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ABSTRACT ggo

Pressure is an effective way to regulate physical properties of ABO; perovskites, such as thermal conductivity x of SrTiO;, which can
enhance fundamental understanding of structure-property relationships. In this Letter, « of SrTiO; was investigated up to ~20 GPa using
high-pressure time domain thermoreflectance together with Raman spectroscopy and first-principles calculations. Our theoretical predictions
effectively explain the measured results. In both cubic and tetragonal phases, k increased with compression, and optical phonons are the
dominant heat carriers. The phonon group velocity and relaxation time make prominent contributions to x with compression in the cubic
phase, while the reduction in the anharmonicity of phonon modes and the phonon scattering channels dominates the increase in « in the
tetragonal phase. Especially, during the transition from cubic to tetragonal phases, there is a significant drop in x, which originally results
from the TiOg4 octahedral distortion induced by the soft-phonon-mode, which markedly reduces the phonon group velocity. Our results not
only help reveal the pressure effect on k of complex oxides but also pave their way for applications on high-temperature superconductors

and spin devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098353

Perovskites are particularly interesting materials since even slight
regulations, such as isotope substitution,’ chemical doping,l and exter-
nal pressure,” can generate obvious changes in physical and chemical
properties. Strontium titanate (SrTiO;), as model ABO; perovskites,
exhibits a variety of phase transitions as a result of a delicate balance
between fluctuation effects* and a quantum-mechanical driving force,”
which lead to symmetry reduction. For instance, pressure will reduce
zone-center ferroelectricity but increase anti-ferrodistortive tilt insta-
bilities at the zone-boundary.(’ Hence, the complex behaviors accom-
panied by structural transitions are of fundamental importance and
have attracted widespread interest in applications in superconductors,”
microelectronics,” and spin devices.”

Applying external pressure on SrTiO; can advance our funda-
mental understanding of structure—property relationships. Previous
studies on SrTiO; at high-pressure mainly focused on pressure-
induced structural transitions. Many optical techniques, such as
Brillouin,'’ Raman spectroscopy,''* x-ray diffraction,'" and inelastic
x-ray scattering,"’ have been employed to prove that SrTiO; undergoes
anti-ferrodistortive phase transitions at 6-9 GPa, where the structure
changes from a cubic to tetragonal phase. The change in interatomic
forces under high-pressure favors the lower-symmetry tetragonal

phase.”” Similar to the impact of low temperatures,"* the pressure-
induced phase transition mechanism is attributed to the soft-phonon-
mode, which leads to the elongation and tilt of the TiOg octahedral in
the tetragonal phase.”” While the tilt reduces the volume of the unit
cell, the elongation increases it. The balance between the two effects is
complex and not simply proportional to the tilt angle itself. Aside
from that, Zhang et al.'® have investigated size-dependent cubic to
tetragonal transitions on SrTiO; nanoparticles, finding that the transi-
tion pressure decreases with decreasing particle size. The structural
transitions of SrTiO; under high-pressure have been thoroughly stud-
ied, while several reports have also devoted to comprehend the elastic-
ity'” and optical and electronic properties'® of SrTiO;. However,
because of the significant challenge in the experimental technique, the
observation of SrTiO; phonon transport behaviors under high-
pressure is thus far lacks. The role of the soft-phonon-mode on ther-
mal conductivity x in SrTiO; remains elusive under high-pressure
despite the fact that assessing the contribution of the particular pho-
non mode on « is of great interest.

In this work, time domain thermoreflectance (TDTR) integrated
with a diamond anvil cell (DAC), a powerful method for measuring
optical'” and thermal*”*" properties under high-pressure, was employed
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to characterize  of SrTiO; up to ~20 GPa. High-pressure Raman spec-
troscopy was also implemented to investigate structure transitions.
Combined with first-principles calculations, the underlying mechanism
of pressure regulation on x of SrTiOs, especially the x changing with
cubic to tetragonal phase transitions, was first unveiled at the phonon
mode level.

In our experiment, two identical SrTiO; samples were prepared
for either structure characterization by high-pressure Raman spectros-
copy or thermal measurements through high-pressure TDTR with a
DAC (Fig. 1). The one for TDTR measurement had been coated with
a ~90 aluminum (Al) film before loading into the DAC. The sample
encapsulation procedures, TDTR experiment details, and Raman spec-
troscopy were described in detail in the supplementary material. In
addition, the ruby spectra at the selected pressure were also presented
in Fig. S1 of the supplementary material. Raman spectroscopy was
employed to track structural transitions in SrTiO; up to ~17 GPa,
shown in Fig. 2(a). In the cubic phase of SrTiO;, first-order Raman
scattering is forbidden by symmetry;'' however, a strong and broad
scattering signature is observed. These broad bands are associated with
the second-order Raman spectra and their intensity decreases signifi-
cantly with compression. For convenience, we assign peak positions
using letters A, B, and C in an alphabetical order from low to high fre-
quencies. The two first-order peaks with E, + B, symmetry emerge at
6.6 GPa, revealing the structural transition (anti-ferrodistortive) to the
tetragonal phase, which is in agreement with earlier reports.'>**** The
soft mode of A, symmetry is followed down to 79 cm ™' at ~12.3 GPa,
which is fitted by an expression of the form w*=a x (P — P,), giving a
critical pressure of P, = 6.6 GPa.

The evolution of the Raman shifts with pressure for second-order
and first-order modes is presented in Fig. 2(b). We read each possible
peak position instead of applying the multi-peak fitting for the second-
order Raman cannot be described by damped harmonic oscillations.
Apart from the soft mode A, these mode frequencies increase line-
arly with pressure, and the slopes of the first-order modes are half of
the minimal slopes measured for the second-order features.
Combining our Raman analysis and inelastic x-ray results in previous
results,” we can conclude that the anti-ferrodistortive cubic-tetragonal

141
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FIG. 1. The schematic diagram of the pressure-induced cubic rotation to tetragonal
structure of SrTiOs.
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FIG. 2. (a) Selection of Raman spectra recorded with pressure. Peak positions of
second-order modes are assigned using letters A, B, and C in an alphabetical order
from low to high frequencies. Eq + Byq and Aq are assigned as the first-order
mode and the soft mode, respectively. (b) Evolution of the Raman shifts with pres-
sure for second-order (solid symbols) and first-order modes from the tetragonal
phase (open symbols). The slopes of these modes are from 1.3 to 8.1 cm™'/GPa
labeled in (b).

transition associates with the elongation and tilt of the TiOs octahedral
in the tetragonal phase,"” which leads to strongly nonlinear couplings
among the structural order parameter, the volume strain, and the
applied pressure. We also find that the width of second-order bands
sharpens and the intensity weakens with compression. The behaviors
of second-order features imply that Ti-O stretching and bending
vibrations are becoming more harmonic with increased pressure,
which indicates the atoms better ordered on their lattice sites accord-
ingly.”” Therefore, according to the analysis of Raman scattering
results, it is obvious that investigating the phonon transport behaviors
of SrTiO; can help reveal the effect of pressure-induced structural
transitions, so that deepen our understanding of the structure-prop-
erty relationships.

We subsequently conduct high-pressure TDTR experiments to
investigate the x of SrTiO; up to ~20 GPa. Analyzing TDTR signals
requires adjusting unknown parameters to minimize the differences
between the experimental data and theoretical model. Bidirectional
heat flows into both SrTiO; and silicone-oil are considered.”* Except
for k of SrTiO; and interfacial thermal conductance G of Al/SrTiO;
extracted from the fitting, other parameters are determined carefully
in the supplementary material, including x of silicone-oil, volumetric
heat capacity C of silicone-oil, Al, and SrTiO;, and thickness h of Al
(Fig. S2 in the supplementary material). We also confirmed that the
accuracy on the k measurement is highly sufficient through a sensitiv-
ity analysis of main parameters to the TDTR signal, shown in Fig. S4
of the supplementary material, where a high sensitivity can be found
on the x of SrTiO;. Figure 3(a) illustrates the fitted ratio signals at the
selected pressure. A wavy oscillation feature can be seen due to the
Brillouin scattering of silicone-oil, which reflects that Al is not in con-
tact with the anvil (Fig. S5 in the supplementary material).””
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FIG. 3. (a) The ratio signal of in-phase (Vi) and out-of-phase (V,) voltages fitted
with the theoretical model at the selected pressure. (b) « of SrTiO; as a function of
pressure. Solid symbols are experimental results, and the open ones are from first-
principles calculations.

The experimental pressure-dependent x of SrTiOs, which is sum-
marized in Fig. 3(b) by solid circles, increases monotonously with
compression in the cubic phase, and the increment is ~34%. While
the anti-ferrodistortive cubic-tetragonal transition occurs at around
6GPa, k of SrTiO; drops from 12.2 to 9.3W m ™' K ' markedly.
With the continued compression, the measured values rise again. The
pressure-dependent x of SrTiO; has similar trends with that of NaCl
measured by Hsieh,”® while the basic physical mechanism of this phe-
nomena is different. The relevant analysis will be provided later. The
pressure-dependent « is calculated by first-principles calculations, and
the details of which are described in the supplementary material. As
shown in Fig. 3(b), the measured values nicely consist with our calcu-
lated results (open squares).

To reveal the underlying mechanism responsible for x of SrTiO;
behaviors, we conduct detailed analysis at the phonon mode level. In
our calculations, three-phonon scattering instead of four-phonon scat-
tering is considered for it can describe thermal behaviors of SrTiO;
with adequate accuracy.”” By solving the eigenvalues of the dynamical
matrix extracted from the harmonic interatomic force constants, we

scitation.org/journal/apl
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obtain the phonon dispersion and phonon density of states (PDOS) of
SrTiO; for the cubic phase at 0 GPa [Fig. 4(a)] and the tetragonal
phase at 7GPa [Fig. 4(b)]. We find that the dispersions of acoustic
phonons are quickly flattened as the wavevector moves away from the
zone center. Compared with acoustic branches, some of the optical
branches are dispersive, which imply that their contributions to x are
not negligible. Prior studies”””” have demonstrated that the contribu-
tion of optical phonons to k are important in nanostructured materi-
als, and their effects on x of bulk SrTiO; need to be further
considered. To quantify the contribution of acoustic and optical pho-
nons on « of bulk SrTiO;, we calculate the frequency distribution of x
of SrTiO; for the cubic phase at 0 GPa and the tetragonal phase at
7 GPa, shown in Fig. 4(c). We notice that the contribution to x mainly
originates from the phonons with 0-15 THz, especially above 5 THz,
for both cubic and tetragonal phases. From the phonon dispersion and
PDOS, the phonon frequency above 5 THz is optical branches. The
coupling of acoustic and optical phonons arising from the strongly
inharmonic mode limit the contribution of acoustic phonons to r.”’
As a consequence, the contribution of acoustic phonons to the total k
is suppressed to less than 30% while the optical phonons, thus, con-
tribute to more than 70%. Therefore, optical phonons seem to be the
dominant heat carriers in SrTiOs.

To elucidate the influence of pressure and phase-transition on x
behaviors, we analyze phonon properties. According to the classical
kinetic theory, x can be expressed as”'

K= ZCph(vg)zu, (1)
A

where Cpy, is the phonon heat capacity, v, is the phonon group velocity,
7 is the phonon relaxation time, and /4 represents the wavevector and
polarity of a phonon mode. Figure 4(d) depicts the average v, within
15THz as a function of pressure, and frequency dependent v, at the
selected pressure is shown in Fig. S6 of the supplementary material.
We find that the average v, increases monotonously with pressure in
the cubic phase. When the cubic phase changes to the tetragonal
phase, it drops markedly. In the tetragonal phase, however, the average
v, reduces with increasing pressure. Another phonon property govern-
ing « is the 7. Figure 4(e) shows the frequency dependent 7 at 0 and
20 GPa. It can be found that the 7 of 0-15 THz increases with pressure.
The quite high 7 for 20 GPa at about 17 THz is rooted in the numerical
instability of an iteration algorithm in ShengBTE package (see Fig. S7
in the supplementary material). Regarding to the C,j, which is shown
in Fig. S2(a) in the supplementary material, it also slightly increases
with pressure at cubic and tetragonal phases. Therefore, according to
Eq. (1) and separate analyses of Cois Vg and 7, it seems that all three
components contribute positively to k in the cubic phase, and x plum-
mets during phase transitions due to the reduction in v,. In the tetrag-
onal phase, C,j, and 7 are still positive contributions to , whereas v, is
the opposite.

Since « relates to the sum of the contribution from each phonon
mode, we here try to separately adjust C,, v, and 7 of each phonon
mode in the x calculations in order to discuss their effect on x theoret-
ically. As shown in Fig. 5(a), we replace each of the three components
with high-pressure values, while the other two remain the initial value
of each phase. For instance, when looking into the Con effect, x was
calculated using C,, of high-pressure values while v, and 7 using either
the constants at 0 GPa for cubic or the ones at 7 GPa for tetragonal
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at 0 and 20 GPa.

phases. Specifically, in the cubic phase, the replaced x by pressure-
dependent v, and 7 of each phonon mode increases with compres-
sion. However, the replaced «x by high-pressure C,, of each phonon
mode decreases slightly with compression despite the increase in
total Cpy,. Thus, the enhancement of x by v, and t surpasses the
reduction of k by C,, making x increases monotonously. According
to the average v, and the trend of the replaced x by v, and 1, we
believe that the reduction of v, governs the drop in « after phase

transitions. That is, the elongation and tilt of the TiO4 octahedral
induced by the soft-phonon-mode reduce the v,. On the other hand,
in the tetragonal phase, 1 makes great positive contributions on x
while the replaced x by C,, and v, decreases with increasing pres-
sure, which means that 7 is the dominant factor for x of SrTiOs;.
This observation supports our Raman scattering results that Ti-O
stretching and bending vibrations are becoming more harmonic
with compression.
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X ®
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FIG. 5. (a) Calculated x with Cpp, Vg, and 7 of each phonon mode separately replaced by high-pressure values. (b) The frequency-dependent Griineisen parameter y of
SrTiO3 with the tetragonal phase at 7 and 20 GPa. (c) The frequency-dependent weighted phase space of SrTiO3 with the tetragonal phase at 7 and 20 GPa.
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Generally, Griineisen parameter y reflects the anharmonicity of
phonon modes, as well as the weighted phase space characterizes the
number of available phonon scattering channels. Hence, to further
reveal the increase in 7 of the tetragonal phase, we calculated the y and
the weighted phase space for three-phonon scattering. As shown in
Fig. 5(b), within the major phonon frequency range that contributing
to the thermal transport (0-15 THz), the y at 7 GPa is larger than that
of 20 GPa, indicating that pressure can benefit the harmonicity of pho-
non scattering.”” For the weighted three-phonon scattering phase
space of 7 and 20 GPa, as shown in Fig. 5(c), it can be seen that the
phase space of 0-15THz at 7 GPa is also larger than that of 20 GPa.
As a result, more three-phonon scattering processes in lower pres-
sure.”” Therefore, we can conclude that in the tetragonal phase, the
increase in 7 is attributed to the decreasing in both y and the weighted
phase space, which reduce the anharmonicity of phonon modes and
the phonon scattering channels, respectively.

In summary, the pressure dependent x of SrTiO; was experimen-
tally and theoretically investigated up to ~20 GPa. Our first principles
calculations well explain the measured « by the TDTR technique. We
find that optical phonons dominate x of SrTiO; in both cubic and
tetragonal phases. On the contrary, in the pressure range of the cubic
phase, the increase in Vg and 7 makes «x increase monotonously with
compression. During the transitions from the cubic to tetragonal
phase, the significant drop in x is dominated by the reduced v,, which
originally results from the elongation and tilt of the TiOg octahedral
induced by the soft-phonon-mode. In the tetragonal phase, the mono-
tonically increased x with compression mainly relies on the reduction
of the anharmonicity of phonon modes and the phonon scattering
channels. Our results not only help reveal the pressure effect on x of
complex oxides but also pave their way for applications on high-
temperature superconductors and spin devices.

See the supplementary material for more details on sample prep-
arations, TDTR experiments, high-pressure Raman spectroscopy,
first-principles calculations, and some supporting data.
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