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Abstract 

We study the response of SrTiO3 and KTaO3’s vibrational properties and thermal conductivity1 Λ to 

pressurization. The goal is to improve understanding of the relationship between crystal structure, 

vibrational dynamics, and thermal conductivity in perovskites. We measure the thermal conductivity of 

SrTiO3 and KTaO3 up to 28 GPa by time-domain thermoreflectance. We also perform Raman scattering 

and stimulated Brillouin scattering measurements of SrTiO3 and KTaO3 to characterize changes in 

vibrational dynamics with pressure. The thermal conductivity of SrTiO3 increases under pressure with a 

slope comparable to other perovskites whose thermal conductivity has been measured vs. pressure. 

Alternatively, the thermal conductivity of KTaO3 has a stronger pressure dependence than that of other 

materials with similar crystal structure. We correlate pressure-induced changes in Raman and Brillouin 

spectra with pressure-induced changes in thermal conductivity. We show that pressure-induced changes 

in phonon lifetimes dominate the pressure dependence of thermal conductivity. This study provides 

benchmark knowledge on why Λ depends on pressure and improves understanding of structure/thermal-

property relationships. 
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Introduction 

Perovskite oxides are an important class of functional materials because small modifications in the crystal 

structure can cause dramatic changes in properties [1,2]. SrTiO3 is a ‘model’ system for this kind of 

structure/property relationship due to its quantum paraelectric ground state, as well as its cubic-tetragonal 

phase transition at 105 K. As a result, the relationship between temperature, vibrational dynamics, and 

thermal transport in perovskites such as SrTiO3 has been explored for more than half a century [3–7]. 

However, the question of how pressure-induced changes in vibrational dynamics affect 𝛬 has received 

much less attention [8]. In many ways, pressure is a more effective experimental knob for changing 

vibrational dynamics than temperature. Phonons are quanta of lattice vibration and the main heat carriers 

in nonmetallic crystals [9]. Thermal conductivity from phonons is 

𝛬 = ∫
1

3
𝑐(𝜔) ⋅ 𝑣(𝜔)2 ⋅ 𝜏(𝜔) ⅆ𝜔

𝜔𝑚

0

,  (1) 

where 𝑐(𝜔) is the heat capacity per phonon of frequency 𝜔, 𝑣(𝜔) is the phonon group velocity, and 𝜏(𝜔) 

is the phonon lifetime. All three parameters depend on vibrational dynamics. Temperature is only 

effective in tuning the frequency of some low-energy transverse optic phonons in perovskites [10,11]. 

Pressure will affect the frequency of nearly all phonon modes. By measuring both vibrational dynamics 

and thermal conductivity under pressure, we can determine how pressure-induced changes in vibrational 

dynamics affect thermal transport.  

In this work, we measured the 𝛬(𝑃) of SrTiO3 and KTaO3 up to 28 GPa by time-domain 

thermoreflectance (TDTR) with a diamond anvil cell (DAC). We also performed Raman and stimulated 

Brillouin scattering measurements of vibrational properties vs. pressure. 

SrTiO3 and KTaO3 were chosen for our study due to their similarities and differences. Both materials have 

similar crystal and vibrational structures. SrTiO3 and KTaO3 have a cubic structure under ambient 

conditions (space group: 𝑃𝑚3̅𝑚). Both crystals have soft TO phonon modes near Г point in the Brillouin 

zone [11,12]. By soft modes, we mean that the frequencies of these modes decrease upon cooling. SrTiO3 

and KTaO3 have different phase diagrams, which allows us to examine the effect of phase transition on 

vibrational and thermal properties. SrTiO3 experiences a cubic-tetragonal phase transition upon cooling 

(~105 K at atmospheric pressure) or pressurization (~9.6 GPa at room temperature) [13]. KTaO3 does not 

undergo a similar phase transition. As a result, 𝛬(𝑇) of KTaO3 has a nearly 1/T dependence above 100 K, 
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while SrTiO3 does not [3]. Other reasons we chose to study SrTiO3 include that it is considered a model 

system for soft-phonon related phase transition phenomena [14] and that its phase transition upon 

compression is well documented and understood [13,15,16].  

We observe that 𝛬(𝑃) of both SrTiO3 and KTaO3 increase linearly upon compression. Between 0 and 20 

GPa, 𝛬 of SrTiO3 doubles. Across the same pressure range, 𝛬 of KTaO3 triples. Raman and Brillouin 

scattering suggest that SrTiO3 experiences a phase transition at ~9.1 GPa. KTaO3 does not change phase 

in the studied range of 0 to 30 GPa. The Raman modes of SrTiO3 and KTaO3 show similar stiffening 

under pressure. We compare the pressure-dependent thermal conductivity of SrTiO3 and KTaO3 with 

materials of similar crystal structure. The comparison shows that SrTiO3 has a typical pressure 

dependence, while KTaO3 has a stronger-than-typical pressure dependence. Significant changes in 

thermal conductivity imply significant changes in one, or all, of the following vibrational properties: (i) 

number of phonons, (ii) phonon group velocity, and (iii) phonon lifetime. Raman and Brillouin scattering 

measurements rule out (i) and (ii) as likely causes for the pressure-dependent thermal conductivity. 

Alternatively, measurements of the Brillouin frequency in KTaO3 and SrTiO3 suggest significant changes 

in phonon anharmonicity upon compression. Furthermore, the change is more than a factor of 2 larger in 

KTaO3 than in SrTiO3. Therefore, we conclude ⅆ𝛬/ⅆ𝑃 of SrTiO3 and KTaO3 are consequences of 

pressure-induced changes in phonon anharmonicity. 

1. Materials and Methods 

Sample Preparation 

The SrTiO3 and KTaO3 are from the MTI Corporation. To prepare samples for diamond anvil cell 

measurements, we polished the samples down to thicknesses of 7 ± 2 μm. We used an optical microscope 

to estimate the final thickness after polishing. Then we used a needle to break the crystals into small pieces. 

We selected pieces with lateral dimensions of ~50-80 μm. We deposited an ~80-nm-thick Al or Ta film on 

the selected pieces. The metal film serves as an optical transducer for TDTR and stimulated Brillouin 

scattering experiments. Al is a good transducer for TDTR experiments conducted under ambient conditions. 

However, Al’s thermoreflectance at 783 nm is a strong function of pressure and is small above 20 GPa [17]. 

Our motivation to carry out additional experiments with an α-Ta transducer is to verify that the observed 

trends are not related to the small thermoreflectance of Al in certain pressure ranges. The thermoreflectance 

of α-Ta is large at high pressures [17]. We deposited Ta at 800 °C to obtain α-phase Ta [18], which has 
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higher thermoreflectance than the β-phase Ta that results from room temperature deposition [17]. For 

Raman scattering measurements, we prepared samples that were not coated with a metal film.  

We loaded the samples into DACs with a culet size of 300 μm. All measurements were made on the (100) 

surface of the samples. We loaded ruby spheres alongside the samples. The fluorescence spectrum of the 

Ruby was used as a pressure gauge. We used silicone oil (polydimethylsiloxane) as the pressure medium 

for most measurements. We used Ne as the pressure medium in one set of Brillouin scattering measurements 

on SrTiO3 (yellow circles in Figure 3(b)). 

We used 250-μm thick stainless-steel gaskets and pre-indented them in our DAC to a thickness between 30 

and 60 μm. Then we drilled holes with a diameter of ~170 μm at the center of the indentations using an 

electro-discharge machine. The holes serve as containers for the samples, ruby spheres, and pressure 

medium. The schematics of the DAC assembly and sample geometry are shown in Figure 1. Further details 

can also be found in our previous work [19]. Plastic deformation/sample distortion can happen if the sample 

is not prepared carefully. We discuss the potential effects of plastic deformation/sample distortion under 

pressure and how to avoid it in the Supplementary Material.  

Raman Scattering 

We measured the Raman spectrum of SrTiO3 and KTaO3 from 100 to 1200 cm-1. We first measure the 

ambient Raman spectrum in the air. At high pressure, we collect the spectrum inside a DAC with silicone 

oil as the pressure medium. To exclude the Raman signals of the pressure medium, we also measured the 

Raman spectrum of the pressure medium along with our samples as the pressure changes. The exciting laser 

has a 532-nm wavelength. We used a monochromator (Acton SpetraPro-2500i) to collect the scattered light. 

We placed a long-pass edge filter (Semrock LP03-532RE-25) in front of the spectrometer to filter out 

background noise. 
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Figure 1. Schematics of the diamond anvil cell (DAC) assembly and experimental geometries. (a) The samples along 

with the ruby spheres are loaded into the DAC chamber. (b) For stimulated Brillouin scattering measurements, the 

pump and probe beams impinge on the substrate side of the sample. (c) For TDTR measurements, the pump and probe 

beams impinge on the transducer side of the sample. 
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TDTR and Stimulated Brillouin Scattering Measurements 

The schematics of stimulated Brillouin scattering and TDTR measurements are shown in Figures 1(b) and 

1(c). We performed TDTR measurements of the thermal conductivities of SrTiO3 and KTaO3 at pressures 

between 0 and 28 GPa. TDTR is a well-established pump probe technique for thermal property 

characterization [20]. Details of our TDTR setup can be found in Ref. [21]. Pressure is calibrated using the 

pressure-dependent shift of the R1 line in the ruby fluorescence spectrum [22]. 

We also performed stimulated Brillouin scattering measurements using our TDTR setup. For Brillouin 

measurements of the perovskite crystals, the laser beams impinged through the substrate side of the sample. 

The beams went through pressure media, samples (SrTiO3 or KTaO3), and then hit the transducer surface. 

At all pressures that we studied, SrTiO3 and KTaO3 are insulators with band gaps larger than 3 eV [23,24], 

so they are transparent to laser beams. For Brillouin measurements of the silicone oil, the laser beams 

impinged on the transducer side of the sample. The beams went through the silicone oil and then were 

reflected from the transducer. In both sets of measurements, the laser beams were perpendicular to the 

sample. When the pump beam heats the transducer surface (Al or Ta in our experiments), it launches a 

strain wave into the perovskite substrates or silicone oil. The strain wave front moves at the longitudinal 

speed of sound of the samples. Both the strain wave and the transducer can reflect the subsequent probe 

beam. These two reflected probe beams interfere with each other and cause Brillouin oscillations in the in-

phase voltage signal Vin [25]. We use the measured Brillouin frequencies of SrTiO3 and KTaO3 as a measure 

of the longitudinal speed of sound in these materials. We use the Brillouin frequency of silicone oil as an 

additional measure of pressure [26] to complement our ruby fluorescence measurements.  

We use a bidirectional heat diffusion model to analyze the collected TDTR data [27]. The bidirectional 

model accounts for heat flow from the transducer to both the substrate and silicone oil. The thermal 

conductivity, heat capacity, and thickness of each layer are the input parameters in the heat diffusion model. 

Therefore, we must estimate how these parameters evolve with pressure to interpret our TDTR data. We 

describe how we account for the pressure dependence of all parameters in the Supplementary Material. 

Results 

SrTiO3 has a cubic phase (space group: 𝑃𝑚3̅𝑚) below 9.1 GPa. The cubic symmetry of SrTiO3 forbids 

first-order Raman scattering. However, SrTiO3 has two broad bands (210 to 440 cm-1, 550 to 780 cm-1) 

that are attributable to second-order Raman scattering [13,28]. The two broad bands blue shift upon 
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compression. At room temperature and above 9.1 GPa, SrTiO3 transforms into a tetragonal phase (space 

group: I4/mcm). In this phase, several phonon modes are Raman active [13]. At pressures above 9.1 GPa, 

we observe two peaks form near 162 and 466 cm-1, see Figure 2(a). These two peaks are first-order 

Raman peaks with Eg + B1g symmetry and indicate the cubic-tetragonal phase transition.  

KTaO3 has cubic symmetry (space group: 𝑃𝑚3̅𝑚), so all the features in the Raman spectra are second order 

[29]. As the pressure increases, all the peaks shift to higher wavenumbers, and, unlike SrTiO3, we do not 

observe any new Raman peak form at higher pressures (Figure 2(b)). This is consistent with our expectation 

that KTaO3 does not undergo a phase transition in the studied pressure range. 

 

Figure 2. Raman spectra of SrTiO3 and KTaO3 under pressure. In panel (a), the peak near 600 cm-1 is a Raman peak 

from silicone oil. The SrTiO3 Raman peak near 700 cm-1 overlaps with a silicone oil peak. In panel (b), peaks 

around 170 cm-1, 500 cm-1, 630 cm-1, and 700 cm-1 are Raman peaks from silicone oil. The KTaO3 Raman peak near 

260 cm-1 overlaps with a silicone oil peak. Detailed comparison between the KTaO3 spectrum with and without 

silicone oil can be found in Supplementary Figure S5. 

Raman shifts vs. pressure for selected Raman peaks are shown in Figure 3(a). The Raman shifts reflect 

increases in the frequency of the phonons responsible for Raman scattering. Therefore, these measurements 
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provide a measure of the stiffening of vibrational dynamics with pressure. We excluded Raman peaks of 

the pressure medium (silicone oil, polydimethylsiloxane. Its pressure-dependent Raman spectra are shown 

in Supplementary Figure S5(a)). We followed Ref. [13] and label the selected SrTiO3 peaks B2, B3, C2, 

C3 (these labels are arbitrary). For KTaO3, we labeled the selected peaks as K1, K2, K3. We only tracked 

the B2 peak of SrTiO3 up to 9.1 GPa due to degradation of its signal quality. The K1 peak of KTaO3 drops 

below the transition width of our edge filter below 5.5 GPa. The frequencies of the selected peaks mostly 

increase linearly upon compression. The pressure dependence of each Raman mode is shown in Figure 3(a). 

We observe that shifts of Raman peaks of SrTiO3 and KTaO3 have a similar pressure dependence. At 13 

GPa, all selected peaks increase by ~15%. Our pressure-dependent Raman results for SrTiO3 are mostly 

consistent with the results reported in Ref. [13], as shown by the comparison in Supplementary Figure S6. 

The main difference is that our C3 Raman mode shows a larger pressure dependence than the results in Ref. 

[13]. 

The Brillouin frequency of SrTiO3 shows a decrease within 2 GPa around the phase transition (~9 GPa in 

Figure 3(b)). This anomaly is consistent with previous reports for the elastic constants of SrTiO3 vs. pressure 

[16]. The observed transition pressure is also consistent with our Raman results in Figure 2(a) and 3(a). For 

KTaO3, we observe a monotonically increasing Brillouin frequency. The Brillouin frequency is 

𝑓 = 2𝑁𝑣𝑙 ∕ 𝜆,  (2) 

Where N is the index of refraction of the sample, 𝑣𝑙 is the longitudinal speed of sound of the sample, and λ 

is the excitation wavelength (783 nm in our experiments).  
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Figure 3. Scattering data vs. pressure for SrTiO3 and KTaO3. (a) Frequencies of selected Raman peaks vs. pressure. 

Circles and triangles are data collected during pressure increase and pressure decrease, respectively. Dashed lines are 

linear fittings to the data. Each fitting is labelled with its slope. For SrTiO3 the slope is determined separately for cubic 

vs. tetragonal phases. (b) Brillouin frequency vs. pressure in the [100] direction. The circles are data collected on 

SrTiO3. Different colors represent different pieces of SrTiO3. The triangles are KTaO3. The vertical dashed line in (a) 

and (b) show the phase transition pressure of SrTiO3. 

We observe linearly increasing thermal conductivity as the pressure increases in both SrTiO3 and KTaO3 

(Figure 4). We obtain similar thermal conductivity results with different transducers and laser spot sizes. 

The gradient, ⅆ𝛬/ⅆ𝑃, is ~0.61 W m-1 K-1 GPa-1 for SrTiO3 in the cubic phase and ~0.37 W m-1 K-1 GPa-1 

for SrTiO3 in the tetragonal phase. The thermal conductivity of a SrTiO3 sample (red dots in Figure 4) is 

~20% lower than the other three. A possible explanation is that the polishing procedure necessary to 

prepare samples for DAC measurements caused minor plastic deformation in that sample near its surface. 

Two sets of our SrTiO3 data (blue and gray dots in Figure 4(a)) show a ~10% decrease between 8 and 13 

GPa. When the transducer is switched to Ta (magenta markers), the decrease is reduced to ~5%. In the 

red-dot dataset, there is no decrease at all. The small change in thermal conductivity we observed in some 

data sets near the phase transition may be related to the group velocity drop at the phase transition (Figure 

3(b)). We note that the 5-10% changes we observe are comparable to the overall jitter in our thermal 
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conductivity results. Therefore, if there is a change to thermal conductivity induced by the phase 

transition, the change’s magnitude is smaller than that we can reliably resolve via TDTR in a DAC. 

Recent work on SrTiO3 reports that their sample has a sharp drop of -25% at phase transition (~6 GPa) 

[30]. Their data also show a change in the slope at phase transition (~0.54 and ~0.34 W m-1 K-1 GPa-1 for 

cubic and tetragonal SrTiO3, respectively). Their slope values are ~10% lower than our results. ⅆ𝛬/ⅆ𝑃 = 

1.2 W m-1 K-1 GPa-1 for KTaO3. The relative change at 20 GPa, 𝛬(20 𝐺𝑃𝑎)/𝛬(1 𝑏𝑎𝑟), is ~200% for 

SrTiO3, and ~300% for KTaO3. The data of pressure-dependent interface conductance between 

transducers and substrates are shown in Figure S7. Examples of TDTR data are shown in Figure S8 and 

S9. 

 

 

Figure 4. Thermal conductivity of SrTiO3 and KTaO3 under pressure measured by TDTR. (a) We measure the 𝛬(P) 

of SrTiO3 with two different optical transducers: Al and Ta. Three datasets are measured with Al (blue, red, and gray), 

and one is Ta (purple). (b) We measure the 𝛬(P) of KTaO3 with two different spot sizes (6.8 and 3.3 μm). Three 

datasets are measured using 6.8 μm laser spot size (orange, blue, gray), and one is 3.3 μm (green). Error bars here 

denote our estimate of ~13-20% uncertainty that arises from uncertainty in input parameters for the heat diffusion 

model we use to analyze time-domain thermoreflectance data. Detailed uncertainty analysis can be found in the 

Supplementary Material. The dashed lines are linear fittings to the data. The vertical dash line shows the phase-

transition pressure of SrTiO3. 
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Discussion 

Our results in Figures 2-4 show that both the vibrational dynamics and thermal conductivity have strong 

pressure dependences. And, notably, 𝛬 of SrTiO3 does not have an abrupt change at phase transition. We 

now focus on understanding these observations.  

Why does the phase transition at 9.1 GPa not cause a more significant change in SrTiO3’s thermal 

conductivity? Phase transitions sometimes cause abrupt changes in thermal conductivity. For example, 

𝛬(𝑃) of NaCl drop by 60% at the phase-transition pressure of 30 GPa [31]. However, different from the 

first-order phase transition in NaCl, the cubic-tetragonal phase transition in SrTiO3 is a second-order 

displacive phase transition [32]. SrTiO3’s transition is related to the rotation of TiO6 octahedral, which is 

continuous and gradual. The tetragonal distortion is small below 30 GPa (c/a = 1.01 at 30 GPa) [13]. No 

abrupt change in 𝛬(𝑇) of SrTiO3 at ambient pressure is observed at the phase-transition temperature of 

105 K [3,4]. Therefore, the fact that we did not observe clear evidence of a significant drop in 𝛬(𝑃) of 

SrTiO3 at 9.1 GPa is not surprising. 

Now we evaluate the magnitude of ⅆ𝛬/ⅆ𝑃 we observe for SrTiO3 and KTaO3. To do this, in Figure 5(c) 

we compare the increase in relative thermal conductivity of different materials at 20 GPa, 

𝛬(20 𝐺𝑃𝑎)/𝛬(1 𝑏𝑎𝑟). Most of the materials that we include for comparison are oxides and have a cubic 

crystal structure. All materials in Figure 5(c) display a monotonically increasing thermal conductivity 

under compression. SrTiO3 has a pressure dependence of 𝛬 similar to most materials, while KTaO3 has a 

stronger pressure dependence than other materials.  

Pressure-induced changes to thermal conductivity are caused by changes in heat capacity per mode, 

phonon group velocity, and phonon lifetime, see Eq. (1). To explore why SrTiO3 and KTaO3 have 

different pressure dependence in 𝛬(𝑃), we evaluate changes of these three parameters. To do this, we 

consider predictions of the Leibfried-Schlömann equation (LS) for the heat capacity, phonon group 

velocity, and phonon lifetime change with pressure. Then, we consider what our Raman and Brillouin 

scattering measurements vs. pressure imply for the pressure dependence of phonon heat capacity, phonon 

group velocity, and phonon lifetime. Finally, we consider the predictions of previous theoretical studies 

that utilized first-principles methods to calculate vibrational dynamics [5,6]. 

The LS equation is commonly used to explain observed trends for 𝛬(𝑃) in nonmetallic crystals such as 

NaCl [31] and MgO [33]. The LS equation approximates c, 𝜈, and 𝜏 in Eq. (1) using properties that can be 
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extracted from volume-pressure equation of states (V-P EOS) [34]. The volumetric heat capacity is 

assumed to be 𝐶 ∝ 1/𝑉. Group velocity 𝑣 is parameterized as 𝑣 = √𝐾𝑇 𝜌⁄ ∝ 𝛿𝜃. Phonon mean free path 

is set to be 𝑙 ∝ 𝛿 ∕ 𝑇𝛼𝛾 [9]. Here, 𝐾𝑇 is the isothermal bulk modulus defined as 𝐾𝑇 = − ⅆ𝑃 ∕ ⅆ 𝑙𝑛 𝑉, and 

𝛼 is the volumetric thermal expansion coefficient which can be calculated by 𝛼 = 𝐶𝛾 ∕ 𝐾𝑇. Plugging 

these approximations into Eq. (1) yields 

Λ =
𝐵𝑀̅𝛿𝜃3

𝑇𝛾2
.  (3) 

Here B is a constant, 𝑀̅ is the average mass of an atom in the crystal, δ3 is the average volume occupied 

by one atom in the crystal, θ is the Debye temperature, T is temperature, and 𝛾 is the Grüneisen 

parameter. δ, θ, and 𝛾 are all pressure dependent. To calculate Λ vs. P using Eq. (3), we follow the 

procedures in Ref. [34] to extract these parameters from the V-P EOS. The evolution of 𝛿, 𝜃, 𝛾 with 

pressure depends on the first, second, and third derivatives of the V-P EOS. We adopt the third-order 

Birch-Murnaghan equation of states (B-M EOS) in Ref. [13] to calculate the pressure dependent δ, θ, and 

𝛾. Cubic and tetragonal B-M EOS produce different fittings for SrTiO3 (see Figure 5(a)). Due to the lack 

of experimental EOS for KTaO3, we assume that KTaO3 follows the cubic B-M EOS of SrTiO3. This 

assumption is reasonable because of their similar crystal structure. The results of the first-principles 

calculations [35] support this assumption (see Figure 5(b)).  

The LS equation agrees reasonably well with our experimental 𝛬(𝑃) of KTaO3 and SrTiO3. Note that we 

choose different values for the constant B in Eq. (3) for our predictions in Figure 5(a) for cubic and 

tetragonal SrTiO3. For cubic SrTiO3, we set B to make Eq. (3) agree with 𝛬 at ambient conditions. For 

tetragonal SrTiO3, we set B to agree with 𝛬 at 10 GPa, the lowest pressure that we observe SrTiO3 to be in 

the tetragonal phase. Therefore, the difference in the LS equation curves for cubic vs. tetragonal SrTiO3 at 

10 GPa is not a prediction of the LS equation. Instead, the abrupt drop in the LS equation curves at 10 GPa 

reflects the fact that the LS equation predicts a higher ⅆ𝛬/ⅆ𝑃 (0.73 W m-1 K-1 GPa-1) for cubic SrTiO3 than 

what we experimentally observe. 
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Figure 5. (a) Predictions of the LS equation (solid lines) in comparison to measured thermal conductivity of SrTiO3 

and KTaO3 (markers). The solid pink line is the prediction of the LS equation for KTaO3. The yellow and green 

lines are the LS predictions using cubic and tetragonal B-M EOS for SrTiO3, respectively. (b) Equations of states of 

SrTiO3 and KTaO3. 𝑉 ∕ 𝑉0 is the unit cell volume relative to the ambient volume 𝑉0. Blue circles are experimental 

data of SrTiO3 from Ref. [13]. Yellow and green dash-dotted lines are B-M EOS fittings to the experimental data, 

also from Ref. [13]. Pink diamonds are calculated EOS of KTaO3 from Ref. [35]. The vertical dashed line 

represents the cubic-tetragonal phase transition in SrTiO3. (c) The ratio between thermal conductivity at 20 GPa and 

atmospheric pressure for various materials. Materials for comparison include Fe-Si alloys [36], MgO [33], 

ferropericlase (Fp) [37], bridgmanite (Bdm) [38], ringwoodite (Rwd) [39], siderite (Sd) [40], SrTiO3 (STO) and 

KTaO3 (KTO). 

The LS equation predicts that most of the change in the thermal conductivity of SrTiO3 and KTaO3 upon 

compression to 20 GPa is due to changes in the lifetimes of phonons. According to their V-P EOS, upon 

compression to 20 GPa, 𝑉 decreases by 9% for SrTiO3 and KTaO3 at 20 GPa (Figure 5(b)). One of the 



 

 

   14 

 

standard methods to calculate the Debye temperature is from elastic constants [41], 𝜃 ∝ √𝛿𝐾𝑇, which can 

be calculated from the first derivative of V-P EOS. Analyzing the V-P EOS of SrTiO3 and KTaO3 in Ref. 

[13], we find 𝜃 increases by 20% for SrTiO3 and 30% for KTaO3. The LS equation uses the “Slater 𝛾”, 

which is defined as 𝛾 =
1

2

ⅆ𝐾𝑇

ⅆ𝑃
−

1

6
 [42]. By calculating the second derivative of V-P EOS, we find that 

Slater 𝛾 decreases by 10% for SrTiO3 and 13% for KTaO3. Therefore, for SrTiO3, the LS equation credits 

10%, 15%, and 60% of the increase in 𝛬 to changes in heat capacity, group velocity, and phonon mean 

free path, respectively. For KTaO3, the numbers are 10%, 25%, 100% accordingly. We note that while the 

first and second derivatives of the EOS are straightforward to extract from experimental data, the third 

derivatives are not. Therefore, some skepticism is warranted for the LS equation prediction for ⅆΛ/ⅆ𝑃. 

We now turn our attention to what our scattering measurements in Figures 2 and 3 imply for the heat 

capacity per phonon mode in Eq. (1). The heat capacity per mode is 

𝑐(𝑞) = 𝐷(𝑞)ℏ𝜔𝑞
𝜕𝑛(𝜔𝑞)

𝜕𝑇
. (4) 

Here, 𝑞 is phonon wavevector, 𝐷(𝑞) is the density of states with wavevector 𝑞, and n is the Bose-Einstein 

distribution. The primary way that pressure affects 𝑐(𝑞) is through mode stiffening. Upon compression to 

20 GPa, the Raman frequencies of SrTiO3
 and KTaO3 increase by up to ~20%, see Figure 3(a). First-

principles calculations for SrTiO3 predict that, at room temperature, heat is carried primarily by phonons 

with 𝜔𝑞 between 0 and 15 THz [43]. For modes with 𝜔𝑞 = 5, 10, and 15 THz at 0 GPa, a ~20% increase 

in 𝜔𝑞 upon compression to 20 GPa will lead to a decrease in ℏ𝜔𝑞𝜕𝑇̅̅ ̅̅
𝜕𝑛 by 2, 7, and 11%, respectively. So, 

our experimental data on the vibrational dynamics suggest changes in 𝑐(𝑞) will be small, in agreement 

with the LS-equation prediction described above. First-principles calculations predict that total heat 

capacities of SrTiO3 and KTaO3 are nearly constant up to 20 GPa [35,44] (see Figure S1(d)).  

Now we consider the effect of pressure on group velocity. Our Brillouin frequency data allow us to 

calculate the group velocity of low-energy longitudinal acoustic (LA) phonons along [100] direction. To 

calculate 𝑣𝑙, we need to estimate the index of refraction N under pressure. To our knowledge there is no 

experimental data of N of SrTiO3 and KTaO3 under pressure. First-principles calculations suggest that N 

has nearly negligible pressure dependence. The N of KTaO3 decreases by 4% at 40 GPa [45]. The N of 

SrTiO3 decreases by 3% at 60 GPa [23]. Therefore, since the effect of pressure is small, for simplicity we 

assume dN/dP ≈ 0. Then the longitudinal group velocity increases by ~10% for SrTiO3 and ~20% for 
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KTaO3 at 20 GPa (Figure 3(b) and Eq. (2)). This compares favorably with the LS-equation estimates 

described above of a 15% and 25% increase in group velocity for SrTiO3 and KTaO3, respectively. So, we 

conclude that, while velocity changes are larger than heat capacity changes, their effects are still minor. 

Pressure-induced changes to phonon velocity cannot explain the factor of 2 and 3 increase we see in Λ of 

SrTiO3 and KTaO3 upon compression to 20 GPa.  

We now turn our attention to what information our Brillouin measurements have regarding phonon 

lifetimes. One way to estimate phonon lifetime changes is to consider the mode Grüneisen parameter 𝛾 of 

the phonons. 𝛾 is defined as the relative change in the frequency (𝜈) of a phonon due to a relative change 

in volume (𝑉), 

𝛾 = −
ⅆ 𝑙𝑛 𝜈

ⅆ 𝑙𝑛 𝑉
.  (5) 

We fit 𝜈(𝑃) by a line using the nearest three data points at a given pressure, use the Birch-Murnaghan 

EOS to convert 𝜈(𝑃) to 𝜈(𝑉), and calculate 𝛾 by Eq. (5). The 𝛾 for SrTiO3 drops by 50% at 20 GPa (2.25 

at 0 GPa and 1.09 at 20 GPa). And the 𝛾 for KTaO3 drops by 80% at 20 GPa (3.62 to 0.65). The 

Grüneisen parameter is a measure of phonon anharmonicity, and, in general, phonon lifetimes decrease 

with increasing anharmonicity. So, our Brillouin data provide evidence that pressure induced changes in 

phonon lifetime are significant in both SrTiO3 and KTaO3, and, that the changes are larger in KTaO3. 

Based on predictions and our experimental data, we conclude that pressure-induced changes in Λ are 

mainly driven by changes in phonon lifetime. This explains the larger pressure dependence we observe 

for Λ of KTaO3 than SrTiO3, see Figure 4.  

Why do the phonon lifetimes and phonon anharmonicity change more with pressure in KTaO3 than in 

SrTiO3? It is known that KTaO3 is close to a ferroelectric phase transition at ambient conditions, while 

SrTiO3 is relatively stable [5,6,46]. First-principles calculations show that displacements of Ta and O 

atoms in KTaO3 occur in nonparabolic potential wells, indicating large anharmonicity [46]. The 

calculations suggest that volume contraction will make potential wells parabolic and the crystal lattice 

stable. Also, first-principles calculations suggest that phonon frequencies of low-lying TO modes near Γ 

point in KTaO3 are more sensitive to pressure than those of SrTiO3. For low-lying TO modes in KTaO3, a 

1% volume expansion can decrease their frequencies by 60% [5]. The corresponding Grüneisen parameter 

is ~50. For SrTiO3, a 6% volume expansion decreases the frequencies of low-lying TO modes by only 

30% [6]. The corresponding 𝛾 is only ~5. For KTaO3 under ambient conditions, the low-lying optic 
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phonon branch has a frequency similar to that of the longitudinal acoustic phonon branch near Γ point [5]. 

This feature can produce a large phase space for phonon-phonon scattering since selection rules 

(conservation of energy and momentum) can be easily satisfied [47]. Pressurization drives low-lying TO 

branch away from LA branch in frequency. The increase of the frequency gap makes satisfying selection 

rules harder and can therefore be expected to decrease the phonon-phonon scattering phase space of 

KTaO3. 

Conclusions 

We measured the 𝛬(𝑃) of SrTiO3 and KTaO3 up to 28 GPa by time-domain thermoreflectance with 

diamond anvil cells. We observe the 𝛬(𝑃) of KTaO3 has an unusually large pressure dependence, while 

SrTiO3 has a typical pressure dependence. By correlating thermal conductivity and scattering 

measurements, we show that the different pressure dependence in 𝛬(𝑃) is caused by differences in how 

the phonon lifetimes evolve with pressure. Furthermore, we show that most of the observed change in 𝛬 

is caused by changes in phonon lifetime. We find that the predictions of the LS equation for the thermal 

conductivity and vibrational properties agree fairly well with our observations. Our observation that 

modest changes in phonon frequencies of ~10-20% cause significant changes in 𝛬 and average phonon 

lifetimes of 200-300% has important implications for a variety of fields. Understanding the relationship 

between vibrational spectra and thermal conductivity is an active area of research in the heat transfer 

community [19,47], with the ultimate goal of identifying materials with high thermal conductivities for 

thermal management applications [48]. Our findings also have relevance to the science of thermoelectric 

materials. Many perovskites are promising thermoelectric materials [49,50], and understanding the 

relationship between vibrational properties, phonon lifetimes, and thermal conductivity is important for 

engineering materials with low thermal conductivity [51]. Finally, our finding that changes in phonon 

lifetime dominate ⅆ𝛬/ⅆ𝑃 is relevant to ongoing efforts in the geophysics community to understand the 

thermal balance and history of the Earth [52]. Many minerals in Earth’s mantle have a perovskite crystal 

structure, e.g., bridgmanite, and knowledge of how pressure and temperature affect thermal conductivity 

is crucial for modelling heat flux at the core-mantle boundary [52]. 
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