949 Te+O A (IR) 209.873 Sr+Te+O B,(IR) 238850 O
A,(IR) 21952 Sr+Te+O By(IR) 268.74 Te+O A (IR) 231784 Sr+Te+O B,(IR) 315355 Te+O
A,(IR) 23964 Sr+Te+O B,(IR) 32844 Te+O A,(IR) 316640 Te+O B,(IR) 340.004 O
A,(IR)  296.06 Te+O B,(IR) 35962 Te+O A,(IR) 347006 O B,(IR) 384224 O
A,(IR) 35221 Te+O B,(IR) 37046 Te+O A,(IR) 381705 O B,(IR) 434590 O
A,(IR)  387.00 Te+O B,(IR) 38294 Te+O A,(IR) 434871 O B,(IR) 485785 O
A,(IR) 41994 Te+O B,(IR) 66846 Te+O A,(IR) 507.483 Te+O B,(IR) 513346 O
A,(IR) 68011 Te+O B,(IR) 691.01 Te+O A,(IR) 514950 O B,(IR) 536.596 O
A,(IR) 69291 O B,(IR) 69627 O A,(IR) 563441 O B,(IR) 578382 O
A,(IR) 69534 Te+O B,(IR) 72610 O A (IR) 592740 Te+O B,(IR) 642991 O
A, (IR) 727.03 Te+ O A, (IR) 671.006 o

LP and HP1 phases. Low-frequency modes (<150 cm™"') have
significant contributions from all three atoms (Sr, Te, O), indi-
cating collective lattice dynamics. In the mid-frequency range
(150-400 cm™"), Te-O hybridization dominates, with strong
coupling between Te and O atoms. High-frequency modes
(>650 cm™") are mainly oxygen-dominated; however, they also
show a considerable contribution from tellurium. This indi-
cates that the Te-O covalent bonding in the HP3 phase is
stronger under pressure than in the LP and HP1 phases.

The HP4 phase of SrTeO,, like HP3, crystallizes in a mono-
clinic structure that can also be described by the space group
P2,/c (P24/c and P2,/n are two different notations for the same
monocyclic space group). The crystal structure of phase HP4
belongs to the C,, point group. Since HP4 shares symmetry
and number of atoms per unit cell with HP3, the same
number of modes with the same symmetry are expected.
However, the distribution of phonon modes and atomic contri-
butions show significant differences between the two phases

14208 | Dalton Trans., 2025, 54,14199-14213

due to pressure-induced structural changes at 80 GPa. In com-
parison with the LP and HP1 phases (both orthorhombic, D,
symmetry), the number of Raman- and IR-active modes in HP4
increases, indicating reduced symmetry and increased com-
plexity of the structure under high pressure. The eigenvector
analysis indicates that in the low-frequency range (<150 cm™"),
vibrations are mainly related to Sr atoms, consistent with
observations in other phases. However, in contrast to LP and
HP1, the contributions of Te atoms in the mid- and high-fre-
quency regions are greater in HP4, indicating stronger Te-O
bonding under high pressure. In addition, high-frequency
Raman-active and IR-active modes (extending up to 668 cm™*)
are still largely dominated by O atoms; nevertheless, consider-
able Te-O hybridization is also seen, especially in the modes
between 550-600 cm™'. This confirms previous observations
that Te-O covalent bonding remains strong and could be sig-
nificantly increased in HP4. The HP4 phase shows slightly
lower phonon frequencies for the high-frequency modes com-

This journal is © The Royal Society of Chemistry 2025
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pared to HP3, a detail that will be further discussed in the fol- SrTeO, in the LP (0 GPa), HP1 (0 GPa), HP3 (7 GPa), and HP4
lowing analysis. (80 GPa) phases are shown in Fig. 6. All four phases contain

The phonon dispersion curves and the corresponding and positive phonon frequencies throughout the Brillouin zone,
the total and partial phonon density of states (PDOS) for suggesting that they are dynamically stable at the corres-

O
~
N
o
o

a) 240

LP-0GPa

o
o
T

20.0

o
o
[
e & ©
T

o
T

]
o

5
o

Frequency (THz)
N
o
Density of States (States/THz)
S 5]
o o

)
o

8 12 16 20 24
Frequency (THz)

=
o

HP1-0GPa

o
o

)
=)

o)
o

5l
o

Density of States (States/THz)
IS S
o o

g
=)

=
o

HP3-7GPa
180 F Tosal 3

—h

2
N
o
o

2
o
T
[e]
I

140 F 1

~

=)
T
s

Frequency (THz)
o
o o ; ~ ]

Density of States (States/THz)
S S
o

Frequency (THz)

" HP4-80GPa HP4-30GPa
1 1 180 F Sr E
[———

>

o
T
o
L

>

=)
T
L

~

=)
T
s

[
o
T
s

Frequency (THz)

o
=
T
L

Density of States (States/THz)
S S
o o

o N

o o
T
1

Frequency (THz)

Fig. 6 The phonon dispersion curves (left panels) and the corresponding total and partial phonon density of states (PDOS) (right panels) for SrTeO, at
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ponding pressures. The phonon dispersion curves of the LP
phase of SrTeO, are divided into three distinct regions: a low-
frequency region (LFR) extending from 0 to 13 THz, an inter-
mediate-frequency region (IFR) ranging from 14 to 19 THz,
and a high-frequency region (HFR) above 19 THz. The LFR
consists of three acoustic branches and forty-four optical
phonon branches, which exhibit a relatively high dispersion.
The LFR and the IFR are separated by a phonon gap of
approximately 1.0 THz, which is probably the result of the
mass difference between the different types of atoms in the
unit cell. The IFR and HFR include 16 and 9 optical phonon
modes, respectively, and are separated by a phonon gap of
about 1 THz. The first region, below 5.5 THz, is dominated by
vibrations of Sr atoms, with significant contributions from
strong Te-O hybridization. The result agrees with our previous
electronic structure analysis and further supports strong Te-O
bonding. In the frequency range between 5.5 and 13 THz, the
phonon modes are dominated by oxygen atoms. Although Te-
O hybridization is still present in this region, it is weaker than
that in the lower-frequency modes. The contribution of Sr
atoms to the phonon modes disappears above approximately 8
THz. As expected, the intermediate- and high-frequency
regions are dominated by oxygen vibrations, the lightest
element of SrTeO,. The contribution of Te atoms in this fre-
quency range is quite small. The appearance of high-frequency
Te-related modes, despite Te being heavier than Sr, provides
additional evidence of stronger Te-O bonds.

The phonon dispersion curves of the HP1 phase are broadly
similar in both shape and frequency range to those of the LP
phase. In the LP phase, four optical phonon modes about 12
THz are separated from lower-frequency modes in the LFR by a
phonon gap of about 0.1 THz. In the HP1 phase, the small gap
closes and the LFR increases to 15.8 THz, about 4 THz higher
than the LP phase. In the HP1 phase, the LFR is separated
from the IFR by a gap of only 0.1 THz, while the corresponding
gap in the LP phase is approximately 1 THz. The highest
phonon frequency increases from 22.4 THz in the LP phase to
23.2 THz in the HP1 phase. Similar to the LP phase, Sr atoms
dominate the low-frequency region of the HP1 phase, with
vibrational contributions extending up to about 8 THz. Strong
Te-O hybridization is observed in the HP1 phase below 5.5
THz, which is also comparable to the LP phase. This implies
that the atoms in both structures have the ability to create
strong covalent bonds. The IFR and HFR regions are mainly
characterized by oxygen vibrations in the HP1 phase, similar
to the LP phase. Te atoms continue to make minor contri-
butions to the HFR region, despite their heavier mass. This
indicates that the Te-O bonds are also stronger than the Sr-O
bonds in this phase.

The phonon dispersion curves of the HP3 phase at 7 GPa is
substantially different from those of the LP and HP1 phases.
The LP and HP1 phases have three separate regions divided by
minor gaps, whereas the HP3 phase spectrum is clearly
divided into only two main parts, separated by a significantly
larger phonon gap of about 8 THz. Sr atoms again dominate
the low-frequency region, with their vibrational contributions
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extending up to approximately 7.2 THz. In the frequency range
below 5.5 THz, the vibrational contribution of O atoms is
greater in HP3 than in the LP and HP1 phases. Also, Te atoms
show increased vibrational activity in the HFR region com-
pared to the LP and HP1 phases. The increased vibrational
activity of the heavier Te atoms in the HFR region implies that
the Te-O covalent bonds are stronger in the HP3 phase.

The phonon curve of the HP4 phase at 80 GPa significantly
differs from that of HP3; however, it has a general similarity to
the phonon curve of the LP and HP1 phases. As in the LP and
HP1 phases, the phonon spectrum of HP4 is also divided into
three regions: LFR, IFR, and HFR. However, unlike LP and
HP1, where the phonon gaps between LFR-IFR and IFR-HFR
are about 1 THz, in HP4 these gaps are significantly reduced
to approximately 0.2 THz. The decrease in phonon gaps can be
related to the higher pressure (80 GPa), which increases intera-
tomic interactions and reduces the vibrational difference
between different types of atoms. Similarly to the LP and HP1
phases, Sr atoms in the HP4 phase mainly contribute to the
low-frequency region, with vibrations extending up to approxi-
mately 7.8 THz. In the same region, significant Te-O hybridiz-
ation is observed, signifying the existence of strong covalent
interaction between Te and O atoms. In the IFR and HFR
regions, oxygen vibrations remain dominant; however, the
vibrational contribution of Te atoms in these regions is notice-
ably higher compared to the LP and HP1 phases. This increase
suggests that the Te-O covalent bonding in HP4 is stronger
than in the lower-pressure phases. Finally, the maximum
phonon frequency in the HP4 phase is found to be lower than
that of the other phases. This decrease may indicate that,
under high pressure, structural changes result in a decrease in
the average bond stiffness of the system. In particular,
increased directionality in Te-O bonding and the formation of
new coordination environments may suppress certain high-fre-
quency vibrational modes, thereby reducing the upper limit of
the phonon spectrum. The results clearly show the impact of
pressure on the vibrational properties and bonding character-
istics of SrTeQ, in its various phases.

Recently there have been found many compounds formed
by chalcogen elements which undergo metallization under
compression.*’ In these compounds usually the transition to
the metallic state has been considered as a precursor to super-
conductivity.*® Given the predicted metallization of SrTeO, we
have explored if this compound could become a superconduc-
tor under HP. Taking advantage of phonon calculations, we
also employed linear response theory together with the
Migdal-Eliashberg formalism to investigate the electron—
phonon interaction and the possibility of conventional
phonon-mediated superconductivity in SrTeO, up to 100 GPa.
Although the pressure-induced metallization is observed in
SrTeQ,, there is no evidence of superconductivity at pressures
up to 100 GPa. The calculated electron-phonon coupling para-
meters (4) are 0.00345 at 80 GPa and 0.01020 at 100 GPa.
These values of the electron-phonon coupling are too small,
leading to weak lattice distortions and hindering supercon-
ducting pairing correlations. Using the electron-phonon coup-
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Table 8 Summary of the main results reported in this work for the
different phases of SrTeO,4 including the coordination number of Sr and
Te. The band-gap energy (Eg) is given at the transition pressure. More
information can be found in the previously reported tables

Pressure Space
Phase range (GPa) group Kprange Eg(eV) CNSr CNTe
LP 0-2.5 Pbcn 73 2.04 6 6
HP1 2.5-7 Pbcm 103 1.02 9 6
HP3 7-80 P2,/c 153 0.73 10 5
HP4 80-100 P2,/n 175 0 11 7

ling parameter (1), the logarithmic average phonon frequency
(@) is calculated to be 538.3 K at 80 GPa and 505.8 K at 100
GPa. The extremely weak electron-phonon coupling suggests
that lattice vibrations have minimal influence on Cooper pair
formation and therefore likely suppress the emergence of
superconductivity, even after metallization. In addition, the
calculated superconducting critical temperatures (7.) are as
low as 0.001 K at 80 GPa and 0.002 K at 100 GPa, indicating a
negligible possibility of superconductivity in the high-pressure
metallic phase.

4. Conclusions

In this study, we examined the behavior of SrTeO, under high
pressures up to 100 GPa by applying the density-functional
theory. Our findings indicate that the GGA-PBE approxi-
mation effectively characterizes the crystal structure at
ambient pressure. Additionally, we characterized the high-
pressure behavior of SrTeO, up to 100 GPa. Table 8 summar-
izes the stability of different phases of SrTeO, and their pro-
perties. We discovered that SrTeO, is anticipated to experi-
ence three phase transitions at pressures of 2.5, 7, and 80
GPa, respectively. The crystal structures corresponding to
these three high-pressure phases are documented. These
transitions result in successive reductions of the unit-cell
volume and alterations in the coordination polyhedra of Sr
and Te. Such structural modifications influence the elec-
tronic and vibrational properties of the compound under
investigation, which have been systematically analyzed in our
research. Notably, we observed that pressure induces a
pressure-driven metallization of SrTeO,, which is associated
with the changes in Te-O bonding caused by the increased
hybridization between Te 5d and O 2p orbitals. Furthermore,
we explored the possibility of inducing superconductivity in
SrTeO, through pressure using the Migdal-Eliashberg formal-
ism and concluded that the material is not expected to
exhibit superconductivity up to 100 GPa. Our results offer
essential insights into the crystal symmetry, electronic
characteristics, and lattice dynamics of SrTeO,. The insights
gained from this work are vital for improving our understand-
ing of the behavior of tellurates under compression. We
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anticipate that the results presented in this study will stimu-
late experimental investigations that provide structural, elec-
tronic, and vibrational data for comparison and interpret-
ation in future experiments. Powder X-ray diffraction, Raman,
and resistivity experiments performed using diamond-anvil
cells would be requested to confirm the predicted phase tran-
sitions and metallization.
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