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ABSTRACT OF THE DISSERTATION 

Exploring the Relationship Between Thermal Conductivity and Phonon Dynamics by 

Ultrafast Pump-Probe and Scattering Techniques 
 

by 

Songrui Hou 

Doctor of Philosophy, Graduate Program in Materials Science and Engineering 

University of California, Riverside, December 2023 

Dr. Richard B. Wilson and Dr. Chen Li, Co-Chairpersons 

 

Comprehending the interplay between thermal conductivity and phonon dynamics in 

semiconductors and insulators holds significance for the field of phonon engineering. While 

substantial progress has been made in the theoretical understanding of this relationship over the 

last decade, many of these predictions lack empirical validation. This dissertation endeavors to 

bridge this experimental gap, focusing particularly on the validation of theoretical insights, with a 

special emphasis on boron arsenide (BAs), a recently discovered material exhibiting ultrahigh 

thermal conductivity. 

Temperature-induced changes in phonon occupation impact thermal conductivity, making it a 

valuable probe for understanding phonon scattering in materials. Through systematic 

investigations of BAs samples across the temperature range of 300 to 600 K, we discovered a 

more pronounced temperature dependence (1/𝑇2) than theoretical predictions (1/𝑇1.7) in BAs 

sample with ambient thermal conductivity of 1500 W m-1 K-1. This discrepancy indicates that 

existing calculations have underestimated the importance of four-phonon scattering in BAs. 
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Pressure renders a systematic tool to modulate phonon dispersion, offering insights into the 

correlation between changes in phonon dispersion and thermal conductivity. The Leibfried-

Schlömann (LS) equation, a phenomenological model known for its predictive capabilities, has 

been successfully applied to elucidate the pressure dependence of thermal conductivity in 

numerous materials. My initial investigations focused on two perovskites, SrTiO3 and KTaO3, 

revealing that their thermal conductivity variations align with LS equation predictions. The 

distinct pressure sensitivities observed in SrTiO3 and KTaO3 underscore the pivotal role of 

phonon lifetime in determining pressure-induced alterations in thermal conductivity.  

However, when applying the LS equation to BAs, a notable discrepancy emerged. While the LS 

equation projected a threefold increase in BAs’s thermal conductivity at 30 GPa, our 

experimental findings demonstrated much less changes. Subsequently, I extended my 

investigations to GaN, which shares certain phonon dynamics similarities with BAs. Both BAs 

and GaN have a frequency gap in their phonon dispersion. GaN exhibited a stronger pressure 

dependence, aligning well with LS equation predictions. Furthermore, I conducted pressure-

dependent measurements on diamond, where my data exhibited acceptable agreement with LS 

predictions. This comparative analysis among BAs, GaN, and diamond underscores the 

distinctive thermal characteristics of BAs.  
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Chapter 1 Introduction 

1.1 Motivation 

Atoms vibrate collectively in crystals, and phonons are quantum mechanical quantization of the 

vibrational modes for interacting particles. To illustrate this, let us examine the elastic vibrations 

in a one-dimensional chain of atoms, with one atom located in the primitive cell. For atom 𝑠, 

when considering only interactions with its nearest neighbors, 𝑠 + 1 and 𝑠 − 1, the equation of 

motion of 𝑠 is 

𝐹𝑠 = 𝑀
ⅆ2𝑢

ⅆ𝑡2
= 𝐶(𝑢𝑠+1 − 𝑢𝑠) + 𝐶(𝑢𝑠−1 − 𝑢𝑠). (1.1) 

Here, 𝐹𝑠 is the force applied on atom 𝑠, 𝑀 is the mass of an atom, 𝑢 is the displacement of an 

atom, and 𝐶 is the force constant between nearest neighbors. By solving the equation (1.1), we 

get  

𝜔 = (4𝐶 ∕ 𝑀)1∕2 |𝑠𝑖𝑛
1

2
𝐾𝑎|.  (1.2) 

This is the phonon dispersion relation 𝜔(𝐾). Here, 𝜔 is the frequency of the vibration, i.e., 

phonon frequency, 𝐾 is the wavevector of the vibration, i.e., phonon wavevector, and 𝑎 denotes 

the lattice constant. A plot of 𝜔(𝐾) is shown in Figure 1.1. Atoms can vibrate in the direction 

perpendicular or parallel to the phonon wavevector. Correspondingly, there are 3 phonon 

dispersions known as acoustic phonons. When the primitive cell has 𝑛 atoms (𝑛 > 1), there 

emerge 3(𝑛 − 1) more dispersion curves corresponding to the additional interactions of atoms 

within the primitive cell. These 3(𝑛 − 1) phonon dispersions are recognized as optical phonon 

dispersions [1]. 
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Phonons are the main heat carriers in nonmetallic materials. From the kinetic gas theory,  

𝛬 = ∑ ∫
1

3
𝑐𝑗(𝜔)𝑣𝑗

2(𝜔)𝜏𝑗(𝜔) ⅆ𝜔
𝜔𝑚

0
𝑗

  (1.3) 

Where 𝛬 is the thermal conductivity of materials, 𝑐𝑗(𝜔) is the heat capacity of a phonon mode, 

𝑣𝑗(𝜔) is the phonon group velocity, 𝜏𝑗(𝜔) is the phonon lifetime, and 𝑗 labels the phonon 

polarization. Therefore, 𝑣𝑗(𝜔) is the average of group velocities along different directions. From 

equation (1.3), it is evident that thermal conductivity hinges on heat capacity, group velocity, and 

the lifetime of phonon modes. The heat capacity and group velocity of a phonon mode can be 

readily computed from the phonon dispersion. 

𝑐(𝜔) = 𝐷(𝜔)ℏ𝜔
𝜕𝑛(𝜔)

𝜕𝑇
   (1.4) 

𝑣(𝜔) =
ⅆ𝜔

ⅆ𝐾
   (1.5) 

Here, 𝐷(𝜔) is the phonon density of states, and n is the Bose-Einstein distribution. Note that 

𝑣(𝜔) here represents the directionally averaged group velocity. The determination of phonon 

lifetimes is a complex yet theoretically achievable task with the help of phonon dispersion 

relationships and higher-order interatomic force constants [2]. So, the thermal conductivity of 

nonmetallic materials is intricately tied to their phonon dispersion relations. In experimental 

settings, temperature adjustments can modulate the distribution and occupation of phonon modes, 

even subtly altering the dispersion relation of certain materials [3,4]. Furthermore, the application 

of high pressure on the GPa scale has the remarkable capacity to significantly reshape the phonon 

dispersion [5,6]. Through the precise measurement of alterations in phonon dispersion and 

thermal conductivity in response to varying temperature or pressure, we gain a more profound 
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understanding of the fundamental mechanisms underlying how phonon dispersion dictates the 

thermal conductivity of nonmetallic materials.  

This enhanced understanding of the physics at play holds great potential, offering insights into the 

discovery of materials with ultrahigh or ultralow thermal conductivity [7], enabling advancements 

in thermal management techniques [8], and facilitating the field of thermal conductivity 

engineering [6]. Additionally, the experimental data on thermal conductivity at elevated pressures 

holds particular significance for the geophysics community, aiding in comprehending the thermal 

balance and historical evolution of our planet Earth [6]. 

 

Figure 1.1. An example of an acoustic phonon dispersion relation.  

This is a plot of equation (1.2). The phonon group velocity is the gradient of phonon 

dispersion, as shown in equation (1.5).  
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1.2 Typical behavior of 𝜦 vs. 𝑻 of Nonmetallic Materials 

The temperature dependence of thermal conductivity for nonmetallic materials has been 

extensively examined. At low temperatures, thermal conductivity carried by phonons displays a 

𝛬 ∝ 𝑇3 dependence due to the 𝑇3 dependence of heat capacity in this temperature range [1]. In 

extremely low temperature conditions, only low-frequency acoustic phonons are excited, and 

their group velocities 𝑣(𝜔) remain nearly constant as temperature changes. Additionally, phonon 

lifetime is predominantly governed by boundary scattering, 1 ∕ 𝜏(𝜔) ∝ 𝐿/𝑣(𝜔), with 𝐿 

representing grain or crystal size, resulting in nearly constant phonon lifetime 𝜏(𝜔) as 

temperature changes. Consequently, the temperature dependence of phonon heat capacity 

becomes the primary determinant of thermal conductivity.  

At higher temperatures, specifically above half of the Debye temperature, 𝛬 ∝ 1 ∕ 𝑇 is observed 

for most nonmetallic materials. This behavior can be attributed to several factors: 1) Phonon heat 

capacity reaches the Dulong-Petit limit and remains constant at elevated temperatures; 2) for most 

materials, phonon group velocity does not change much since phonon dispersion does not change 

significantly as temperature changes. 3) phonon lifetime is limited by phonon-phonon scattering 

processes at high temperature. For the lowest-order phonon-phonon scattering which involves 

three phonons, the scattering rate is proportional to the total number density of excited phonons, 

which is proportional to temperature. So, 1 ∕ 𝜏(𝜔) ∝ 𝑇. At intermediate temperatures, things are 

more complicated because 𝑐, 𝑣, and 𝜏 have more complicated temperature dependence. The peak 

thermal conductivity in Figure 1.2 is determined by crystal size and/or imperfections in the 

crystal structure, such as grain boundaries, dislocations, and isotopes. Note that all the discussion 

above is about pure single crystals. With the presence of significant crystal disorder, 

Matthiessen’s rule is used to account for different scattering channels. 
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1

𝜏
=

1

𝜏𝐿
+

1

𝜏𝑖
  (1.6) 

Where 1 ∕ 𝜏𝐿 and 1 𝜏𝑖⁄  are scattering rates for phonon-phonon interaction and phonon-disorder 

scattering, respectively.  

The discussion above focuses on typical nonmetallic materials. There are also materials with 

unusual behaviors. Unusual temperature dependence can be caused by a variety of factors, such 

as higher-order phonon-phonon scattering. In magnetic insulators, magnetic phase transitions can 

cause atypical temperature dependence. Our temperature-dependent studies on NiO and BAs will 

be discussed in Chapter 3 and 4.  
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Figure 1.2. A schematic of the typical temperature-dependent thermal conductivity of 

nonmetallic materials.  

At low temperature limit, 𝛬 ∝ 𝑇3 due to the change of heat capacity. At high temperature 

limit, 𝛬 ∝ 1 𝑇⁄  due to the variation of phonon lifetime. Note that both the horizontal and 

vertical axis are plotted in log scale which can show the temperature dependence more 

clearly. 𝜃𝐷 represents the Debye temperature. 
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1.3 Typical behavior on 𝚲 vs. 𝑷 of Nonmetallic Materials 

Compared to the temperature dependent studies, the GPa-scale experimental studies of Λ vs. 𝑃 for 

nonmetallic materials are less explored. So far, there are only ~ 30 materials whose thermal 

conductivity has been measured up to 20 GPa [6]. However, it is a booming research area and 

receiving growing attention.  

When applied GPa-scale pressure, materials will experience significant changes in phonon 

dispersion, resulting in changes in heat capacity, group velocity, and phonon lifetime. The 

Leibfried-Schlömann equation (LS) [9] is commonly used to explain observed trends for 𝛬(𝑃) in 

nonmetallic crystals. The LS equation approximates c, 𝜈, and 𝜏 in Eq. (1.3) using properties that 

can be extracted from the volume-pressure equation of states (V-P EOS) [10]. The volumetric 

heat capacity is assumed to be 𝐶 ∝ 1/𝑉. The group velocity 𝑣 is parameterized as 𝑣 = √𝐾𝑇 𝜌⁄ ∝

𝛿𝜃. Phonon mean free path (𝑙 = 𝑣𝜏) is set to be 𝑙 ∝ 𝛿 ∕ 𝑇𝛼𝛾 [11]. 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. (1.3) yields 

Λ =
𝐵�̅�𝛿𝜃3

𝑇𝛾2
 (1.7) 

Here B is a constant which we set according to the ambient thermal conductivity, �̅� 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. The evolution of 𝛿, 𝜃, 𝛾 with pressure depends on the first, second, 

and third derivatives of the V-P EOS. 𝜃 ∝ √𝛿𝐾𝑇, where 𝐾𝑇 is the isothermal bulk modulus. The 

LS equation uses the “Slater 𝛾”, which is defined as 𝛾 =
1

2

ⅆ𝐾𝑇

ⅆ𝑃
−

1

6
 [12]. The pressure dependent 

thermal conductivity calculated by the LS equation usually gives an almost linearly increasing 
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thermal conductivity at high pressure (see Figure 1.3). Our pressure dependent studies on SrTiO3, 

KTaO3, BAs, GaN, and diamond will be discussed in Chapter 5 - 7. 

 

 

Figure 1.3. A schematic of the typical pressure-dependent thermal conductivity of 

nonmetallic materials. 

𝛬0 represents the ambient thermal conductivity, and 𝐾0 is the ambient bulk modulus. 
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Chapter 2 Experimental Methods 

2.1 Time-domain thermoreflectance (TDTR) 

TDTR is a well-established pump-probe technique. In TDTR measurements, a train of 783-nm-

wavelength laser pulses emitted from a mode-locked Ti:sapphire oscillator is split into a pump 

beam and a probe beam. The pump beam is modulated at a MHz-frequency duty cycle (I used 10.7 

MHz modulation frequency for most of my measurements). The probe beam monitors the 

temperature decay at the sample surface via temperature induced changes in reflectance (𝛥𝑅):  

𝛥𝑅 =
ⅆ𝑅

ⅆ𝑇
𝛥𝑇. (2.1)  

ⅆ𝑅 ∕ ⅆ𝑇 is thermoreflectance (also called thermos-optic coefficient). It has been found for most 

thin metal films, ⅆ𝑅 ∕ ⅆ𝑇 is a constant at tens of Kelvin temperature excursion [13,14]. Thus, we 

can detect 𝛥𝑇  through measuring 𝛥𝑅 . The reflected probe beam from the sample surface is 

collected by a silicon photodiode detector. A lock-in amplifier reads the micro-volt change in 

voltage output by the detector due to changes in reflected probe beam intensity. The amplifier 

outputs the in-phase signal Vin and out-of-phase signal Vout at the MHz pump modulation frequency.  

To extract thermal properties from data we collect from TDTR measurements, we simulate the 

ratio -Vin(t)/Vout(t) after 100 ps by a multilayer heat diffusion model in cylindrical coordinates 

[12]. The model assumes pump pulses with a Gaussian distribution in intensity heat up the 

surface of the semi-infinite sample at the modulation frequency, and heat flows continuously 

across each interface. In this model, interfaces are treated as 1-nm thin layers with 0.1 J cm-3 K-1 

volumetric heat capacity, which can conduct heat but cannot significantly absorb heat. Figure 2.1 

shows TDTR data and the sensitivity plots of a Si sample deposited with an 80-nm Al film as the 

transducer, denoted as Al/Si. The sensitivity is defined as 
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𝑆𝛼 =
𝜕 𝑙𝑛(−𝑉𝑖𝑛∕𝑉0𝑢𝑡)

𝜕 𝑙𝑛𝛼
, (2.2) 

where α is one the parameters in the heat diffusion model. Figure 2.1(b) shows sensitivities of 

parameters of interests for 80 nm Al/Si sample. Most uncertainty of Al/Si comes from the 

thickness of Al because its high sensitivity to the ratio. For 100 ps < t < 500 ps, the sensitivity of 

hAl is ≈ -0.9 and the sensitivity of 𝛬Si is ≈ 0.5. Thus, if there is an ≈ 4% uncertainty in Al, it will 

propagate ≈ 7.2% uncertainty in 𝛬Si. 

Many parameters need to be determined for the heat diffusion model, including 1/e2 radius of 

laser 𝑤0, thickness h, volumetric heat capacity C, and thermal conductivity 𝛬 of each layer, 

interface conductance G between the transducer and the sample. Among these parameters, only 𝛬 

of the substrate and G are significant unknowns, and we can obtain other parameters from 

experiments or literature. Take Al/Si as an example. The laser spot size can be measured by 

beam-offset method [14] and camera method which analyzes the Gaussian distribution of images 

of laser beams. Al thickness can be measured simultaneously with TDTR using picosecond 

acoustics [15]. The heat capacity of Al can be found in literature [16]. For the thermal 

conductivity of Al, first we measure the conductivity of Al by the four-point probe method, then 

calculate the thermal conductivity of Al by Wiedemann-Franz law. Additionally, we fit the ratio 

after 100 ps when the ratio has little sensitivity to the thermal conductivity of Al as shown in 

Figure 2.1(b). In most cases the heat capacity of the sample has experimental or calculation data 

from literature. TDTR can also measure the thermal conductivity and heat capacity of the sample 

simultaneously by varying laser spot size and modulation frequency [17].  

For the two significant unknowns, 𝛬 of the substrate and G, we can determine them from a single 

TDTR scan. From the sensitivity plot in Figure 2.1(b), it can be noticed that the sensitivity of G 

changes significantly and goes from positive to negative as time increases. This means G mainly 
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affects the gradient of the ratio curve (see Figure 2.1(c)). While the sensitivity of 𝛬si stays 

positive over time, which indicates it mainly affects the magnitude of the ratio curve (see Figure 

2(d)). Thus, the interface conductance and the thermal conductivity of the substrate can be 

determined from a single TDTR scan simultaneously. 

So far, we are talking about cases where the sample is exposed to air. Usually, we do not consider 

heat flowing into air due to its low thermal conductivity, ≈ 0.026 W m-1 K-1 [18], which is much 

lower than most solid materials. In high pressure TDTR measurements, the sample is surrounded 

by pressure medium. Under GPa-scale pressure, the thermal conductivity of pressure medium is 

1-40 W m-1 K-1 [19, 20] and the heat conducted to the medium cannot be neglected. In this case, 

we need to use a bidirectional heat diffusion model to fit TDTR data [15]. Heat flows to both the 

pressure medium and the sample in parallel in the bidirectional model.  

In the case of bidirectional heat conduction, heat tends to flow along the thermally conductive 

direction. Figure 2.2 demonstrates the sensitivity analyses with the substrate being muscovite 

mica and BAs of 500 W m-1 K-1. Silicone oil (0.15 W m-1 K-1) serves as the pressure medium and 

an 80-nm Al film as the transducer for both cases. All input parameters are the same except the 

heat capacity and thermal conductivity of the substrate. For mica, the properties of silicone oil 

have almost half of the sensitivities as those of mica since they two have comparable thermal 

conductivity (see Figure 2.2(a)). In comparison, for the BAs system, the sensitivity of silicone oil 

is close to 0. This indicates if we want to study the thermal conductivity of the substrate, we 

should choose a relatively low-thermal-conductivity pressure medium. If we want to study the 

thermal conductivity of the pressure medium, we should select a substrate with low thermal 

conductivity. 
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When analyzing TDTR data on materials of high thermal conductivity such as diamond and BAs 

single crystals, it is better to analyze the −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡(𝑡 < 0) instead of −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 for the 

acquisition of thermal conductivity. Here 𝑉𝑜𝑢𝑡(𝑡 < 0) represents the average out-of-phase signal 

at negative delay time. Ideally, 𝑉𝑜𝑢𝑡 in TDTR scans should remain almost constant versus delay 

time. When considering the spot size enlargement with delay time, |𝑉𝑜𝑢𝑡| is expected to decrease 

with delay time. However, in real scans, 𝑉𝑜𝑢𝑡 sometimes shows weird behavior at positive delay 

time. Figure 2.3 shows two consecutive TDTR scans on diamond, i.e., I collected the two scans at 

the same spot on the diamond sample back-to-back. It can be noticed that the 𝑉𝑜𝑢𝑡 at positive 

delay time for the two scans are different from each other, leading to different −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 and 

subsequently different fitted thermal conductivity of diamond. The different 𝑉𝑜𝑢𝑡 signals at 𝑡 > 0 

may be related to the phase jitter of the lock-in amplifier. The 𝑉𝑜𝑢𝑡 signals at negative delay time 

are consistent with each other and reproducible. So, to guarantee reproducibility, it is better to 

analyze −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡(𝑡 < 0) for high-thermal-conductivity materials when fitting their thermal 

conductivity. Note that this is a universal problem for TDTR, but small artifacts in 𝑉𝑜𝑢𝑡 do not 

cause significant errors for low-thermal-conductivity materials which have large 𝑉𝑜𝑢𝑡 signals. 

When fitting the interface conductance between the transducer and the substrate, it is better to 

analyze the −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 signal. We control the pump-probe delay time by the physical movement 

of retroreflectors. In our system, we delay the pump beam. The spot size (𝑤𝑝) of the pump beam 

depends on the position of the retroreflector. Therefore, as delay time increases, the spot size of 

the pump beam changes. The change of spot size will change the power density (𝑃/𝜋𝑤𝑝
2). Both 

𝑉𝑖𝑛 and 𝑉𝑜𝑢𝑡 are proportional to the power density, so −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 is not related to power density 

at any delay time. However, 𝑉𝑜𝑢𝑡(𝑡 < 0) does not include the time-dependent variations due to 

the change of spot size. Therefore, −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡(𝑡 < 0) at long delay time is not accurate, see 
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Figure 2.3(c). The sensitivity analysis (Figure 2.1(c)) shows the gradient of −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 vs. delay 

time depends on the interface conductance. Therefore, it is more accurate to analyze the −𝑉𝑖𝑛 ∕

𝑉𝑜𝑢𝑡 when acquiring the interface conductance. 

 

 

Figure 2.1. TDTR data on an 80-nm Al/Si sample and its sensitivity analysis.  

(a) 𝑉𝑖𝑛 and 𝑉𝑜𝑢𝑡 versus delay time collected on an 80 nm Al/Si sample. (b) Sensitivity 

analysis of parameters of interests, where ℎ means thickness, 𝐶 stands for heat capacity, 

𝛬 is thermal conductivity, and 𝐺 is interface conductance. (c) and (d) show how 

variations of 𝐺 and 𝛬𝑆𝑖 affect the fitting curve. The 𝐺 affects the gradient of the fitting, 

while 𝛬𝑆𝑖 affects the amplitude. 
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Figure 2.2. Sensitivity analyses of bidirectional heat diffusion. 

(a) Sensitivity analysis of silicone oil/Al/mica. 𝛬mica = 0.46 W m-1 K-1. Thermal 

conductivity of silicone oil is comparable to that of mica. Heat flowing into silicone oil is 

not negligible, resulting in a large sensitivity of 𝛬oil. (b) Sensitivity analysis of silicone 

oil/Al/BAs. 𝛬BAs = 500 W m-1 K-1. Thermal conductivity of silicone oil is much less than 

that of BAs. Heat flowing into silicone oil is negligible, resulting in 𝛬oil ≈ 0. 
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Figure 2.3. Two consecutive TDTR scans on an Al/diamond sample.  

(a) In-phase signal versus delay time. 𝑉𝑖𝑛 signals of the two back-to-back scans are 

consistent. (b) Out-of-phase signal versus delay time. At 𝑡 < 0, 𝑉𝑜𝑢𝑡 signals for the two 

scans are consistent. At 𝑡 > 0, the two scans have an offset in the 𝑉𝑜𝑢𝑡 signal, even 

though everything in experimental setups are the same. (c) Comparison between two 

ways of analyzing −𝑉𝑖𝑛/𝑉𝑜𝑢𝑡. 
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2.2 Diamond anvil cell (DAC) 

Diamond anvil cells (DACs) operate by applying force to a pair of diamond culets with diameters 

in the range of hundreds of microns. This force generates high pressure, calculated as 𝑃 = 𝐹 ∕ 𝐴, 

where 𝑃 is the pressure, 𝐹 is the applied force and 𝐴 is the area of the culet. Note that DACs do 

not compress the sample inside directly. Instead, the sample is immersed in some pressure 

medium. Two diamond anvils compress the pressure medium, and the pressure medium transmits 

the pressure to the sample. Diamond, with its exceptional hardness, allows DACs to generate 

pressures exceeding 100 GPa [21, 22]. Diamond is a very hard and least-compressible material. 

These two properties can help minimize the deformation and failure of the anvils. (Hardness 

measures the ability to resist localized plastic deformation.) Moreover, the optical transparency of 

diamond, stemming from its 5.47 eV band gap, makes it suitable for laser-related experiments. I 

employ both symmetric DACs (procured from Syntek) and plate DACs (purchased from Almax 

easyLab) for conducting high-pressure measurements, see Figure 2.4. Symmetric DAC is a 

traditional design, and plate DAC is a relatively new design. In terms of functionality, they do not 

have much difference [16,17].  

Figure 2.5(a) presents a schematic of a DAC. In this setup, a pair of diamonds oppose each other, 

separated by a gasket. The gasket serves two purposes: it safeguards the diamond anvils against 

breakage and creates a chamber for housing the sample. Our typical choice for gasket material is 

hardened stainless steel or Re. Re is stronger and stiffer than stainless steel, but Re is also more 

expensive. The sample is positioned in the center of the chamber along with a ruby sphere. The 

ruby sphere calibrates the pressure within the DAC by its fluorescence spectrum [23]. Figure 

2.6(a) shows the fluorescence spectrum of a ruby at 4.6 and 16.2 GPa. When using silicone oil as 

the pressure medium, its Brillouin frequency can also serve as a pressure gauge when doing 
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TDTR measurements (Figure 2.6d). Details about Brillouin scattering will be discussed in 

Chapter 2.3.  

The sample and ruby sphere are surrounded by pressure medium. There are various kinds of 

pressure mediums used in DAC measurements, such as Ar, He, Ne, N2, H2O, silicone oil, 

methanol-ethanol mixture, and sodium chloride (NaCl). For measurements using a laser, it is 

essential that the pressure medium be transparent at the wavelength of the laser. Different 

experiments have different requirements for the pressure medium. For TDTR experiments, a low 

thermal conductivity pressure medium is preferred to minimize heat flow into the medium 

(Figure 2.2). When conducting Raman scattering experiments, it is advisable to select a medium 

with no Raman peaks overlapping with the target materials. Additionally, hydrostaticity is a 

critical factor in high-pressure measurements, ensuring that pressure is uniformly distributed in 

all directions. Non-hydrostatic pressure conditions can result in sample strains due to pressure 

gradients within the DAC [18]. Also, the pressure measured by ruby fluorescence may not be the 

pressure experienced by the sample for non-hydrostatic conditions. It has been found that gaseous 

pressure media are more hydrostatic than liquid and solid media [18]. However, loading gaseous 

pressure media requires a complicated compressing system [19] which is not available in most 

labs or at UCR. Also, gaseous pressure media have relatively high thermal conductivity at high 

pressure [20], making them unsuitable for thermal transport studies of low-thermal-conductivity 

samples. Argonne National Lab and Oak Ridge National Lab provide gas loading service for 

outside researchers. The choice of pressure medium ultimately involves a trade-off between these 

various factors. Most experiments I have done employed silicone oil as the pressure medium. 

In our experiments, we use a pair of diamonds with culet size of ≈ 300 μm in diameter. I usually 

pre-indent the stainless-steel gasket to be ≈ 30 μm in thickness. Then I drill a hole with ≈ 100 to 

150 μm in diameter on the center of the gasket to serve as a sample chamber. I load samples with 
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lateral dimensions of 50 - 80 μm into the sample chamber along with ruby spheres of ~10 μm. 

Finally, I fill the chamber with pressure medium and apply pressure. 

The maximum pressure of a DAC depends on the culet size of diamond anvils. Usually, anvils 

with 500 – 600 μm culet diameter can reach 20 – 30 GPa [10,21,22]. 400 μm anvils can reach 30 

– 50 GPa [23–27]. 300 μm anvils can tolerate 50 – 60 GPa [17]. Anvils with culet size ≤ 200 μm 

can go beyond 100 GPa [17,25,28,29]. Table 2.1 shows the pressure maximum for different culet 

diameters suggested by Almax easyLab, a company selling equipment related to high-pressure 

research. 

The pre-indentation thickness plays a crucial role in high-pressure measurements. Inadequate pre-

indentation can lead to an unstable sample chamber under pressure. A “stable sample chamber” 

retains its shape under pressure, while an unstable chamber may rupture at high pressure. Figure 

2.7 shows a sample chamber without sufficient pre-indentation. The area of the sample chamber 

(DAC hole) increases as pressure increases, leading to rupture at a pressure of 31.2 GPa. In 

contrast, Figure 2.8 shows a sample chamber with sufficient pre-indentation. In this case the DAC 

hole remains its shape even at 40.1 GPa. Based on my experience, a pre-indentation thickness of 

less than 35 μm is sufficient. An alternative way to determine the pre-indentation thickness is by 

measuring the pre-indentation pressure. The pre-indentation pressure should be at least half of the 

target maximum pressure. For example, if aiming for 40 GPa, a pre-indentation pressure of ≥ 20 

GPa is required. The pre-indentation pressure can be measured by the Raman peak of diamond 

anvils versus pressure [30]. 

Sample thickness is another critical factor in high-pressure measurements, particularly in TDTR 

experiments. The sample within the DAC should not contact both diamond anvils, which is 

referred to as "bridging" in the high-pressure community. Bridging leads to extreme sample 
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strains and introduces optical artifacts from the diamond anvils. TDTR measures temperature 

through optical reflectance signals, and there will be two additional issues if bridging happens: 1) 

Heat can possibly flow into the diamond anvil, making the modelling of heat diffusion unreliable. 

2) The reflected probe beam from the diamond anvils can cause optical artifacts in thermal-

related signals. Both effects compromise the accuracy of measured thermal conductivity. 

To prevent bridging, it's crucial that the sample's thickness remains less than the distance between 

the two diamond anvils. By assessing the DAC hole's area (𝐴) through camera images (e.g., 

Figures 2.6 and 2.7) in combination with the equation of state (EOS) for the pressure medium, we 

can estimate the distance (ⅆ) as a function of pressure, calculated as ⅆ = 𝑉 ∕ 𝐴. As depicted in 

Figure 2.9B, the estimated ⅆ for the scenarios shown in Figures 2.7 and 2.8 suggests that the 

sample's thickness should be less than 20 μm. In practice, I typically prepare the sample to be less 

than 10 μm in thickness, which has been tested to be sufficient for measurements up to 50 GPa. 

Specifically, for silicone oil, with measured Brillouin frequency data, we can calculate the EOS 

of silicone oil using the following formula: 

𝑓 =
2𝑁𝑣𝑙

𝜆
,       (2.3) 

𝑁2−1

𝜌(𝑁2+2)
= 𝐴 (Lorentz-Lorenz relation),   (2.4) 

𝑃 = 3𝐾0 (
1−𝜂

𝜂2
) ⅇ

3

2
(𝐾0

′−1)(1−𝜂)
 (Vinet equation of states),  (2.5) 

𝐾 = −𝑉 (
ⅆ𝑃

ⅆ𝑉
)
𝑇
.      (2.6) 

Here, 𝑓 is the Brillouin frequency of silicone oil from measurements, 𝑁 is the index of refraction 

of silicone oil, 𝑣𝑙 is the longitudinal group velocity, 𝜆 is the laser wavelength, 𝜌 is the density of 

silicone oil, 𝐴 is a constant, 𝑃 is the pressure, 𝐾0 is the ambient isothermal bulk modulus, 𝜂 =
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(𝑉 ∕ 𝑉0)
1∕3, 𝑉 is the volume, 𝐾0

′ is the derivative of bulk modulus with respect to pressure, and 𝐾 

is the isothermal bulk modulus. The calculated EOS of silicone oil is shown in Figure 2.9A.  

Note that the Lorentz-Lorenz (LL) relation is just a crude model to estimate the changes of 

refractive index induced by changes of density [1]. In real materials, it does not really work. For 

example, for diamond at 700 nm laser wavelength, the LL relation predicts its refractive index 

will increase from 2.407 to 2.42 at 9 GPa. The equation of states of diamond is from Ref. [30]. 

However, experiments show that 𝑁 of diamond decreases from 2.407 to 2.4 at 9 GPa [31]. In the 

above, my goal is to derive the EOS of silicone oil from the Brillouin frequency data, so that I can 

estimate the distance between two diamond anvils at high pressure. Even if I assume 𝑁 of 

silicone oil is a constant under pressure, the estimated distance will not be very different from the 

result obtained using the LL relation, see Figure 2.9. I did not apply the LL relation to any 

materials I studied (BAs, GaN, diamond, SrTiO3, KTaO3). 

One way to identify when bridging occurs is if the sample's area increases as pressure rises. 

Based on the pressure-volume EOS of materials [32], volume should decrease as pressure 

increases. Given hydrostatic pressure, it is impossible for the sample's volume/area to increase as 

pressure increases. An increase in sample area suggests non-uniform pressure inside the DAC, 

with the sample likely undergoing plastic deformation [33]. Thermal conductivity of a material is 

sensitive to plastic deformation [34]. If plastic deformation happens at high pressure, the change 

in thermal conductivity may not be attributable to the material's intrinsic properties. 

Consequently, thermal conductivity results obtained under such conditions should be discarded. 

A recent paper discussed measuring the transducer thickness using camera images [35]. However, 

their samples very likely experienced severe plastic deformation, making their results hard to 
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justify. In the following chapters, I will address how we account for the thickness of transducer at 

high pressure case by case. 

Different from using silicone oil as the pressure medium, when employing a gaseous pressure 

medium, the DAC hole experiences significant shrinkage during compression, see Figure 2.11. 

Therefore, when using gaseous pressure medium, it is important to make sure that the lateral size 

of the sample is small enough so that the sample will not be crushed by the DAC hole shrinkage 

upon compression. The way to estimate the DAC hole shrinkage is by assuming ⅆ remains 

constant at high pressure, and the volume change is accommodated by the area change, 𝐴 = 𝑉 ∕

ⅆ. The sample area should be less than the estimated 𝐴 at the target pressure. 

 

2.3 Forced Brillouin scattering. 

Forced Brillouin scattering is a pump-probe laser technique for measuring the longitudinal group 

velocity of materials [36]. The schematic of forced Brillouin scattering is shown in Figure 2.6(b). 

When the pump beam heats the transducer surface, it launches a strain wave into the material for 

study. The strain wave front moves at the longitudinal sound velocity of sample. 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 [36]. 

When laser beams are perpendicular to the sample, 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). We use the measured Brillouin 

frequency as a measure of the longitudinal speed of sound. Figure 2.6(c) shows data of a Brillouin 
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scattering scan. Additionally, the Brillouin frequency of silicone oil is an effective way of 

measuring the pressure in DAC [24]. 

There are two ways to do Brillouin scattering. One is to coat one side of the substrate with a metal 

transducer and shoot the laser beams from the uncoated side. This method works for materials 

that are transparent to the incident laser. I used this geometry for my high-pressure Brillouin 

scattering measurements. The other way is to coat the substrate with a 5-nm transducer (usually 

Pt) and shoot the laser from the coated side. I employed the latter geometry for temperature-

dependent measurements.  

 

 

Figure 2.4. A photo of symmetric and plate diamond anvil cells. 
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Figure 2.5. Schematics of DAC-assisted TDTR measurements. 

(a) A schematic of a sample inside a DAC. (b) The sample geometry in DAC-assisted 

TDTR measurements. Pump and probe beams go through a diamond and the pressure 

medium, hitting on the transducer surface, and are reflected. Both (a) and (b) are not 

drawn to scales. Important scales in (a) are marked. 
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Figure 2.6. Measurements of pressure in a diamond anvil cell. 

(a) An example of the red shift of ruby R1 line with increasing pressure. The arrows 

indicate the R1 lines at 4.6 and 16.2 GPa. (b) A schematic of the principle of Brillouin 

oscillation. The incident probe pulse can be reflected by both the Al and the traveling 

acoustic wave which is launched by the pump beam. The two reflected probe beams can 

interfere with each other, resulting in oscillations in 𝑉𝑖𝑛 signals as shown in (c). The 

acoustic wave moves at the speed of sound of silicone oil 𝑣𝑠. (d) Brillouin frequency of 

silicone oil vs. pressure. Blue dots are our data collected on silicone oil. Black dots are 

data in Ref. [21]. The red line is the fitting of Brillouin frequency of silicone oil vs. 

pressure in Ref. [37]. We calibrated pressures using both the ruby fluorescence spectrum 

and the Brillouin frequency of silicone oil. 
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Figure 2.7. Images of the hole area in a diamond anvil cell with insufficient pre-

indentation.  

The pre-indentation is 65 μm. In this condition, the DAC hole expands significantly as 

pressure increases. 
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Figure 2.8. Images of the hole area with sufficient pre-indentation.  

The pre-indentation is 35 μm. In this condition, the DAC hole remains constant at high 

pressure. 
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Figure 2.9. Consideration of the sample chamber volume in diamond anvil cells with 

silicone oil as the pressure medium.  

(A) Equation of states of silicone oil derived from its Brillouin frequencies at high 

pressure. The solid line is the derived EOS assuming the refractive index 𝑁 of silicone oil 

follows the LL relation. The dashed line assumes 𝑁 is a constant under pressure. (B) The 

estimated distance between two diamond anvils in the cases of 65 μm pre-indentation 

(Figure 2.7) and 35 μm pre-indentation (Figure 2.8). The area vs. pressure data are from 

Figure 2.7 and 2.8. 
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Figure 2.10. Illustration of the occurrence of plastic deformation in samples inside a 

DAC.  

(a) and (b) show a sample that did not experience significant plastic deformation upon 

compression. The pre-indentation thickness of the gasket is ~30 μm and the sample 

thickness is ~7 μm. (c) and (d) show a sample that exhibits significant plastic deformation 

upon compression. The pre-indentation thickness of the gasket is ~65 μm and the sample 

thickness is ~20 μm. In my measurements, the data is discarded when the hole area 

and/or sample area increases. 
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Figure 2.11. Change in area of the DAC hole at high pressure with Ne pressure medium.  

(A) Equation of states of Ne from Ref. [38]. (B) and (C) are images of a WSe2 sample 

loaded in a diamond anvil cell with Ne as the pressure medium at 0.5 and 10.1 GPa, 

respectively. The pre-indentation is ~30 μm. In contrast to Figure 2.8, the hole shrinks 

significantly as pressure increases when using gaseous medium.  
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Table 2.1 Pressure maximum for different culet diameters of diamond anvils suggested 

by Almax easyLab. 

 

Culet diameter (μm) Pressure maximum (GPa) 

800 ≈ 20 

700 ≈ 30 

500 ≈ 40 

400 ≈ 60 

300 ≈ 80 

200 ≈ 100 

150 ≈ 150 
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2.4 Some notes for high-pressure TDTR 

In this section, I discuss some of the concerns and experiences encountered during high-pressure 

TDTR experiments. 

Spot size measurements in DACs. 

One concern was whether the spot size conversion factor we calibrated in the air remains 

consistent as the laser passes through diamond anvils, ensuring the reliability of the spot size 

measured inside a DAC. We use the beam offset method to measure the laser spot size [39,40]. 

The pump beam displacement on the sample is 𝛥ⅆ = 𝑓𝑜𝑏𝑗𝛥𝜃, where 𝑓𝑜𝑏𝑗 is the focal length of the 

objective lens, and 𝛥𝜃 is the angle change of the incident laser beam at the back-focal plane of the 

objective lens. We tune 𝛥𝜃 by tuning a mirror by actuators in horizontal (𝛥𝑥) and vertical (𝛥𝑦) 

directions [41]. 𝛥𝜃𝑥 = 𝑋𝑐𝛥𝑥 and 𝛥𝜃𝑦 = 𝑌𝑐𝛥𝑦, where 𝑋𝑐 and 𝑌𝑐 are conversion factors. On one 

hand, diamond has a high index of refraction (𝑁 = 2.4) at 783 nm laser wavelength, which may 

have a lensing effect on laser beams. On the other hand, the size of the diamond anvil is small (~2 

mm), so the lensing effect of diamond anvils should be small. To make sure the 𝑋𝑐 and 𝑌𝑐 

calibrated in the air are the same, I measured the distance between two parallel lines in the air vs. 

through a diamond anvil, and got consistent values, see Figure 2.12. Therefore, 𝑋𝑐 and 𝑌𝑐 remain 

the same as the ones calibrated in the air, and the spot size measured in a DAC is reliable. 

Selection of transducers for high-pressure TDTR. 

Another concern in high-pressure TDTR is the choice of transducer. Aluminum is a good 

transducer for ambient conditions and temperature-dependent TDTR measurements. However, 

the reflectance signal collected on Al drops significantly at high pressure due to the decrease of 

its thermoreflectance (ⅆ𝑅 ⅆ𝑇⁄ ) [14,42]. This makes Al not an ideal transducer for high-pressure 
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TDTR. To find a better transducer, I did TDTR on samples coated with Ta, Pt, and Au at high 

pressure (Figure 2.13). All of these metals displayed relatively constant 𝑉𝑖𝑛 signals at high 

pressure compared to Al. However, each has specific constraints. Ta requires high-temperature 

deposition (> 700 K) to obtain the α-phase [43], which has higher thermoreflectance than the β-

phase Ta that results from room temperature deposition [44]. Ta may not be suitable for samples 

that cannot tolerate high temperatures. Au has a very low absorption (0.026) at 783 nm laser 

wavelength [45], and the observed reflectance signal is too small to measure, especially for high-

thermal-conductivity materials whose 𝑉𝑜𝑢𝑡 signals are small. Pt is stiffer than most 

semiconductors [32,46,47]. When Pt is coated on samples that are more compressible than Pt, it 

appears to buckle at high pressure, see Figure 2.14A. This is likely due to the fact BAs shrinks 

faster than Pt upon compression [32,47], and the Pt thin film cannot adhere well to the BAs 

substrate. As a result, at 2.6 GPa, the Pt film buckles, and the laser beam is distorted by the 

buckled transducer (Figure 2.14A). In comparison, when Pt is coated on samples that are less 

compressible, e.g., diamond, the issue mentioned above will not happen, see Figure 2.14B.  

The choice of transducer not only needs to consider the strength of the reflectance signal, but also 

to account for the match between the metal transducer and the substrate. For reflectance signal, 

we need to consider the product of absorption (1 − 𝑅) and thermoreflectance (ⅆ𝑅/ⅆ𝑇) of the 

transducer. To match the transducer and the substrate, we need to choose a transducer that has a 

similar or smaller bulk modulus compared to the substrate. I emphasize that “match” means the 

transducer is not stiffer than the substrate. As long as the transducer is softer than the substrate, it 

should work. As mentioned above, if the substrate shrinks faster than the transducer at high 

pressure, the transducer will buckle upon compression. Since what we care about is the volume 

change under pressure, it is equivalent to consider the bulk modulus which is related to the first 

derivative of EOS. Figure 2.15A shows the (1 − 𝑅) × |ⅆ𝑅/ⅆ𝑇| vs. bulk modulus for different 
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metal transducers, and it can be used to find appropriate transducers for high-pressure TDTR. 

Most nonmetallic materials have an equation of state similar to Ta (Figure 2.15B), so V, Nb, Ni, 

Au, and Pd are good candidates for most nonmetallic materials in terms of EOS. Al is softer than 

most nonmetallic materials. Therefore, although its thermoreflectance is small at high pressure, 

Al is still a relatively good candidate for most nonmetallic materials since it will not buckle. 

V and Nb are ideal transducers in terms of mechanical and optical properties. However, the 

measured thermal conductivity of silicon control samples coated with a single layer V or Nb is 

only around 90 W m-1 K-1. This value is significantly lower than the accepted thermal 

conductivity of Si, which is approximately 140 W m-1 K-1. The problem may stem from the low 

quality of the sputtered V (or Nb) thin films, evident from the high resistance (4.4 ohm for a 43.5 

nm V thin film) measured by the four-point probe method. To solve this problem, I attempted to 

make a V/Al bilayer transducer, and tested it on Si, see Figure 2.16 and Table 2.2. The sample 

geometry comprises a 40 nm V layer, 30 – 50 nm Al layer, and Si substrate. I made three V/Al/Si 

bilayer samples with ℎ𝑉: ℎ𝐴𝑙  ratio being 40:30, 40:40, and 40:50. The fitted thermal conductivity 

of Si for the three samples is 130 – 135 W m-1 K-1. I summarize properties of interest of the 

bilayer samples in Table 2.2. The ambient longitudinal speed of sound of Al and V are 6.42 and 6 

nm/ps, respectively. The ambient volumetric heat capacity of Al and V are 2.42 and 2.99 J cm-3 

K-1, respectively. The addition of an Al seed layer doubled the 𝑉𝑖𝑛 compared to a single-layer V 

film, and, most importantly, led to a more reasonable fitted thermal conductivity of Si. 

To test the performance of V/Al bilayer transducer at high pressure, I prepared a 40 nm V/50 nm 

Al/BAs sample and performed TDTR up to 30 GPa. The 𝑉𝑖𝑛 signal increased upon compression 

and remained high up to 30 GPa, see Figure 2.13. At ambient conditions, the fitted thermal 

conductivity of BAs is ~ 1200 W m-1 K-1 from the V/Al/BAs sample, consistent with the value I 
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obtained from Al/BAs samples. Both the V/Al/BAs sample and Al/BAs sample are from the same 

BAs large piece. 

Does pressure medium introduce artifacts in TDTR signals?  

Another concern is whether the ⅆ𝑛/ⅆ𝑇 of pressure medium introduces artifacts in the data. Since 

the pressure medium is in contact with the transducer surface, the reflected probe beam might be 

affected by its ⅆ𝑛/ⅆ𝑇. To investigate the impact of the pressure medium's ⅆ𝑛/ⅆ𝑇 on 

experimental signals, I did two TDTR scans on a diamond sample coated with an 80-nm Ta film 

on its top surface, with silicone oil as the pressure medium (Figure 2.17). In one scan, the pump 

and probe beams were incident from the side of the silicone oil. In the other scan, the beams were 

incident from the side of the diamond substrate. The ratio signals at 𝑡 > 300 ps of the two scans 

look the same. This indicates that the ⅆ𝑛/ⅆ𝑇 of the silicone oil does not introduce artifacts in the 

fitted thermal conductivity. Additionally, I repeated the same measurements on an Al/diamond 

sample at 18 GPa (Figure 2.18). Another evidence is that our measurements on Al/MgO with 

laser incident from silicone oil agree with previous measurements [48] with laser incident from 

MgO (Figure 2.19). 

Correct procedures to achieve 50 GPa. 

TDTR requires an optically smooth surface. However, preparing samples for measurement in a 

DAC involves many procedures that can affect surface quality. For example, we need sample 

thickness to be as thin as ~10 μm, and mechanically polish the sample to accomplish this. 

Initially, I coated the sample with transducer, polished the coated sample to ~10 μm, and then 

broke it into small pieces. However, this procedure usually leads to an unsmooth surface. In 

response, I attempted an alternative approach: I first polished the substrate, broke it into small 

pieces, selected pieces with smooth and clean surface, and then coated them with a transducer. 
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This revised method yielded a cleaner surface. Note that once the sample size is smaller than 

100 × 100 × 20 μm3, it can securely adhere to flat surfaces like glass slides and Si wafers 

through electrostatic forces. Consequently, when sputtering transducers to these small samples, 

adhesive is unnecessary. I conducted tests to confirm that these small samples remain in place 

even during procedures like plasma etching and sputtering at 850˚C. 

Reaching 25 GPa in DAC-assisted TDTR is easy but obtaining 50 GPa is hard. This is why most 

high pressure thermal conductivity studies only go up to ~25 GPa [6]. Based on my experience, 

achieving a pressure of 50 GPa requires the following cautions: 

1) The size of the diamond anvils should be ≤ 300 μm. 

2) The pre-indentation should be less than 35 μm. 

3) It is better if the sample thickness is less than 10 μm. 15 μm might work. 

4) The lateral size of sample should be less than half of the DAC hole diameter.  

5) For DACs with 300 μm culets, the highest pressure is 55 GPa. Exceeding 55 GPa may 

break the diamond anvils. 

Meeting these requirements is a prerequisite for reaching 50 GPa, although it does not guarantee 

success. For example, if the sample contains dislocations, it may fracture under high pressure as 

dislocations propagate. Operating a DAC is akin to performing surgery: the more you practice, 

the greater your chances of success. Loading your first sample into the chamber is often the most 

challenging step. However, once you've accomplished it, your subsequent attempts tend to 

improve.  
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Figure 2.12. Laser beam spot-size measurements in a diamond anvil cell.  

(A) An optical image of two scratches on a diamond surface taken in air. (B) An optical 

image of two scratches on a diamond surface with light going through the diamond. (C) 

Measured lengths of the 5 lines drawn in (A) and (B). The consistent results suggest that 

the conversion factor for measuring laser spot size is not affected by diamond anvils. 
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Figure 2.13. Variations of in-phase signal versus pressure for five different transducers.  

(A) The in-phase raw data is normalized by pump power and the voltage on the 

photodiode detector. Al (gray squares), Au (purple triangles), and V/Al (green diamonds) 

were measured with a 20× objective lens (spot size ≈ 5 μm). Pt (blue triangles), Ta (red 

dots), and V/Al (yellow diamonds) were measured with a 10× objective lens (spot size ≈ 

10 μm). (B) The relative in-phase signal variation compared to the ambient-condition 𝑉𝑖𝑛. 

Open and filled markers are used to distinguish that Al changes the sign in the 𝑉𝑖𝑛 signal 

at ~ 6 GPa. Data of Al, Au, Pt, Ta, and V/Al were collected on an Al/BAs, Au/GaN, 

Pt/diamond, Ta/SrTiO3, and V/Al/BAs sample, respectively. The two sets of V/Al data 

were obtained on the same sample with different spot sizes. 
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Figure 2.14. Illustration of the issue of incompatibility between transducer and substrate.  

(A) A Pt/BAs sample at 2.6 GPa in a DAC. The laser beam appears distorted due to the 

buckling of Pt. (B) A Pt/diamond sample at 40.9 GPa. (C) – (E) show the images of 

Pt/BAs at 6.5, 11, and 20 GPa. (F) EOS of diamond, Pt, and BAs. The Pt/BAs surface 

looks better as pressure increases. The reason may be that the modulus mismatch between 

Pt and BAs becomes smaller as pressure increases, as shown by the gradient of their 

EOS. 
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Figure 2.15. A summary of the mechanical and thermo-optic properties of various 

transducers. 

(A) The product of absorption and thermoreflectance versus bulk modulus at ambient 

conditions for metal transducers. (B) Equations of states of Al, V, Ta, and Pt. 

Thermoreflectance and absorption data are from Ref. [45]. Bulk modulus data and EOS 

are from Ref. [16,17,25,32,49–53]. 
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Figure 2.16. TDTR on Si samples coated with V/Al bilayer transducers. 

(A) 𝑉𝑖𝑛 versus delay time for Si samples coated with V/Al bilayer transducers. I used a Si 

sample coated with 84 nm Al and one coated with 43.5 nm V as control samples. (B) 

−𝑉𝑖𝑛/𝑉𝑜𝑢𝑡 versus delay time for the samples. Dashed lines are fittings of heat diffusion to 

the TDTR data of corresponding color. The fitted thermal conductivity and interface 

conductance are shown in Table 2.2. All the samples are measured with 21 mW pump 

power, 4.7 mW probe power, and 10.3 μm spot size. 
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Figure 2.17. High-pressure TDTR data on a Ta/diamond sample with laser incident from 

the pressure medium versus from the substrate.  

The data were collected on a diamond sample coated with an 80-nm Ta thin film on top 

at 31 GPa, with silicone oil as the pressure medium. (A) and (B) show the 𝑉𝑖𝑛 and 

−𝑉𝑖𝑛/𝑉𝑜𝑢𝑡_𝑎𝑣𝑔 signals of the two scans, respectively. 𝑉𝑜𝑢𝑡_𝑎𝑣𝑔 is the average out-of-phase 

signal at negative delay time. The pump and probe power for these two scans are 31 mW 

and 11 mW, respectively. The laser spot size is ~ 10.5 μm. 

  



42 

 

 

Figure 2.18. High-pressure TDTR data on an Al/diamond sample with laser incident 

from pressure medium versus from substrate.  

The data were collected on a diamond sample coated with an 80-nm Al thin film on top at 

18 GPa, with silicone oil as the pressure medium. (A) and (B) show the 𝑉𝑖𝑛 and 

−𝑉𝑖𝑛/𝑉𝑜𝑢𝑡_𝑎𝑣𝑔 signals of the two scans, respectively. 𝑉𝑜𝑢𝑡_𝑎𝑣𝑔 is the average out-of-phase 

signal at negative delay time. The pump and probe power for these two scans are 30 mW 

and 7 mW, respectively. The laser spot size is ~10.5 μm. Figure 2.17 and 2.18 indicate 

the thermo-optic coefficient of pressure medium does not introduce artifacts in the TDTR 

signals. 

 

  



43 

 

 

Figure 2.19. Thermal conductivity of MgO versus pressure.  

We measured two Al/MgO samples (sample 1 and sample 2) with laser incident from the 

side of pressure medium. Our data are shown as blue and purple markers. In comparison, 

Dalton et al. [48] measured Al/MgO from the side of MgO. Our data are consistent with 

their data, indicating that the thermo-optic coefficient of pressure medium does not 

introduce artifacts in the TDTR signals. 
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Table 2.2. Properties of V/Al bilayer transducers. 

Properties of interests include the thickness of vanadium (ℎ𝑉), the thickness of Al (ℎ𝐴𝑙), 

the thermal conductivity of the whole transducer (𝛬𝑚ⅇ𝑡𝑎𝑙), best-fit thermal conductivity of 

Si (𝛬𝑆𝑖), best-fit of interface conductance between transducer and Si substrate (𝐺). 

 

Sample ℎ𝑉 (nm) ℎ𝐴𝑙 (nm) 𝛬𝑚𝑒𝑡𝑎𝑙  

(W m-1 K-1) 

Fitted 𝛬𝑆𝑖 

(W m-1 K-1) 

Fitted 𝐺 

(W m-2 K-1) 

Al/Si 0 84 170 145 150 

40V/30Al/Si 40 30 60 130 170 

40V/40Al/Si 40 40 90 135 160 

40V/50Al/Si 40 50 110 135 160 

V/Si 43.5 0 13 93 270 
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Chapter 3 Spin-Phonon Interactions Induced Anomalous Thermal 

Conductivity in NiO 

Chapter 3 was published in “Spin-Phonon Interactions Induced Anomalous Thermal Conductivity 

in Nickel (II) Oxide.” Qiyang Sun, Songrui Hou, Bin Wei, Yaokun Su, Victor Ortiz, Bo Sun, Jiao 

Y. Y. Lin, Hillary Smith, Sergey Danilkin, Douglas L. Abernathy, Richard Wilson, and Chen Li, 

Materials Today Physics 35: 101094 (2023). 

 

3.1 Introduction  

Thermal transports in magnetic insulators are predominantly governed by lattice dynamics, spin 

dynamics, and mutual interactions between them. Phonons and magnons are quantized energy 

carriers that correspond to lattice and spin degrees of freedom. Their contributions to thermal 

conductivity vary in different systems. Phonons usually carry most of the heat in magnetic 

insulators. Magnons also affect the thermal transport of magnetic insulators through two 

mechanisms. First, in some insulators, the amount of heat carried by magnons is comparable to 

that of phonons at low temperatures [54–58]. Second, spin-phonon interactions affect phonon 

energies and mean free paths, thus the transport of phonons [59,60]. Although thermal 

conductivity governed by phonon-phonon scattering can be understood by the theory of lattice 

anharmonicity [61], the effects of magnon and spin-phonon interactions are less well 

understood [62]. The majority of existing work focused on tuning thermal conductivity by an 

external magnetic field at low temperatures, where thermal transport is not dominated by 

phonons. It was observed that with increasing external magnetic field, the magnon-phonon 

interaction is weakened, and the thermal conductivity is enhanced in ferromagnetic, ferrimagnetic 
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and magnetic frustrated materials [63–65]. These observations suggest that spin-phonon 

interactions suppress thermal transport. However, the thermal conductivity in antiferromagnetic 

materials has a much weaker field dependence [59], thus the effects from spin-phonon 

interactions are not extensively explored. There is great potential in engineering thermal transport 

through such interactions. 

Antiferromagnetic (AFM) insulators exhibit characteristics of low damping and 

robustness against external magnetic perturbations, which make them promising 

candidate materials for quantum computing devices [66], ultrafast spintronics [67–70], 

memory devices [71], and spin-caloritronic applications [72,73]. Colinear AFM insulator 

nickel (II) oxide (NiO) is a prominent candidate for next-generation spintronic and spin-

caloritronic applications operating at room temperature because it has high spin transport 

efficiency [74–77] and high Néel temperature (𝑇𝑁 = 523 K) [78–80], and its magnetic 

order can be manipulated by ultrafast photoexcitation [81]. Importantly, spin-induced 

dynamic symmetry breaking and the mutual spin-phonon driving effect have recently 

been reported in NiO, suggesting the presence of strong spin-phonon interactions [82]. 

The observed strong spin-phonon interactions may significantly affect phonon transport 

and motivates the current work. 

While there are extensive experimental and theoretical studies on thermal transport in 

single crystal NiO [83–88], there are no conclusive experimental thermal conductivity 

data or atomistic models for magnon and phonon transport in the context of spin-phonon 

interactions. The most cited experimental work was done by F. B. Lewis et al [85]. 

Although the thermal conductivity was reported to increase with temperature in the 
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paramagnetic (PM) phase, suggesting strong spin-phonon interactions, the measurement 

was not conclusive because of possible radiational heat loss [85]. The increase of thermal 

conductivity in the PM phase is contrary to later measurements done by M. Massot et 

al [87], who measured the thermal conductivity only in the vicinity of 𝑇𝑁. Moreover, 

characterizing the magnon and phonon dynamics is pivotal for investigating the effect of 

spin-phonon interactions. Previous Raman experiments only focused on the temperature 

dependence of the phonon energy at the zone center [89]. The lack of accurate 

measurements of thermal conductivity in a wide temperature range, characterizations of 

temperature-dependent magnon and phonon dynamics off zone centers, and atomistic 

models for magnon and phonon transport hindered further investigations of thermal 

transports in this important material. The present work sheds light on these points. 

In the current work, we performed inelastic neutron scattering (INS) experiments to characterize 

magnon and phonon dynamics, time-domain thermoreflectance (TDTR) measurements to 

measure temperature-dependent thermal conductivity, and atomistic simulations to investigate 

phonon and magnon transport in the context of spin-phonon interactions in NiO. INS 

measurements of magnon lifetimes indicate that the magnon thermal conductivity is negligible at 

all temperatures. TDTR measurements reveal that the thermal conductivity of NiO decreases 

from ~55 𝑊/(𝑚 ∙ 𝐾) at 200 K to ~13 𝑊/(𝑚 ∙ 𝐾) at 500 K. First principles calculations show 

that this temperature dependence is greater than can be explained with phonon-phonon and 

phonon-defect scattering (from 53 to 20 𝑊/(𝑚 ∙ 𝐾) in the same temperature range). INS 

measurements of temperature-induced phonon energy softening cannot also explain the observed 

temperature dependence of thermal conductivity. We attribute the difference to spin-phonon 

interactions.  
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3.2 Methods 

Inelastic Neutron Scattering Experiments.  

Time-of-flight INS measurements were performed on single-crystal NiO with Wide Angular-

Range Chopper Spectrometer (ARCS) at the Spallation Neutron Source at Oak Ridge National 

Laboratory. Incident energy of 150 meV was used for measurements under 10, 300, 540 and 640 

K. The sample was loaded with Al foil and placed in a low-background electrical resistance 

vacuum furnace with (H,H,0) plane horizontal. Data reduction was performed with 

MANTID [90]. The INS data were normalized by the proton current on the target and corrected 

for detector efficiency using a vanadium scan. Since no detectable difference can be found in 

binning experimental data (10, 300 K) with distorted rhombohedral or FCC lattice coordinates, 

the slight structure distortion of the AFM phase was neglected, and the FCC crystal structure was 

used for data analysis. The data was sliced along high symmetry 𝐐-directions in reciprocal space 

to produce two-dimensional energy-momentum views of dispersions.  

Time-of-flight INS measurements were also performed on polycrystalline NiO. The sample was 

loaded in an Al sample can and mounted in a low-background electrical resistance vacuum 

furnace. The two-dimensional dynamic structure factors  (|𝐐|, E) were obtained at T = 50, 280, 

450, 540 and 640 K using an incident energy of 50 and 150 meV. INS measurements on an empty 

Al can were performed at the same temperatures and neutron incident energy. The measured 

intensity, as the INS background induced by the sample holder, was subtracted from the 

polycrystalline data. The data have been corrected by multiphonon scattering and thermal 

occupation using Getdos. 

Triple-axis INS measurements were performed on the same single-crystal with triple-axis 

spectrometer TAIPAN at OPAL reactor at ANSTO to map phonon dispersion near the zone 



49 

 

center. Constant Q scans near zone centers at (1,1,1), (0,2,2) and (0,0,2), and constant energy 

scans at 10, 15, and 20 meV along [1,1,1] were performed at 300, 450, and 650 K. 

Time-domain Thermoreflectance Measurements.  

We performed TDTR measurements on two single-crystal NiO samples between 125 and 675 K. 

TDTR is a well-established pump probe technique for the characterization of thermal 

properties [91]. Details of our TDTR setup can be found in Ref. [41]. We mounted the samples in 

a heater stage (Microptik MHCS600) for temperatures above 300 K and in a cryostat (Janis ST-

300MS) below 300 K. We pumped the sample chamber down to ~10-5 torr during the 

experiments. We coated the NiO samples with an ~80 nm Al film. The Al film serves as both a 

heat absorber and a thermometer. In TDTR measurements, a train of 783-nm-wavelength laser 

pulses emitted from a mode-locked Ti:sapphire oscillator is split into a pump beam and a probe 

beam. The pump beam heats the sample at a modulation frequency of 10.7 MHz. The probe beam 

monitors the temperature decay at the sample surface via temperature-induced changes in the 

reflectance of the Al film. The reflected probe beam from the Al film is collected by a silicon 

photodiode detector. A lock-in amplifier reads the microvolt change in voltage output by the 

detector due to changes in reflected probe beam intensity. The amplifier outputs the in-phase 

signal Vin and the out-of-phase signal Vout at the 10.7 MHz modulation frequency. The size of the 

laser spot in 1/e2 radius w0 = 6.5 μm and is measured by the beam offset method [39]. We 

controlled the steady-state temperature rise in NiO to be less than 5 K considering its phase 

transition at 523 K. The steady-state temperature increase in the TDTR measurements is [91] 

𝛥𝑇𝑠 =
𝑃𝑖(1−𝑅)

2√𝜋𝑤0𝜅
,  (3.1) 
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where Pi is the incident laser power, R is the optical reflectivity of Al, and κ is the thermal 

conductivity of NiO. We make sure 𝛥𝑇𝑠 < 5 K by controlling the incident pump and probe 

power. 

We analyzed the collected ratio, -Vin / Vout, using a heat diffusion model to extract the thermal 

conductivity of NiO [91]. The model needs several input parameters, such as laser spot size, 

modulation frequency, and thermal properties of each layer. We measured the thickness of the Al 

film by picosecond acoustics [36]. We used experimental results from literature for the heat 

capacity of Al and NiO at different temperatures [85,92,93]. For the heat capacity of NiO above 

630 K, there is no experimental data. Thus, we extrapolate the experimental results in Ref. [85]. 

INS data folding.  

Data folding was used to increase the counting statistics and remove the neutron scattering form 

factor in the dynamic structure factors  (𝐐, E). Data folding was done by summing up the  (𝐐, E) 

data from over 100 BZs into an irreducible wedge in the first Brillouin zone. The offsets of the 𝒒 

grids were corrected by fitting the measured Bragg diffractions. This folding technique has been 

used in a previous study [94] and has been demonstrated to be reliable. 

 

3.3 Results and Discussion 

Time-of-flight INS measurements were performed on single-crystal NiO with ARCS 

spectrometer at the Spallation Neutron Source. The four-dimensional dynamic structure factors, 

S(Q,E), were mapped at 10, 300, 540 and 640 K and folded into an irreducible wedge in one 

Brillouin zone. In Figure 3.1, the folded S(Q,E) shows phonon and magnon dispersions. The 

spectral intensity of the magnons is weaker than that of the phonons. In Figure 3.1(c), the 
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measured phonon dispersion shown in the folded S(Q,E) is consistent with previous 

measurements at 300 K [95]. The S(Q,E) calculated by the coherent lattice INS at 10 K shows 

excellent agreement with the measurements (Fig1 a, b). Our DFT calculation predicts the 

longitudinal optic mode energy of 71.2 meV at the zone center (Γ), matching well with our 

measurement and previous Raman measurement at 300 K [89]. Two branches of nondispersive 

INS intensities around 23 and 35 meV overlay with low-lying optical modes (Figure 3.1(b) and 

(c)). These intensities arise from incoherent INS by nickel atoms, which have a non-trivial 

incoherent scattering cross section of 5.2 barn. This is confirmed by the coherent one-phonon 

scattering dynamic structure factor simulation in Figure 3.1(a). Similar incoherent scattering 

intensities have been observed in CoO [96]. Our INS measurements provide detailed 

characterizations of magnon and phonon properties and shed light on the calculation of thermal 

conductivity, as discussed below. 

The total thermal conductivity (𝜅) in NiO can be represented as 𝜅 = 𝜅𝑚 + 𝜅𝑝, where 𝜅𝑚 and 𝜅𝑝 

are the thermal conductivity by magnon and phonon transports, respectively. In this system, the 

intrinsic linewidth broadenings of magnons were much smaller than the magnon energy. 

Magnons would be well defined and can be treated as propagating quasiparticles. In this case, the 

kinetic theory of thermal transport can be applied to calculate the magnon thermal 

conductivity [97]. The thermal conductivity along [1,0,0] can be calculated with 

𝜅𝑚 = ∑ 𝑐𝑞𝑣𝑞
2𝜏𝑞𝑞 ,  (3.2) 

where 𝑐𝑞 , 𝑣𝑞 , 𝜏𝑞 are the mode volumetric specific heat (energy density per unit volume), projected 

group velocity along the [1,0,0] direction and the mode relaxation time of magnon at the grid 

point 𝑞, respectively. The 𝑐𝑞takes the form, 

𝑐𝑞 =
1

𝑁𝑉

𝜕

𝜕𝑇
(

𝜔𝑞

𝑒𝑥𝑝(
𝜔𝑞

𝑘𝑏𝑇
)−1

),  (3.3) 
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where N is the total number of grid points in the reciprocal space; V is the volume of the unit cell; 

𝜔𝑞 is magnon frequency at grid point 𝑞, 𝑘𝑏 is the Boltzmann constant and 𝑇 is the temperature. 

𝜔𝑞 , 𝑐𝑞 , 𝑣𝑞 are obtained from the calculated magnon dispersions, which show great agreement with 

experimental data at 10 K (Figure 3.9).  

The magnon thermal conductivity was obtained based on the lifetime calculated from the magnon 

linewidth. The magnon linewidths were obtained by fitting experimental and calculated (see SI 

note 2) one-dimensional dynamic structure factor S(E) slices at Q1 = (0.5,0.5,3) and Q2 = 

(1.75,1.75,1.75). The experimental data were fitted with a convolution of the resolution and the 

intrinsic lifetime broadening. The resolution function is Gaussian and its linewidth, Γ𝐺, includes 

contributions from the instrument energy and Q resolution. A Lorentzian function with its half-

width half-maximum (HWHM), Γ𝐿, is used for the intrinsic lifetime broadening. For 10 K, the 

fitted Γ𝐿 are 1.9±0.5 and 1.7±0.8 meV and magnon intrinsic lifetime, 𝜏 =
1

2Γ𝐿
, are 172 and 191 fs 

at Q1 and Q2, respectively. The results on magnon lifetimes are comparable with previous 

measurements on ultrathin ferromagnetic films using spin-polarized high-resolution electron 

energy loss spectroscopy [98]. As suggested by Wu et al. [97], magnon lifetimes 𝜏𝑞 scale with 

𝜔𝑞
−1 in the presence of spin-phonon interactions, hence, 𝜏𝑞 can be approximated by 𝜏𝑞 =

𝜏0𝜔0/𝜔𝑞, in which 𝜏0 and 𝜔0 are the magnon energy and lifetime at the top of the dispersion. 

Although NiO has two magnon eigenmodes, they degenerate in a wide span of reciprocal space. 

The degeneracy is broken only in the vicinity of the magnetic zone center with magnon gaps of 

4.3 and 0.6 meV [99,100]. In this case, the effect of the magnon gap on magnon transport was not 

considered. With specific heat, the projected group velocity and the lifetime obtained at 10 K, 𝜅𝑚 

along [1,0,0] direction is calculated to be 0.2, 0.9, 1.3 𝑊/(𝑚 ∙ 𝐾) at 100, 300, 500 K respectively, 

as shown in Figure 3.3(d). It should be noted that the temperature dependences of magnon 𝜏𝑞 and 
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𝜔𝑞 are not considered in the present calculation and the 𝜅𝑚 should be treated as an upper limit 

because both 𝜏𝑞 and 𝜔𝑞 decrease with temperature (Figure 3.2). At 300 K, the magnon intrinsic 

linewidth Γ𝐿 are 5.7±1.0 and 6.4±0.8 meV and magnon intrinsic lifetime, are 58 and 51 fs at Q1 

and Q2, respectively (Figure 3.2(a) and (b)). At 300 K, the calculated magnon thermal 

conductivity is around 0.3 𝑊/(𝑚 ∙ 𝐾) and much less than the upper limit. We estimated the 𝜅𝑚 

between 10 to 500 K using temperature-dependent magnon energies and lifetimes, which are 

obtained from linear fittings of the experimental data at 10 and 300 K. As shown in Figure 3.3(d), 

the estimated 𝜅𝑚 first increases from 10 to 320 K and gradually decrease above 320 K.  

The phonon thermal conductivity (𝜅𝑝) was calculated based on 3-phonon scattering with the 

single mode relaxation time (SMRT) approximation [101]. Phonon-isotope scattering due to the 

mass variance of isotope distributions was also considered. Phonon-defect scattering due to point 

defects was estimated by fitting TDTR data below 200 K. The calculated 𝜅𝑝 using SMRT 

approximation and direct solution of the linearized Boltzmann transport equation (LBTE) shows 

little difference (Figure 3.4). It should be mentioned that other calculational results of 𝜅𝑝 obtained 

by direct solution of LBTE with considered phonon-phonon and phonon-isotope scattering have 

recently been reported [88]. The reported 𝜅𝑝 is around 25 𝑊/(𝑚 ∙ 𝐾) at 300 K, much lower than 

our calculation (natural with defect, 31 𝑊/(𝑚 ∙ 𝐾)) and our measurement (30 𝑊/(𝑚 ∙ 𝐾)) shown 

in Figure 3.3(d). The difference may arise from the different exchange-correlation functionals that 

were used (LDA in the present work, hybrid-PBE in Ref. [88]) and the difference in phonon 

dispersion (~7% in the total energy scale). Above 200 K, the calculated 𝜅𝑝 follows 𝑇−1 (Figure 

3.3(d)), which is typical for nonmetallic materials in high-temperature regimes due to phonon-

phonon interactions [1].  
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The calculated thermal conductivity of the phonons is much larger than that of the magnons in the 

AFM phase (Figure 3.3(d)). The total thermal conductivity is determined mainly by phonon 

transport. The huge difference between 𝜅𝑝 and 𝜅𝑚 mainly results from the difference in 

cumulative specific heat, where the specific heat of magnons is about two orders of magnitude 

lower than that of phonons at 100 K (Figure 3.3(b)). Near and above 𝑇𝑁, magnon lifetimes are 

expected to decrease drastically due to the loss of long-range spin order, and the thermal 

conductivity by magnon is also expected to be small.  

TDTR measurements were performed on two NiO single crystals labelled NiO (I) and NiO (II). 

TDTR is a transient method for thermal transport measurements whose experimental signals are 

proportional to thermal effusivity (√𝜅𝐶). The NiO (I) crystal has a flat thermal effusivity below 

200 K. Above 200 K, the thermal effusivity decreases with temperature, and a small dip was 

observed at 523 K. Using values from the literature for the heat capacity versus temperature of 

NiO [85,93] (Figure 3.5), we calculated the thermal conductivity versus temperature from the 

experimentally measured thermal effusivities.  

The thermal conductivity of NiO (I) in the AFM phase depends strongly on temperature between 

200-450 K. 𝜅 decreases from 55 𝑊/(𝑚 ∙ 𝐾) at 200 K to 17 𝑊/(𝑚 ∙ 𝐾) at 450 K. This 

corresponds to a temperature dependence of T-1.5 (Figure 3.3(c)). At temperatures greater than 550 

K in the PM phase, the temperature dependence of the thermal conductivity is weaker. The 

thermal conductivity decreases with 𝑇−1 above 550 K. The NiO (II) crystal has lower thermal 

conductivity with weaker temperature dependence (Figure 3.10) because of a higher defect 

concentration than NiO (I). 𝜅 of NiO (I) in Figure 3.3(c) is more representative of the intrinsic 

transport properties of NiO. 
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We now compare our results to prior measurements of 𝜅 of NiO. Our data show a trend similar to 

previous results measured by Zhuze et al. using a pulse technique [84], see Figure 3.3(c). Both 

measurements show an overall decreasing thermal conductivity with temperature, with a dip 

around 𝑇𝑁. Although our data are consistent with the results by Lewis et al. [85] below 200 K, the 

measured thermal conductivity is lower and shows a stronger temperature dependence from 200 

to 450 K (Figure 3.3(c)). The discrepancy may be related to radiation heat loss in the steady-state 

longitudinal method used [85,102], see Figure 3.6. Errors in thermal conductivity caused by heat 

loss from radiation are known to follow the 𝑇3 dependence [102]. We calculate the difference 

between our measurements and the steady-state results (𝛥𝜅) at 200-500 K and find it to be 

proportional to 𝑇3 (Figure 3.6). 

In Figure 3.3(d), we compare our experimental and theoretical predictions for thermal 

conductivity. While the calculated 𝜅𝑝 (natural with defect) and the measured 𝜅 are in good 

agreement for T < 300 K, they diverge for T above room temperature. Experimental 𝜅 decreases 

more rapidly with T than theory can explain. The discrepancy between theory and experiment 

increases as T increases from 300 to 𝑇𝑁 = 523 K. Then, at temperatures above 𝑇𝑁, the difference 

between experimental and theoretical 𝜅 stays roughly constant at ~ 25 %. In addition to 

disagreeing with our theoretical predictions for NiO, we note that a T-1.5 dependence for 𝜅 is 

different from other non-magnetic insulators with face-center-cubic crystal structure and similar 

phonon properties. For example, crystals such as MgO have a 𝜅 that is proportional to 𝑇−1 

(Figure 3.7) in the same temperature range. Therefore, we conclude that simple phonon-phonon 

scattering, or phonon-isotope and phonon-defect scattering, cannot explain the observed 

temperature dependence of NiO at 200 - 450 K (Figure 3.3(d)). We conclude that there is another 

temperature-dependent scattering term that affects transport at temperatures above 300 K. 
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In kinetic theory, temperature effects on phonon transport can be reflected in two parts: changes 

in phonon energy and lifetime. On one hand, the shift in phonon energy affects thermal capacity 

(unless the temperature is well above Debye temperature) and group velocity, and thus thermal 

conductivity. From our INS measurements on polycrystalline NiO, the measured phonon energies 

monotonically decrease with temperature for both TA and LA modes (Figure 3.11(a) and (b)), 

and for optical modes (Figure 3.12). The softening of acoustic phonon energy with temperature 

was also observed via INS measurements on single crystal NiO, as shown in Figure 3.11(c) – (e). 

With the assumption of isotropic and uniform softening of the phonon modes on heating, the 

phonon energy for the specific phonon mode 𝑖 at temperature 𝑇 can be approximated by 𝜔𝑖(𝑇) =

𝜔0𝑖(1 − 𝜂𝑇), where 𝜔0𝑖 is the phonon energy at 0 K, 𝜂 is a positive coefficient representing 

softening of the acoustic phonon mode 𝑖 and is obtained from linear fittings 𝜔 = 𝜔0(1 − 𝜂𝑇) on 

the measured phonon energy (Figure 3.11(a) and (b)). The obtained 𝜂𝑇𝐴 and 𝜂𝐿𝐴 are 5.6 × 10−5 

and 4.5 × 10−5 𝐾−1 𝑚ⅇ𝑉−1, respectively. In the long wavelength limit, the group velocity for 

mode 𝑖 can be expressed as 𝑣𝑖 = 𝑣0𝑖(1 − 𝜂𝑇). The effect of phonon softening on mode thermal 

conductivity can be shown by 

𝜁𝑖(𝑇) =
 𝑐𝑖(𝑇)𝑣𝑖(𝑇)2

 (𝑐𝑖(𝑇)𝑣𝑖(𝑇)
2)|𝜂=0

,  (3.4) 

𝑐𝑖(𝑇) =
1

𝑉

𝜕

𝜕𝑇

𝜔0𝑖(1−𝜂𝑇)

𝑒𝑥𝑝(
𝜔0𝑖(1−𝜂𝑇)

𝑘𝑏𝑇
)−1

.  (3.5) 

Assuming that the phonon lifetime does not change, the thermal conductivity with temperature-

induced acoustic phonon energy shifts was calculated as  

𝜅𝑝
′ (𝑇) = ∑ 𝜅𝑝,𝑞𝑗𝑞𝑗 𝜁𝑞𝑗(𝜂, 𝑇) = ∑ 𝑐𝑝,𝑞𝑗𝑣𝑝,𝑞𝑗

2 |𝜂=0𝑞𝑗 𝜁𝑞𝑗(𝜂, 𝑇)𝜏𝑝,𝑞𝑗,  (3.6) 
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in which 𝜅𝑝,𝑞𝑗 represents the calculated mode thermal conductivity for specific phonon mode at 

point 𝑞 for branch 𝑗, and the softening coefficient 𝜂 was set to be 𝜂𝑇𝐴 for all acoustic phonon 

modes. The group velocities (Figure 3.1) and lifetimes (Figure 3.13) of the acoustic phonon 

modes are much larger than those of the optical modes, and the acoustic phonon modes contribute 

more than 90% of the total thermal conductivity at 300-700 K (Figure 3.13). In this case, the 𝜅𝑝
′  

can be approximated by considering only acoustic phonons. As shown in Figure 3.3(d), the 𝜅𝑝
′  is 

not sufficient to explain the 𝑇−1.5 temperature dependence, although it was underestimated due to 

the exclusion of optical phonon transport, the approximation of group velocities in long 

wavelength limit, and the use of a large softening coefficient 𝜂 for all acoustic modes.  

In our discussion above, we have ruled out phonon-isotope scattering, phonon-defect scattering, 

and phonon softening as explanations for the 𝜅 vs. T dependence of NiO. We now turn our 

attention to spin-phonon interactions that affect phonon lifetime. In magnetic insulators, magnon-

phonon scattering (MPS) can also affect phonon transport. According to Matthiessen’s rules, the 

scattering rate for the specific phonon mode 𝑖 is expressed by 

𝜏𝑝,𝑖
−1 = 𝜏𝑝𝑝,𝑖

−1 + 𝜏𝑝𝑖,𝑖
−1 + 𝜏𝑝ⅆ,𝑖

−1 + 𝜏𝑚𝑝,𝑖
−1 ,  (3.7) 

where 𝜏𝑝𝑝,𝑖
−1 , 𝜏𝑝𝑖,𝑖

−1 , 𝜏𝑝ⅆ,𝑖
−1 , 𝜏𝑚𝑝,𝑖

−1  correspond to the scattering rate for phonon-phonon, phonon-

isotope, phonon-defect, and magnon-phonon scattering processes.  

Spin-phonon interactions will have two effects on thermal transport. First, MPS (𝜏𝑚𝑝,𝑖
−1 ) will 

reduce the phonon lifetimes. The single-mode acoustic phonon scattering rate can be expressed 

by 𝜏𝑚𝑝,𝑖
−1 = 𝑛𝑣𝑠𝜎, where 𝑛 is the density of scatters, 𝑣𝑠 is the speed of sound, 𝜎 is the scattering 

cross section [65]. In this simplified MPS model, the temperature dependences of 𝜎 can be 

described by 𝜎 = 𝜋(𝜆(𝑇)/2)2 [65] where 𝜆(𝑇) is the magnetic correlation length. We 
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approximate the correlation length from the HWHM (Θ𝑚𝑒(𝑇)) of magnetic elastic Bragg peak 

(Figure 3.14(a)) by 𝜆(𝑇) = 1/Θ𝑚𝑒(𝑇). Noting that the 𝜆(𝑇) is underestimated due to the 

instrument resolution in Q (~ 0.04 Å). For phonons scattered by magnon mode, 𝑛 =

∫𝑛𝐵𝐸(𝐸, 𝑇)𝑔𝑚(𝐸)ⅆ𝐸, where 𝑛𝐵𝐸 is Bose-Einstein statistics, 𝐸 is magnon energy and 𝑔𝑚(𝐸) is 

the magnon density of state. With a fixed 𝑣𝑠, the normalized single phonon scattering rates 

𝜏𝑚𝑝,𝑖
−1 (𝑇)/𝜏𝑚𝑝,𝑖

−1 (450 𝐾) first increases slowly then dramatically from 0 to 450 K (Figure 3.14(b)). 

The 𝜏𝑚𝑝,𝑖
−1  at 200 K is only 8% of the 𝜏𝑚𝑝,𝑖

−1  at 450 K, hence, the magnon-phonon scattering is less 

important at low temperatures. At 200-450 K, 𝜏𝑚𝑝,𝑖
−1  is of a higher order of 𝑇 and can lead to the 

observed strong temperature dependence of thermal conductivity. We note that fully quantifying 

the contribution of MPS to thermal conductivity requires a detailed calculation of the phase space 

and interaction strength (collision matrix) of MPS. This is beyond the scope of the current work. 

Near 𝑇𝑁 (450-550 K), the kink in the heat capacity is a measure of the entropy in the lattice and 

spin system due to the phase transition. Because the measured thermal effusivity shows no kink 

there, the increase in heat capacity (caused by an increase in disorder through the phase 

transition) is compensated by a corresponding decrease in thermal conductivity. This suggests 

that the average phonon lifetime is inversely proportional to the disorder in the spin system. The 

dip in thermal conductivity is attributed to critical magnetic fluctuation-phonon scattering [67]. 

The measured thermal conductivity shows a weaker temperature dependence of 𝑇−1 above 𝑇𝑁. It 

has been shown that the slight structural distortion from magnetostriction hardly affects the 

thermal conductivity by phonon transport in NiO [88]. The measured 𝜅 is still lower than the 

calculated 𝜅𝑝 (natural isotope with defects) at 550-700 K, suggesting that the effects from spin-

phonon interactions may still be significant above 𝑇𝑁. This is expected because paramagnons 

(Figure 3.9) and phonon eigenvector renormalizations [82] are observed in this temperature 
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range. As a result, the effects from magnon-phonon scattering and spin-induced dynamic 

symmetry breaking do not vanish. Although there is no long-range spin order in this state, a short-

range spin order exists and may give rise to the spin-phonon interaction. Suppression of thermal 

conductivity by spin-phonon interactions was also found previously in other materials in the PM 

state [63,103].  

Generally, one would expect the melting of antiferromagnetic order to do one of two 

things to magnon-phonon scattering rates above the 𝑇𝑁. Either, magnon-phonon 

scattering rates would saturate, i.e., stop increasing with temperature because the entropy 

in the spin system has been maximized. Or, magnon-phonon scattering would vanish due 

to the lack of antiferromagnetic order. If the magnon-phonon scattering rates saturate, 

i.e., 𝜏𝑚𝑝,𝑖
−1  became temperature independent above 𝑇𝑁, then the above expression for 

thermal conductivity predicts a 𝑇−𝑛 dependence with 𝑛 < 1, like is observed in 

insulating crystals with significant crystalline disorder. Alternatively, if magnon-phonon 

scattering vanishes due to the lack of spin order, then the thermal conductivity should 

recover. These seem to contradict the observed temperature dependence. In the present 

case, we observed the existence of paramagnon above 𝑇𝑁 below 640 K (Figure 3.9). This 

indicates that magnetic entropy is not yet maximized in this temperature range, and 

strong short-range spin correlations give rise to coherent paramagnons. The paramagnon-

phonon scattering may contribute to the suppression of thermal conductivity above 𝑇𝑁. 

Another possible mechanism for the observed temperature dependence above 𝑇𝑁 is that 

changes in the antiferromagnetic order lead to changes in phonon-phonon scattering rates. 

This could occur for several reasons. One possibility is spin-disorder effects 
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bonding [104], which could lead to an increase in anharmonicity. To explore the effect of 

spin order on phonon anharmonicity, we calculated the phonon properties with 

ferromagnetic (FM) spin order to understand the effects of magnetic order. The obtained 

phonon mode Grüneisen parameters (Figure 3.15) as well as temperature-dependent 

mode energies (Figure 3.10) show only minor changes compared with those in the AFM 

state. However, we note that the temperature dependence of the INS measured phonon 

frequencies is higher near the 𝑇𝑁 than what our calculations for NiO in the AFM or FM 

state predict. Thus, the spin-phonon interaction on the phonon thermal conductivity can 

be indirect: melting of the spin order causes changes in phonon anharmonicity, which 

leads to larger phonon-phonon scattering rates in the PM vs. AFM phase. 

The TA, LA, TO, LO decrease in energy of 3%, 3%, 5%, 4% from 50 to 640 K, respectively 

(Figure 3.11(a) and (b) & Figure 3.12(c) and (d)). We calculated the 3-phonon scattering phase 

space at 0 and 640 K and found that the phonon-phonon scattering phase space changes little (see 

Figure 3.16). Therefore, temperature-dependent DFT such as molecular dynamics calculations 

shall not change the results significantly. 

 

3.4 Conclusions 

In summary, by performing INS and TDTR thermal conductivity measurements and atomistic 

thermal conductivity calculations, spin-phonon interactions are identified as the origin of strong 

temperature dependence of thermal conductivity in the AFM phase. Using the extrapolated 

magnon lifetime from INS measurements, the magnon thermal conductivity is estimated to be 

more than one order of magnitude smaller than its phonon counterpart in the temperature range 
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studied. In the AFM phase, the measured thermal conductivity at 200 ~ 450 K shows a strong 

temperature dependence of 𝑇−1.5. We ruled out phonon-isotope scattering, phonon-defect 

scattering, and phonon softening as the source of the anomalous temperature dependence. The 

stronger temperature dependence is attributed to magnon-phonon scattering and spin-induced 

dynamic symmetry breaking. Our results provide a detailed study of thermal transport in this 

important material, highlighting the pivotal role of spin-phonon interactions in lattice thermal 

transport. Similar interactions and their effects may play significant roles in thermal transport in 

other materials where spin and lattice degrees of freedom are strongly coupled. The results shed 

light on controlling thermal transport through spin-phonon interactions and engineering 

functional antiferromagnetic spintronics materials through these interactions. 
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Figure 3.1. Folded spectrums of the experimental and calculated INS dynamic structure 

factor 𝑆(𝑄, 𝐸). 

Data folding was done by integrating the intensity of INS over 100 slices, which have 

data coverages greater than 70%, into an irreducible wedge. (a) Folded coherent one-

phonon scattering 𝑆(𝑄, 𝐸) simulation at 10 K with the same Q integration configurations 

as experimental ones. (b-e) Experimental 𝑆(𝑄, 𝐸) at 10, 300, 540 and 640 K. Previous 

phonon dispersion measurements at 300 K [57] and calculated phonon dispersions are 

plotted in (c) as black dots and red curves, respectively. Thermal occupation corrections 

were applied to both the calculated and experimental data. 
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Figure 3.2. Temperature dependence of magnon energy at 𝑄1 = (0.5,0.5,3) and 𝑄2 = 

(1.75,1.75,1.75).  

(a) and (b) are fittings of the experimental data at 𝑄1 and 𝑄2 with a 𝑄 integration range of 

±0.1 (r.l.u.). Red and blue circles are experimental data at 10, 300 K, respectively. Error 

bars denote statistical errors. Dashed lines are the fitting results (see text) by the Voigt 

function with fixed Gaussian linewidth obtained from the fitting magnon 𝑆(𝑄, 𝐸) 
calculation at 10, 300 K, respectively. The energy of the magnon decreases with 

temperature. The green and purple squares are centers of the fitted peaks at 𝑄1 and 𝑄2, 

and the error bars denote the fitting errors. 
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Figure 3.3. Temperature-dependent experimental and calculated thermal properties of 

NiO.  

(a)Thermal effusivity of NiO (I) measured by TDTR. (b) Calculated specific heat of 

magnons and phonons. The blue (red) curves indicate the calculated specific heat of the 

harmonic (anharmonic) phonons. The calculated specific heat agrees well with previously 

measured data around 400 K [85]. The black curve indicates the calculated specific heat 

of the magnon. (c,d) Experimental and calculated thermal conductivity. The blue squares 

show the thermal conductivity results for NiO (I) from the TDTR measurement. In panel 

(c), purple, green, yellow and pink labels show previous thermal conductivity 

measurements on NiO [83–85]. In panel (d), solid lines of different colors represent 

calculations considering different scattering processes. We fit our experimental data by 

power functions as indicated by the black dotted lines. In the inset, the black dashed 

curve indicates the calculated upper limit of 𝜅𝑚 and the solid curve shows the estimated 

𝜅𝑚 from temperature-dependent magnon energies and lifetimes. The black cross labels 

indicate 𝜅𝑚 calculated at 10 K and 300 K.  
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Figure 3.4. Comparison of the calculated phonon thermal conductivity 𝜅𝑝 (natural) using 

the direct solution of LBTE (black label) and the SMRT approximation (blue curve) 

(performed by Qiyang Sun). 
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Figure 3.5. Heat capacity of NiO. Labels indicate previous measurements, and curves 

show the extrapolations. 
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Figure 3.6. The difference between our measurements and the steady-state results [85] 

(𝛥𝜅) at 200-500 K.  

Black dots show the difference between NiO (I) and one set of data measured by Lewis. 

Blue line shows the 𝑇3 relation fitting. 
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Figure 3.7. Thermal conductivity comparison between MgO and NiO. 

The MgO (purple diamonds) data is from Ref. [105]. The yellow and orange lines 

represent the 1/𝑇 and 1/𝑇1.5 dependences, respectively. 
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Figure 3.8. Thermal effusivity (a) and conductivity (b) of a NiO sample with lower 

ambient thermal conductivity. 

 

 

 

Figure 3.9. Measured INS dynamic structure factor 𝑆(𝑄, 𝐸) at 10, 300, 540, and 650 K in 

small Q region for [0,0,1] (𝑎1−4) and [-1,1,1] (𝑏1−4).  

Measured 𝑆(𝑄, 𝐸) is integrated over ±0.1 (r.l.u) along the perpendicular axes and plotted 

on the logarithmic color scale. The calculated magnon dispersions are overplotted with 

the measured 𝑆(𝑄, 𝐸) at 10 K in red dashed lines. 

 



70 

 

 

Figure 3.10. Normalized phonon energies with FM (blue) and AFM (red) spin order for 

TA (a) and LA (b) phonons at 50, 280, 450, 540 and 640 K.  

The phonon energies are obtained from Lorentzian fitting of the calculated temperature 

dependent phonon density-of-state (see text). The results are compared with the measured 

phonon energies by INS (black). Error bars indicate fitting errors. 
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Figure 3.11. Temperature-dependent phonon energy variations from INS experiments.  

(a,b) Phonon energies from the phonon density of state INS measurements with incident 

neutron energy of 50 meV at 50, 280, 450, 540 and 640 K. The experimental data have 

been corrected for multiphonon scattering and thermal occupation. There are two distinct 

peaks around 25 and 34 meV, corresponding to the (a) TA and (b) LA phonon modes. (c) 

Measured and calculated phonon energies for LA and TA modes along high-symmetry 

directions. Squares and cross markers represent phonon energies from the time-of-flight 

(measured at 10, 300, 540 and 640 K) and triple-axis (measured at 300, 450 and 650 K) 

INS measurements, and the corresponding colors denote temperatures. The q-resolved 

mode Grüneisen parameters are calculated based on quasi-harmonic approximation and 

indicated by the colored lines. Zone-folding modes that cannot be seen from INS 

experiments are shown in dashed lines. The fitting errors are smaller than the marker size. 

(d,e) Difference of the phonon energy from low to high temperature of the upper branch 

(d) and the lower branch (e). All phonon energies were extracted from Lorentzian fittings 

of the measured data, and error bars indicate fitting errors. The incoherent INS scattering 

signals around 26 meV can cause slightly biased phonon energies, as denoted by grey 

boxes. 
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Figure 3.12. Temperature-dependent neutron-weighted phonon density of states and 

temperature-dependent optical phonon energies.  

(a, b) Neutron-weighted phonon density of state measured with an incident have of 𝐸 = 

50 meV (empty circles) and 𝐸 = 150 meV (dots) at 50, 280, 450, 540, and 640 K. 

Experimental data has been corrected for multiphonon scattering and thermal occupation. 

(c, d) TO, LO phonon energies are extracted from Lorentzian fitting of the measured 

data, and error bars indicate fitting errors. 
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Figure 3.13. Phonon lifetime and cumulative thermal conductivity calculated by first-

principles calculations (performed by Qiyang Sun). 

(a) Calculated phonon lifetimes of NiO at 300K at a 20 × 20 × 20 q-mesh. Average 

phonon lifetimes for acoustic (optical) phonons are denoted by red (blue) dashed lines. 

The black lines represent the acoustic-optic (A-O) gap. (b) Cumulative thermal 

conductivity of the phonon system at various temperatures. The thermal conductivity is 

dominated by acoustic phonon modes below 30 meV at all temperatures. 
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Figure 3.14. Sketch of the phonon scattering rate in the MPS process.  

(a) One-dimensional S(|Q|) by INS powder measurements at 50 – 640 K with energy 

integration of ±2 meV. The elastic magnetic peaks show around 1.3 Å-1 and their 

intensities weaken on heating significantly, whereas elastic lattice peaks retain the same. 

(b) The inverse of the HWHM of the magnetic elastic Bragg peak 1/𝛩𝑚𝑒(𝑇) (green 

labels) and normalized phonon scattering rate 𝜏𝑖
−1(𝑇)/𝜏𝑖

−1(450 𝐾) (purple labels). 

Colored lines are guides for the eye. 
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Figure 3.15. Comparison between calculated phonon properties with ferromagnetic (FM) 

and antiferromagnetic (AFM) spin order (calculated by Qiyang Sun).  

(a) Phonon dispersion with FM (red) and AFM (black) spin order. (b,c) Phonon mode 

Grüneisen parameter (𝛾) with FM (b) and AFM (c) spin order. The colors denote 

different phonon branches. (d) Energy-dependent averaged 𝛾 with FM (red) and AFM 

(black) spin order. 
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Figure 3.16. Three-phonon scattering phase space at 0 and 640 K (performed by Qiyang 

Sun).  

(a, d) Bar plots of scattering phase space categorized by AAA, AOO, AAO, OOO in 

normal and Umklapp processes at 0 (a) and 640 (d) K. (b, e) Energy-dependent scattering 

events of normal scattering. (c, f) Energy-dependent scattering events of Umklapp 

scattering. 
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Chapter 4 Ultrahigh Thermal Conductivity and Unexpected 

Strong Temperature Dependence of Cubic Boron Arsenide 

4.1 Introduction 

Cubic boron arsenide (c-BAs, for simplicity, BAs is used throughout the paper) is of interest for 

next generation electronics due to its combined high thermal conductivity (> 1000 W m-1 K-1) and 

high carrier mobility (> 1400 cm2 V-1 s-1) [7,106–112]. BAs’s exceptional transport properties 

were first predicted by first-principles calculations that considered the effect of its special phonon 

dispersion on scattering [7,108,111]. The difference in atomic mass between B and As leads to a 

large acoustic-optical (a-o) phonon frequency gap. This large gap, together with bunching of 

acoustic phonon branches, leads to weak phonon-phonon scattering. Weak polarity and high 

frequency of optical phonons suppress polar scattering of charge carriers [113]. As a result, both 

heat carriers (acoustic phonons) and charge carriers (electrons and holes) have long mean free 

paths.  

First-principles calculations predict a room temperature Λ of 1240 to 1440 W m-1 K-1 for 

natBAs [108,111], and 1380 to 1720 W m-1 K-1 for isotopically pure BAs [114,115]. These 

predictions are in reasonable agreement with prior experimental observations of Λ between 1000 

and 1300 W m-1 K-1 for natural BAs [109,110], between 1160 and 1260 W m-1 K-1 for isotopically 

enriched BAs [108,115,116]. However, theoretical predictions assume minimal defects. Recent 

studies suggest defect levels in BAs crystals are not negligible. Chen et al. used secondary ion 

mass spectroscopy and electron probe microanalysis to study impurities in BAs crystals [117]. 

The crystals were prepared in the same way as those studied in Ref. [108] and possessed room-

temperature Λ ≈ 900 W m-1 K-1. They observed a Si impurity level of 0.047 at%. BAs crystals are 
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often reported to have peaks in their photoluminescence spectra near 1.5 eV [118,119]. 

Originally, these peaks were interpreted to imply a band gap of 1.5 eV in BAs [120,121]. 

However, recent studies have constrained the band gap of BAs to be between 1.8 and 2 

eV [118,119,122–125], and credit photoluminescence peaks at 1.5 eV to group IV 

impurities [119]. 

Temperature-dependent measurements can help identify the impact of defects on thermal 

transport. In insulating materials, Λ vs. 𝑇 hinges on the temperature (𝑇) dependence of phonon 

scattering rates. Phonon-defect scattering rates stay constant with temperature [126,127], while 

phonon-phonon scattering rates are temperature sensitive [111]. So, Λ is expected to vary less 

with temperature if defect concentrations are appreciable. Reports for Λ vs. 𝑇 between 300 and 

600 K in BAs varies between 1 𝑇1.3⁄  and 1 𝑇2⁄  [108–110]. Samples with higher defect 

concentrations are expected to exhibit lower ambient thermal conductivity and weaker 

temperature dependence due to phonon-defect scattering. However, prior experimental results 

from different groups on BAs samples with Λ > 1000 W m-1 K-1 do not follow this trend. First-

principles calculations predict Λ ∝ 1 ∕ 𝑇1.6 between 300 and 600 K for natBAs [108,111]. For 

isotopically pure BAs, its temperature dependence is predicted to fall between Λ ∝ 1 𝑇1.7⁄  and 

1 𝑇1.8⁄  [114,115,128].  

In this study, we investigated about fifty BAs samples synthesized by our collaborators. We 

performed time-domain thermoreflectance measurements on five selected BAs samples with 

different ambient thermal conductivity varying from 700 to 1500 W m-1 K-1 in the temperature 

range between 300 and 600 K. We observed a Λ ∝ 1 𝑇2⁄  relationship on the 1500 W m-1 K-1 

sample, a stronger temperature dependence than prior experimental results and theoretical 

predictions. We performed Raman and Brillouin scattering between 300 and 600 K to study the 
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temperature-induced phonon dispersion changes of BAs. Additionally, we characterized the 

defect level of our BAs samples using pump/probe transient reflectivity microscopy (TRM) with 

incident photon energy of 1.58 eV which is about 0.26 eV below the band gap of BAs. We 

observed that samples with higher thermal conductivity exhibit lower TRM signal.  

 

4.2 Materials and Methods 

To study the temperature dependent thermal conductivity of BAs, we synthesized a variety of 

BAs crystals by chemical vapor transport [108,129]. All source ingredients involved in the 

synthesis process were purchased from Alfa Aesar with high purity (metal basis). To synthesize 

BAs crystals, source boron (B, 99.9999%), arsenic (As, 99.99999%), and transport agent iodine 

(I2, 99.9985%) were sealed in a fused quartz tube under vacuum (10-4 Torr). The boron source 

is >98% 11B. A piece of quartz fiber or GaAs wafer was also placed and fixed to the other end of 

the tube as nucleation sites for crystal growth. Then the sealed quartz tube was placed into a two-

zone horizontal tube furnace for crystal growth, with high temperature for source side and low 

temperature for growth side. The high-temperature zone of the furnace was heated up to 895 ℃ 

while the low-temperature zone was heated up to 790 ℃. After crystal growth, the furnace cooled 

down naturally to room temperature.  

We coated our samples with 80-nm Al films using magnetron sputtering for time-domain 

thermoreflectance (TDTR) and beam offset measurements. Before sputtering Al, we cleaned the 

as-grown BAs surface with ethanol, followed by Ar plasma etching in vacuum at room 

temperature. We used 25 W radio-frequency (RF) power (149 V and 168 mA) in plasma etching, 

and the area of the sample holder is ~60 cm2. The sample stage was not heated during etching or 
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Al deposition. For forced Brillouin scattering measurements, we coated a 5-nm Pt thin film on 

BAs.  

After TDTR measurements, we etched off the Al films using aluminum etchant type A (Transene 

Inc.) and rinsed BAs samples with de-ionized water and ethanol. Then we performed pump/probe 

measurements on bare BAs samples (transient reflectivity microscopy measurements). 

Control samples for pump/probe transient reflectivity microscopy measurements are 

commercially available. GaP and GaAs single crystals are purchased from MTI corporation. GaN 

is from Sumitomo Electric Industries Ltd. Single crystal Si is from University Wafer. 

Time-domain thermoreflectance is a well-established pump/probe technique for characterizing 

the thermal properties of materials [130]. In our TDTR measurements, we used a 783 nm laser 

wavelength, with pump beam modulated at 10.7 MHz. We used laser spot size of ~15 μm in 1/ⅇ2 

radius. Further elaboration on the principles underlying TDTR can be found in Ref. [130].  

Our analysis of the −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 versus delay time involved fitting the data to a heat diffusion 

model, yielding the thermal effusivity (√𝛬𝐶, with 𝛬 and 𝐶 being thermal conductivity and heat 

capacity, respectively) of BAs. The beam offset method [39,40] measures the in-plane heat 

diffusion on the transducer surface. We fit the full width at half maximum (FWHM) of the 𝑉𝑜𝑢𝑡 

signal with a heat diffusion model to determine the thermal diffusivity (𝛬/𝐶) of BAs. Utilizing 

known literature data on the heat capacity of BAs (Figure 4.10A), we derived thermal 

conductivity values via TDTR and beam offset measurements.  

In our experimental setup for TDTR and beam offset measurements at temperatures exceeding 

300 K, we maintained a vacuum chamber with a pressure consistently below 1 × 10−3 Torr. 

Simultaneously, we continuously monitored temperature levels of the heater stage using a 
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thermocouple. The measured samples are attached to the stage (close to the thermocouple) using 

carbon paste. Additional specifics regarding our pump/probe system can be found in Ref. [41]. 

In the heat diffusion model, the thermal conductivity of BAs and the interface conductance 

between Al and BAs are two essential yet unidentified parameters. For other parameters that the 

model relies on and is sensitive to, we either directly measured them or obtained them from 

available literature sources. Specifically, we assessed the thickness of the Al film through 

picosecond acoustics [36]. We employed the speed of sound of Al of 6.42 nm/ps [131] to 

interpret the picosecond acoustic echoes, and added a 3-nm oxidation layer on top. We measured 

the electrical resistivity of the Al film by a four-point probe method and calculated its thermal 

conductivity according to the Wiedemann-Franz law. We measured the laser spot size by the 

beam offset method. We also measured the spot-size using the camera integrated into our setup, 

together with an SEM ruler to convert pixel width to microns. Beam-offset measurements and 

camera measurements gave the same spot-size to within 5%. We acquired the heat capacity of Al 

and BAs from Ref. [92] and Ref. [132], respectively. 

We measured the Raman and photoluminescence (PL) spectrum of BAs using our home-built 

setup. The excitation laser has a 532 nm wavelength, the numerical aperture (NA) of the objective 

lens is 0.28, and the focused laser spot size is ~ 6 μm (1/ⅇ2 radius). 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. For Raman 

measurements at high temperatures, we used the same heat stage and conditions as high-

temperature TDTR measurements. 

Brillouin – Mandelstam spectroscopy (BMS) studies were carried out utilizing a 532 nm laser (p-

polarized) excitation wavelength at an angle of incidence of 30 degree in the conventional 
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backscattering setup. Solid-state diode-pumped continues-wave laser (Spectra Physics) was used 

as the light source. A lens with a NA of 0.34 was employed to concentrate the laser beam on the 

sample. The same lens was used to capture the scattered light, which was then sent to a 

spectrometer and a high-contrast, high-resolution 3 + 3 pass tandem Fabry-Perot interferometer 

(TFP-1, JRS Optical Instruments, Switzerland). The TFP's mirror spacing was changed to 0.9 mm 

for measurements of bulk acoustic phonons.  

The group velocity of transverse and longitudinal acoustic phonon modes can be calculated 

according to 𝑣 = 𝑓𝜆/2𝑁 in which 𝑓, 𝜆, and 𝑁 are the spectral position of the peaks in the 

Brillouin spectrum, laser excitation wavelength, and refractive index of the material at the laser 

excitation, respectively. We take the data for the index of refraction 𝑁 of 3.25 at 532 nm laser 

wavelength from Ref. [133]. The BMS results on nine BAs samples are shown in Table 4.2. We 

note that the obtained results are not along the surface normal, i.e., the [111] direction. In a back-

scattering BMS setup, the speed of sound is measured in the direction parallel to the wavevector 

of the refracted beam. For an angle of incidence of 30 degrees, the angle of refraction is ~8 

degrees. Along the [111] direction, the TA phonon branches are degenerate. But the 8-degree 

deviation breaks this degeneracy. 

We performed forced Brillouin scattering measurements using our TDTR setup [41] on a BAs 

sample coated with 5 nm Pt. The incident laser beams were perpendicular to the sample surface. 

When the pump beam heats the Pt surface, it launches a strain wave into the BAs. The strain 

wave front moves at the longitudinal sound velocity of BAs. 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 [36]. The Brillouin 

frequency is  
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𝑓 = 2𝑁𝑣𝑙 ∕ 𝜆,  (4.1) 

where 𝑁 is the index of refraction of BAs, 𝑣𝑙 is the longitudinal sound velocity of BAs, and 𝜆 is 

the laser wavelength which is 783 nm. We use the measured Brillouin frequencies of BAs as a 

measure of the longitudinal speed of sound in these materials. The index of refraction of BAs is 

3.15 at 783 nm laser wavelength [133]. We obtained the ambient longitudinal sound velocity of 

8100 m/s for BAs along [111] direction, which is consistent but a bit lower than our BMS result. 

The 8100 m/s value is in reasonable agreement with prior reports [132,134]. For Brillouin 

measurements at high temperatures, we used the same heat stage and conditions as high-

temperature TDTR measurements. 

We performed transient reflectivity microscopy (TRM) using our pump/probe system [41]. For 

most TRM measurements, the laser wavelength is fixed at 783 nm. For the wavelength-dependent 

TRM, the laser wavelength was tuned from 690 to 980 nm. The pump modulation frequency was 

10.7 MHz, and the incident pump power was 20 mW. We used either 7.5 μm or 15 μm 1 ⅇ2⁄  laser 

radius. We observed the 𝑉𝑖𝑛 signal was linearly proportional to laser power density. Therefore, 

for measurements with 7.5 μm laser radius, we normalized the 𝑉𝑖𝑛 signal by dividing it by 4. The 

observed 𝑉𝑖𝑛 signal is normalized by the power of pump beam and the voltage on the photodiode 

detector. 

For wavelength-dependent TRM measurements, we use a Pt thin film as the control sample to 

calibrate the wavelength-dependent factors originated from optics. The collected signal is 

𝛥𝑅 =
ⅆ𝑅

ⅆ𝑇
𝛥𝑇 ∝ 𝐶(𝜆) ∙

ⅆ𝑅

ⅆ𝑇
(𝜆) ∙ [1 − 𝑅(𝜆)] ∙ 𝑃𝑝𝑢𝑚𝑝(𝜆) ∙ 𝑉𝐷𝐶(𝜆). (4.2) 

Here, ⅆ𝑅/ⅆ𝑇 is the thermoreflectance, 𝛥𝑇 is the temperature rise due to the heating of pump 

beam, 𝑅 is the reflectance, 𝑃𝑝𝑢𝑚𝑝 is the pump power, and 𝑉𝐷𝐶 is the voltage on the photodiode 
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detector. 𝐶(𝜆) is a wavelength-dependent factor related to optics in our pump-probe system. For 

example, the transmission of objective lens and the modulation envelope of electro-optic 

modulator are wavelength dependent. To calibrate 𝐶(𝜆), we performed TRM on a Pt thin film as 

a function of wavelength. We measured 𝑃𝑝𝑢𝑚𝑝 and 𝑉𝐷𝐶 at every wavelength, and obtained 

wavelength dependent (1 − 𝑅) and ⅆ𝑅/ⅆ𝑇 of Pt from Ref. [14]. We used this calibrated 𝐶(𝜆) for 

wavelength-dependent TRM on BAs samples. 

We collected thermal conductivity and transient reflectivity microscopy maps with ~15 μm laser 

spot size and 10.7 MHz modulation frequency. The mapping process employed a step size of 10 

μm. For the thermal conductivity map, we chose the delay time to be ~300 ps at which the 

interface conductance has zero sensitivity. To mitigate artifacts in 𝑉𝑜𝑢𝑡 associated with phase 

jitters in the lock-in amplifier at positive delay time, we conducted two separate mappings at 

positive and negative delay times, respectively. In our analysis of the thermal conductivity map, 

we analyzed −𝑉𝑖𝑛(𝑡 > 0) ∕ 𝑉𝑜𝑢𝑡(𝑡 < 0) instead of directly analyzing −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡. 

 

4.3 Results and Discussion 

We characterized our BAs samples using X-ray diffraction (XRD), Raman scattering, 

photoluminescence (PL), and Brillouin scattering (Figs. S1-S4). The XRD results were consistent 

with a (111) growth facet. Most of our samples exhibited a Raman peak at 700 cm-1 

(corresponding to an optical phonon frequency of 21 THz), consistent with nearly isotopically 

pure 11BAs [135]. A few samples we studied were grown from a boron source of isotopically pure 

10B and they had a Raman peak at 729 cm-1 (22 THz), consistent with previously reported spectra 

of 10BAs [115,135]. In most samples, we observed PL spectra centered near 1.75 eV. But some 
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samples exhibited additional PL peaks centered at lower energies. Our PL results were consistent 

with the spectra observed in prior studies [106,107,118,119].  

Li et al. [110] observed a relationship between thermal conductivity and the integration of the 

Raman intensity from 1050 to 1150 cm-1 in BAs. We analyzed our Raman spectra following their 

procedure and observed a similar trend, see Figure 4.2B. To analyze the background of the 

Raman spectra, we subtract the spectra of BAs by the dark background of the monochromator, 

i.e., the signal collected at the same collection time without any incident light. 

We conducted Brillouin-Mandelstam spectroscopy [136] on nine BAs samples, a technique used 

to measure low-frequency acoustic phonons. A 532 nm laser beam was shined on the BAs sample 

at an incident angle of 30 degrees. We measured the backscattered light that was inelastically 

scattered by acoustic phonon modes. We observed three peaks in the Brillouin spectra associated 

with two transverse acoustic (TA) and one longitudinal acoustic (LA) phonons at 58.8, 62.1, and 

101.6 GHz, respectively. These frequencies correspond to TA and LA sound velocities of 4800, 

5080, and 8320 m/s along the direction of the refracted laser beam, which is ~8° from the [111] 

direction. Our Brillouin scattering results are consistent with prior experimental results of 4978 

and 8513 m/s for the transverse and longitudinal acoustic phonons along [111] direction, 

respectively, obtained using picosecond interferometry [134]. 

Time-domain thermoreflectance (TDTR) measurements reveal the ambient thermal conductivity 

(𝛬300𝐾) of synthesized crystals are as high as 1500 W m-1 K-1 (sample BAs-1500), higher than 

previous experimental observations [108–110]. As part of this study, we measured the thermal 

conductivity of more than fifty BAs crystals. Among these, four crystals had thermal conductivity 

above 1400 W m-1 K-1. TDTR data for one of the high-thermal-conductivity crystals is shown in 

Figure 4.5A. TDTR data for the other three are shown in Figure 4.6. In TDTR experiments, the 
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−𝑉𝑖𝑛 𝑉𝑜𝑢𝑡⁄  signal describes the thermal response of the sample to optical heating. We fit the 

TDTR signals with a heat diffusion model to extract the thermal conductivity of BAs [91]. The 

temperature-dependent parameters in the heat diffusion model are shown in Figure 4.10A. We 

noticed that different etching times yield different interface conductance between Al and BAs 

(Figure 4.10B). The interface conductance increased from 130 to 180 MW m-1 K-1 when we 

extended the plasma etching time from 90 to 120 s. 

We observe that BAs crystals with Λ300K =1500 W m-1 K-1 exhibit Λ ∝ 1 ∕ 𝑇2 between 300 and 

600 K (Figure 4.5B). This is a stronger temperature dependence than being predicted by first-

principles calculations [108,111,114,115,128], and stronger than prior experimental results of 

BAs [109,110]. We corroborated the observed 1 𝑇2⁄  dependence by performing separate beam-

offset TDTR measurements [40] of the in-plane thermal conductivity versus temperature on the 

sample in Figure 4.5B. Additionally, we measured another BAs sample with Λ300K = 1500 W m-

1 K-1 and observed the same temperature dependence, see Figure 4.8.  

Based on sensitivity analyses (Figure 4.11), we estimate a 10% and 15% uncertainty for TDTR 

and beam offset, respectively. Sensitivity to parameters is quantified as follows: 

𝑆𝛼 =
𝜕 𝑙𝑛(−𝑉𝑖𝑛∕𝑉0𝑢𝑡)

𝜕 𝑙𝑛𝛼
,  (4.3) 

where 𝛼 represents parameters of interest in the heat diffusion model. We estimate a 3% 

uncertainty for the heat capacitance (ℎ𝐶) of the Al transducer, a 5% uncertainty in laser spot size 

(𝑤0), and a 3% uncertainty in heat capacity of BAs. Our TDTR data fitting was performed within 

the 100-6000 ps delay time range, during which the model exhibits low sensitivity to the thermal 

conductivity of the Al film. The error bar of beam offset measurements is larger than that of 

TDTR due to the high sensitivity of laser spot size in beam offset analysis. The sensitivity of laser 
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spot size is nearly twice of the sensitivity of the in-plane thermal conductivity of BAs, implying 

that a 5% uncertainty in laser spot size propagates a 10% uncertainty in the in-plain 𝛬 of BAs. 

In beam offset measurements, the sensitivity of 𝛬𝐵𝐴𝑠 is maximized when the laser spot size 

closely matches the heat diffusion length [137]. The heat diffusion length is ⅆ = √𝛬 ∕ 𝜋𝐶𝑓, 

where 𝑓 represents the pump modulation frequency. To enhance the sensitivity of 𝛬𝐵𝐴𝑠, we 

deliberately chose laser spot sizes and modulation frequencies that align with the heat diffusion 

length in our beam offset measurements, as detailed in Table 4.1. 

Surface roughness can possibly affect TDTR and beam offset measurements due to unwanted 

modulation of diffuse scattering by thermoelastic effect [138,139]. To confirm our BAs samples 

with high thermal conductivity have smooth surfaces, we performed atomic force microscopy 

(AFM) on an area of 10 × 10 μ 2 of a BAs sample with 𝛬300𝐾 of 1500 W m-1 K-1 (Figure 

4.12A). The measured root-mean-square (RMS) roughness is 1.8 nm which is smooth enough for 

TDTR measurements. Picosecond acoustic echoes in TDTR measurements can deliver some 

indirect information of interface roughness between Al and substrates [140]. Substrates with 

smooth surfaces yield sharp and narrow acoustic echoes in 𝑉𝑖𝑛 signals. Sometimes, acoustics 

from rough surfaces yield wider acoustic echoes, which is an indicator that surface roughness is 

too high. We compared the acoustic echo from the Al/BAs sample with echoes from 

commercially available Si and diamond wafers coated with Al (Figure 4.12B). We observed that 

the acoustic echoes from the BAs sample have similar widths as echoes from Si and diamond 

wafers. For most BAs samples, we did not perform AFM measurements. Instead, we checked all 

picosecond acoustic peaks for broadening, and confirmed that the specular reflectance of all 

samples was within 5% of the expected value for an Al coated surface. 
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To investigate the mean-free-path distribution of heat-carrying phonons in BAs, we conducted 

TDTR measurements as a function of laser spot size [141–143]. When the laser spot size is small, 

the in-plane heat current carried by phonons with long mean free path is less than what Fourier’s 

law predicts [141]. This results in spot-size dependent apparent thermal conductivity (ΛA), where 

we define ΛA as the Λ that yields the best fit of the heat diffusion model to the experimental data. 

We measured ΛA of the BAs-1500 sample at temperatures of 300, 450, and 600 K (Figure 4.5C). 

At 300 K, a spot-size reduction from 15 to 1.7 μm led to a ~20% reduction in ΛA. A similar 

suppression of ΛA was observed in silicon and diamond [141–143]. The 20% drop we observed is 

much smaller than prior reports for ΛA versus spot size in BAs [109,110]. A weak dependence of 

ΛA on spot size for BAs is in qualitative agreement with first-principles calculations [108], and 

consistent with Peierls-Boltzmann transport equation simulations of non-diffusive heat transfer in 

TDTR measurements of BAs [144]. First-principles calculations predict 80% of the heat is carried 

by phonons with mean free paths between 0.3 and 1.5 μm. At 450 and 600 K, laser spot size does 

not affect ΛA. This suggests that for 𝑇 ≥ 450 K, the mean free paths of all heat-carrying phonons 

are less than 1.7 μm. To avoid mean-free-path effects in the rest of our experiments, we used a 

1 ⅇ2⁄  laser radius greater than 10 μm.  

To further explore the temperature-dependent thermal conductivity of BAs, we selected four 

other BAs samples and measured their Λ vs. T. These samples had 𝛬300𝐾 of 1350, 1200, 1000, 

and 700 W m-1 K-1. We also measured a type IIa diamond crystal from Element Six as a control 

sample. We fit the measured data of Λ vs. 𝑇 by Λ ∝ 1/𝑇𝛼 to obtain the temperature exponent α. 

We plot α vs. Λ300K for the selected BAs samples (Figure 4.13B). The temperature exponent of 

diamond is 1.2, in good agreement with prior reports [109,111]. As Λ300K decreases, the 

temperature dependence weakens. As described above, this is expected. Phonon-defect scattering 

rates are proportional to the concentration of defects. The higher the defect concentration, the 
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lower the ambient thermal conductivity. Since defect concentrations are independent of 

temperature, phonon-defect scattering lowers 𝛼. 

The temperature dependence of Λ we observe for BAs is unusually large. At high temperatures, 

the temperature dependence of Λ is primarily determined by the type of scattering processes that 

limit mean free paths of heat carrying phonons. In most high purity single crystals, three-phonon 

scattering is the dominant process, resulting in Λ ∝ 1/𝑇 (α = 1) [111,128]. A higher temperature 

exponent can indicate higher-order phonon scattering processes [128]. Three-phonon-scattering 

rates increase linearly with temperature, while four-phonon-scattering rates increase quadratically 

with temperature [111].  

In the limit where four-phonon scattering processes dominate, α is expected to be equal to 

2 [111]. Some materials exhibit α > 1, but it is rare for α being close to 2. For instance, BP and 

InP have temperature exponents of 1.4 [145] and 1.5 [146], respectively. BP and InP are III-V 

semiconductors with an a-o gap due to the large mass ratio between constituent atoms [7,128]. A 

large a-o gap limits the phase space of three-phonon scattering, which can increase the 

importance of four-phonon scattering processes. BP, InP, and BAs are examples of this trend. 

(Notably, GaN does not follow this trend, despite a large a-o gap.) The relationship between α 

and mass ratio for III-V compounds with zincblende structure is summarized in Figure 4.15.  

In BAs, four-phonon-scattering processes are expected to be important, but not 

dominant [111,114,128]. For natBAs, theory predicts α ≈ 1.6 [108,111]. For isotopically pure 

BAs, theoretical predictions for α lie between 1.7 and 1.8 [114,115,128]. The small disagreement 

in theory vs. experiment for α could originate from several factors. The ratio of four-phonon to 

three-phonon scattering rates in BAs could be higher than predictions [114,115,128]. Although 

first-principles calculations do not use fitting parameters, their accuracy is affected by a variety of 
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factors [147,148]. Jain and McGaughey found the choice of exchange-correlation function can 

change the predicted thermal conductivity of Si by ~30% [147]. Zhou et al. report that fourth-

order force constants are extremely sensitive to the energy surface roughness of the exchange 

correlation functionals [148]. Another possibility for why the experimental α is higher than 

theoretical predictions is that higher-order processes than four-phonon scattering affect Λ in BAs. 

Another possible explanation for why α in BAs is higher than theoretical predictions is 

temperature-induced changes of the phonon dispersion. Three- and four-phonon scattering rates 

in BAs are sensitive to the a-o gap and the bunching of acoustic modes [7,23,149,150]. To 

investigate this hypothesis, we conducted temperature-dependent Brillouin and Raman scattering 

experiments to assess how phonon frequencies evolve with increasing temperature, see Figure 

4.16 and 4.17. Our Brillouin scattering measurements revealed that the longitudinal acoustic 

phonon frequencies near the zone center change by less than 1% upon heating from 300 to 600 K. 

Raman scattering measurements indicated that the optical phonon frequency at zone center 

experiences a 1% decrease. Therefore, it is unlikely that temperature-induced changes to the 

phonon dispersion can explain why Λ is proportional to 1 𝑇2⁄ . We note that neither Raman nor 

Brillouin scattering measures the zone-edge acoustic phonons that are most responsible for heat 

transfer in BAs. So, our experiments do not definitively exclude temperature-induced changes in 

phonon dispersion as an important effect. 

To characterize defects in our samples, we performed pump/probe transient reflectivity 

microscopy (TRM) on bare BAs samples with incident photon energy of 1.58 eV (Figure 4.18). 

In these experiments, we irradiated the BAs surface with a pump beam. We measured the 

intensity of a reflected probe beam as a function of pump/probe delay time. The laser energy is ~ 

0.26 eV less than the 1.84 eV band gap of BAs [118,125]. Therefore, in the absence of impurities, 
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we expect negligible absorption and no pump-induced change in the reflectance of BAs. In the 

presence of impurities that form defect states in the band gap, we expect measurable TRM signal. 

The effect of an impurity on absorption will depend on the energy level of the defect state. If the 

defect state’s energy is near the conduction or valence band edges (ionization energy ≤ 3𝑘𝐵𝑇 ≈ 

75 meV), the impurity affects absorption by introducing free carriers, see Figure 4.18A. 

Alternatively, defects that form states far from the conduction or valence band edges will allow 

optical transitions to/from the defect state, see Figure 4.18B. For impurities with moderate 

ionization energies, e.g., 100-300 meV, we expect both these absorption mechanisms will matter. 

We observed non-zero TRM signals in most BAs samples (Figure 4.18C). We performed TRM 

measurements at ≥ 10 spots on each sample. Most measurements were performed with a pump 

fluence of 0.7 J/m2 and probe power of 2 mW. A few measurements were conducted with 

different pump fluences and probe powers. For these measurements, to facilitate comparisons in 

Figure 4.18, we scaled the signals by a factor to account for the difference in pump fluence and 

probe power. Each marker in Figure 4.18C represents the average value of all measured spots, 

while error bars represent the standard deviation. We observed a correlation between Λ300K and 

TRM signals (Figure 4.18C). Additionally, we performed wavelength-dependent pump/probe 

TRM measurements (Figure 4.18E) on BAs-1500 as well as two BAs samples whose Λ300K are 

1000 (BAs-1000) and 400 W m-1 K-1 (BAs-400), respectively. For this measurement, we fixed 

our laser beam on a region that had a small TRM signal, i.e., a region with a low density of 

defects. We observed an increasing TRM signal as photon energy approaches the band gap of 

BAs. As a set of control experiments, we also performed TRM measurements with a laser energy 

of 1.58 eV on crystals with different band gaps: Si (1.12 eV) [151], GaAs (1.42 eV) [152], GaP 

(2.26 eV) [153], and GaN (3.39 eV) [154]. The carrier densities of the GaP and GaN samples are 

(4~6) × 1016 cm-3 and ~1 × 1018 cm-3, respectively. As expected, TRM signals are large for 
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crystals with band gaps less than 1.58 eV, and negligibly small for crystals with band gaps greater 

than 1.58 eV, see Figure 4.18F.  

To explore sample homogeneity, we mapped how TDTR and TRM signals change with position 

for two of the crystals: BAs-1500 and BAs-1000 (Figure 4.19). We note that the TRM and TDTR 

maps are not well correlated: the TRM maps display bright spots that are not visible on the TDTR 

maps. Moreover, we observed nearly zero TRM signals on a BAs sample (Figure 4.21) with 

Λ300K ≈ 800 W m-1 K-1. We interpret these observations to mean that point defects within the 

sample can affect the absorption/emission spectrum while having little impact on thermal 

conductivity, and vice-versa. As we explain below, this explanation aligns with prior theoretical 

modeling of how point defects affect optical and thermal properties [119,155].  

Prior studies show the presence of impurities such as C, Si, O, and I in BAs 

crystals [108,117,119,156]. Theoretical calculations [157] predict that the substitutional defects 

formed by O on As sites (OAs) lead to defect states in the middle of the band gap. Alternatively, C 

and Si impurities on As sites (CAs and SiAs) are predicted to be shallow acceptors with ionization 

energies of 0.081 and 0.07 eV, respectively [157]. So, CAs and SiAs are expected to affect 

absorption by introducing free-holes. C and Si impurities on B sites (CB and CSi) are predicted to 

be donors with ionization energies of 0.28 and 0.14 eV, respectively [157]. Therefore, CB and SiB 

are expected to affect absorption in one of the two ways mentioned above. Ionized CB and SiB 

impurities introduce free electrons, while CB and SiB that are not ionized will allow optical 

transitions from defect states into the conduction band.  

All these types of impurities are also expected to have different effects on the thermal 

conductivity of BAs. Chen et al. [117] predict that reducing BAs’s thermal conductivity by 10% 

requires a concentration of ≈ 3×1018 cm-3 neutral CB defects, ≈ 10 18 cm-3 SiAs or CAs defects, and 
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3×1017 cm-3 OAs
 defects. So, in short, while impurities affect both thermal transport and below-

band-gap optical absorption, we do not expect a perfect correlation between these physical 

properties. 

Based on the TRM results, BAs samples with Λ300K of 1500 W m-1 K-1 are not free of defects. 

This indicates that the intrinsic thermal conductivity could be larger than 1500 W m-1 K-1, and the 

intrinsic temperature dependence between 300 and 600 K of BAs may be stronger than 1/𝑇2. 

Existing first-principles calculations cannot explain the coexistence of Λ300K > 1500 W m-1 K-1 

and α > 2. First principles calculations predict Λ300K of 3100 W m-1 K-1 and α = 1 if only 

considering three-phonon scattering [149]. In the limit of only four-phonon scattering happens in 

BAs, Λ300K is 15330 W m-1 K-1 and α = 2 [111,149]. Simply adding phonon-defect scattering in 

the calculations can reproduce Λ300K > 1500 W m-1 K-1 but will result in α < 2. One possible 

explanation for α > 2 is that higher-order processes than four-phonon scattering affect Λ in BAs. 

However, simply adding higher-order processes to prior first-principles calculations will further 

reduce the phonon lifetimes, and subsequently result in lower ambient thermal conductivity. 

Therefore, the current ultrahigh thermal conductivity at room temperature and its strong 𝑇 

dependence (α = 2) is unexpected. 
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Figure 4.1. X-ray diffraction measurement on a BAs sample with room-temperature 

thermal conductivity of 1500 W m-1 K-1 (measured by Fengjiao Pan). 
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Figure 4.2. Raman scattering of BAs crystals.  

(A) Raman spectra of three BAs samples of different thermal conductivity. The 200 W m-

1 K-1 sample is an 11BAs, and the 800 and 1350 W m-1 K-1 ones are 10BAs samples. The 

orange rectangle denotes the wavenumber range from 1050 to 1150 cm-1 in which the 

intensity integration is performed. (B) Thermal conductivity versus the intensity 

integration of selected BAs samples. The excitation laser has a 532 nm wavelength, the 

incident laser power is 15 mW, the collection time is 50 s, and the numerical aperture 

(NA) of the objective lens is 0.28. The focused laser spot size is ~ 6 μm (1/ⅇ2 radius). 
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Figure 4.3. Photoluminescence measurements of five BAs samples with different thermal 

conductivities. 

The excitation laser has a 532 nm wavelength, the incident laser power is 20 mW, the 

collection time is 30 s, and the NA of the objective lens is 0.28. The focused laser spot 

size is ~ 6 μm (1/ⅇ2 radius). 
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Figure 4.4. Brillouin light scattering spectrum of a BAs sample in the backscattering 

geometry (measured by Zahra Ebrahim Nataj).  

The angle between incident laser beam and surface normal ([111]) is 30°. The peaks 

labeled as LA and TA correspond to the longitudinal acoustic and the transverse acoustic 

bulk phonons. The dashed lines are guides to the acoustic phonon frequency of these 

peaks. The excitation wavelength is 532 nm. The incident laser beam is p-polarized. The 

index of refraction of BAs is 3.25 [133]. In the [111] direction, we expect the transverse 

branches to degenerate. The splitting of the transverse peaks indicates a small 

misalignment of the measurement axis relative to the [111] direction. The calculated 

refraction angle for the 30-degree incidence is 8 degrees. Therefore, we are measuring the 

sound velocity along a direction which is 8 degrees away from [111]. 
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Figure 4.5. Thermal conductivity of BAs measured by TDTR.  

(A) Time domain thermoreflectance data with thermal model best-fit (red line) for a high 

purity BAs crystal with Λ ≈ 1500 W m-1 K-1. (B) BAs thermal conductivity versus 

temperature (markers), along with theoretical predictions for isotopically pure BAs [115]. 

(C) Apparent thermal conductivity of BAs versus laser spot size (1 ⅇ2⁄  radius) at 300, 

450, and 600 K. (Filled and open markers denote measurements performed at UCR and 

UIUC, respectively.) 
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Figure 4.6. TDTR scans on four distinct high-thermal-conductivity BAs samples at 

different measurement spots, along with fittings of the heat diffusion model.  

Each panel in the figure showcases TDTR scans performed on a specific sample. 

Different colored circles represent data collected from distinct spots on each sample. 

Dashed lines in corresponding colors depict fittings of the heat diffusion model. 

Alongside the data, the fitted thermal conductivity, interface conductance, and measured 

laser spot size for each scan are labeled. Note that we examined the impact of plasma-

etching time on interface conductance for BAs-1500 and BAs-B7N2. As a result, 

different scans on these two samples exhibit varying interface conductance. Additionally, 

measurements on BAs-1500 and BAs-B7N2 were not conducted on the same day, 

leading to differences in laser spot sizes. Three TDTR scans on BAs-B9N2 were 

conducted on the same day, and the same applies to BAs-B10N6. We emphasize that 

these four samples have spots with thermal conductivity higher than 1500 W m-1 K-1 and 

spots lower than 1500 W m-1 K-1, although we report their thermal conductivity of 1500 

W m-1 K-1. Statistically, 1500 W m-1 K-1 is the most common value we observe on these 

four samples. 
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Figure 4.7. Data analysis of beam offset measurements.  

(A) A beam offset scan (circles) along with the best fit (red line). Predictions for 15% 

larger and smaller thermal conductivity of BAs are shown as yellow and green dashed 

lines, respectively. The vertical axis is the normalized out-of-phase signal, 𝑉𝑜𝑢𝑡 ∕
𝑉0𝑢𝑡(𝑚𝑎𝑥). The horizontal axis represents the offset distance between pump and probe 

beams. (B) The full width at half maximum (FWHM) versus thermal conductivity 

predicted from the heat diffusion model. 
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Figure 4.8. Test of reproducibility of the temperature dependent thermal conductivity of 

the BAs-1500 sample.  

We reproduced TDTR measurements on the BAs-1500 sample twice at different dates, 

shown as gray and pink symbols. Yellow triangles are thermal conductivity of the BAs-

1500 sample measured using beam offset measurements. Additionally, we measured 

another BAs crystal (purple diamonds) whose ambient thermal conductivity is also 1500 

W m-1 K-1, labelled as B7N2.  
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Figure 4.9. Thermal conductivity versus pump modulation frequency in TDTR 

measurements.  
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Figure 4.10. Temperature dependent parameters in the heat diffusion model.  

(A) Heat capacity of Al (gray squares) and BAs (red dots) versus temperature from 

Ref. [92] and [132]. (B) Interface conductance between Al and BAs versus temperature 

derived from TDTR measurements.  
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Figure 4.11. Sensitivity analyses of TDTR and beam offset measurements.  

(A) Sensitivity analysis of TDTR. Parameters of interest include thermal conductivity (𝛬) 

of Al and BAs, heat capacity (𝐶) of Al and BAs, thickness (ℎ) of the Al film, interface 

conductance (𝐺) between Al and BAs, and 1/ⅇ2 laser radius (𝑤0). (B) Sensitivity 

analysis of beam offset measurements. The sensitivity of the cross-plane thermal 

conductivity of BAs is close to zero. 𝛬𝐵𝐴𝑠−𝑖𝑛 denotes the in-plane thermal conductivity of 

BAs. 
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Figure 4.12. Roughness characterization of a BAs sample with thermal conductivity of 

1500 W m-1 K-1.  

(A) Atomic force microscopy on the BAs sample. The root-mean-square roughness of the 

measured area is 1.8 nm. (B) Comparison of the acoustic echoes between Al/BAs, Al/Si, 

and Al/diamond samples. Roughness can sometimes cause broadening of the acoustic 

echoes. So, we monitor the echo width in all TDTR measurements. The 𝑉𝑖𝑛 signal is 

normalized by its maximum value and shifted for clarity. 
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Figure 4.13. Temperature-dependent thermal conductivity of five selected BAs samples.  

(A) Thermal conductivity of five selected BAs crystals and a type IIA diamond measured 

using TDTR. (B) The relationship between the temperature exponent and the room-

temperature thermal conductivity of the five BAs crystals shown in (A). Diamond and 

square markers are prior experimental results and theoretical predictions (isotopically 

pure BAs). 
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Figure 4.14. Spectral heat capacity of BAs at 300 and 600 K calculated from an 

approximate isotropic phonon dispersion.  

(A) Approximate isotropic phonon dispersion of BAs. The phonon dispersion is 

constructed based on the experimental results in Ref. [158]. (B) Spectral heat capacity at 

300 and 600 K calculated from the phonon dispersion in (A). The inset shows a highlight 

of heat-carrying acoustic phonons. 
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Figure 4.15. Temperature exponent versus heavy-to-light mass ratio for III-V 

semiconductors.  

The temperature exponent is obtained by fitting the thermal conductivity versus 

temperature experimental data at 300-600 K using 𝛬 ∝ 1/𝑇𝛼. GaAs [159], natBN [109], 

GaSb [160], GaP [160], natBP [161], InP [146], and AlSb [160] are compounds 

synthesized using natural isotope concentrations (black squares). 11BN [115], 10BN [115], 
11BP [161], and 11BAs are isotopically pure samples (blue circles). All the included 

samples have a zincblende crystal structure.  
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Figure 4.16. Forced Brillouin scattering on BAs between 300 and 600 K.  

(A) Brillouin oscillation of BAs at 300 and 600 K. The laser power is 25 mW, excitation 

wavelength is 783 nm, and the focused laser spot size is ~ 10 μm in 1 ⅇ2⁄  radius. Our 

BAs samples show spatial variations in absorption, as indicated by TRM mappings 

(Figure 4.19). The two scans were not measured at the same spot, so the absorptions are 

different. (B) The longitudinal sound velocity along [111] direction of BAs versus 

temperature derived from the Brillouin frequency. The observed Brillouin frequency is 

65.2 GHz, consistent with prior report which is 65.2 GHz with 778 nm excitation 

wavelength [134,162]. The error bars are derived from the FWHM of the Brillouin 

spectrum (fast Fourier transform of panel A).  
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Figure 4.17. Raman scattering on BAs between 300 and 600 K.  

(A) Raman spectra of BAs at 300 and 600 K. (B) Wavenumber change of the Raman 

peak relative to the 300 K value versus temperature. The excitation laser has a 532 nm 

wavelength, the incident laser power is 8 mW, the collection time is 20s, and the NA of 

the objective lens is 0.28. The focused laser spot size is ~ 6 μm (1/ⅇ2 radius). Ref. [115] 

predicts that there is no frequency change for the zone-center optical phonon between 

300 and 1000 K by first-principles calculations. Ref. [163] claims a volumetric thermal 

expansion coefficient of ~1.2 × 10−5 K-1, and a Grüneisen parameter of 1 for the zone-

center transverse optical phonon mode in BAs. The calculated phonon softening is 

~0.4%, smaller than our Raman scattering measurements. 
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Figure 4.18. Relationship between transient reflectivity microscopy signal and thermal 

conductivity of BAs.  

Free carriers from shallow donors/acceptors, and deeper defect states in the band gap lead 

to optical absorption and non-zero transient reflectivity signal at photon energies below 

the band gap. (A) and (B) are schematics showing the impact of a shallow acceptor and a 

deep defect state on absorption of energies below the band gap, respectively. (C) Thermal 

conductivity of BAs crystals versus TRM signals obtained from bare BAs samples with 

1.58 eV incident photons. The normalized 𝑉𝑖𝑛 is the in-phase voltage measured by lock-in 

amplifier, normalized by the pump laser power and voltage on the photodiode detector. 

(D) Raw data obtained from the transient reflectivity microscopy with 1.58 eV incident 

photons. (E) Transient reflectivity microscopy signals on three bare BAs samples as a 

function of excitation photon energy. (F) Transient reflectivity microscopy signals for 

bare Si, GaAs, BAs, GaP, and GaN single crystals. The vertical dashed line indicates 

laser energy. 
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Figure 4.19. Thermal conductivity and TRM maps on BAs crystals.  

(A) and (D) are optical images of two BAs samples whose ambient thermal conductivity 

are 1500 and 1000 W m-1 K-1, respectively. (B) and (E) are corresponding thermal 

conductivity maps. (C) and (F) are reflectance maps on the two bare BAs samples 

correspondingly.  
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Figure 4.20. Pump/probe transient reflectivity microscopy measurements on BAs and 

GaP samples 

𝑉𝑖𝑛 is the in-phase voltage measured by the lock-in amplifier and is proportional to the 

pump-induced reflectivity change. The carrier concentrations for the Zn-doped and S-

doped GaP are 1.15 × 1018 and 1.9 × 1018 cm-3, respectively (provided by the vendor). 

We observed zero-TRM signals on a BAs sample with ambient thermal conductivity of 

800 W m-1 K-1 (orange circles). The incident laser wavelength is 783 nm. 
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Figure 4.21. TRM map on the 800 W m-1 K-1 BAs sample. Most spots on the sample 

show nearly zero TRM signals. 
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Table 4.1. Parameters in beam offset measurements. 

We selected appropriate laser spot size (𝑤0) and pump modulation frequency (𝑓) to make 

𝑤0 match the heat diffusion length (ⅆ) at given temperatures. 

Temperature 

(K) 
𝑤0  

(μm) 

𝑓  

(MHz) 

𝐶𝐵𝐴𝑠  

(J cm-3 K-1) 

𝛬𝐵𝐴𝑠  

(W m-1 K-1) 

ⅆ  

(μm) 

300 9.9 1.9 2.09 1500 11 

450 5.0 3.2 2.58 650 5.0 

600 5.0 1.8 2.81 365 4.8 

 

 

 

Table 4.2. Brillouin – Mandelstam spectroscopy results on nine BAs samples.  

The ambient thermal conductivity (𝛬300𝐾) is measured by time-domain 

thermoreflectance. The frequencies of low-wavevector transverse (TA) and longitudinal 

acoustic (LA) phonons are measured by BMS. 

Sample number 𝛬300𝐾 (W m-1 K-1) TA frequency (GHz) LA frequency 

(GHz) 

1 390 62.71 102.27 

2 300 62.65 101.89 

3 670 62.22 101.76 

4 320 62.29 101.24 

5 300 62.23 101.77 

6 1000 62.31 102.61 

7 720 62.22 101.76 

8 1180 63.09 103.34 

9 250 62.03 101.63 
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Chapter 5 Vibrational Properties and Thermal Conductivity of 

Perovskites under Pressure 

Chapter 5 was published in “Response of Vibrational Properties and Thermal Conductivity of 

Perovskites to Pressure.” Songrui Hou, Richard B. Wilson, Chen Li, Materials Today Physics 32: 

101010 (2023). 

 

5.1 Introduction 

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

crystal structure can cause dramatic changes in properties [164,165]. 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 [166–170]. However, the question of how pressure-induced 

changes in vibrational dynamics affect 𝛬 has received much less attention [171]. 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 [11]. The thermal conductivity from phonons is 

𝛬 = ∫
1

3
𝑐(𝜔) ⋅ 𝑣(𝜔)2 ⋅ 𝜏(𝜔) ⅆ𝜔

𝜔𝑚

0

,  (5.1) 

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 the vibrational dynamics. 

Temperature is only effective in tuning the frequency of some low-energy transverse optic 
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phonons in perovskites [172,173]. 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 [173,174]. By soft modes, we mean that the frequencies of these 

modes decrease upon cooling. SrTiO3 and KTaO3 have different phase diagrams, allowing 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) [175]. KTaO3 does not undergo a similar phase transition. As a 

result, 𝛬(𝑇) of KTaO3 has a nearly 1/T dependence above 100 K, while SrTiO3 does not [166]. 

Other reasons we chose to study SrTiO3 include that it is considered a model system for soft-

phonon related phase transition phenomena [176] and that its phase transition upon compression 

is well documented and understood [175,177,178].  

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 
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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 of 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. 

 

5.2 Materials and Methods 

Sample Preparation 

The SrTiO3 and KTaO3 are from 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 [44]. 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. 
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The thermoreflectance of α-Ta is large at high pressures [44]. We deposited Ta at 800 °C to 

obtain α-phase Ta [43], which has higher thermoreflectance than the β-phase Ta that results from 

room temperature deposition [44]. 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 5.4(b)). 

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. 

TDTR and Stimulated Brillouin Scattering Measurements 

The schematics of stimulated Brillouin scattering and TDTR measurements are shown in Figures 

5.1(b) and 5.1(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 [179]. Details of our TDTR setup can be found in 
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Ref. [180]. The pressure is calibrated using the pressure-dependent shift of the R1 line in the ruby 

fluorescence spectrum [181]. 

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 [182,183], 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 [36]. 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 [24] to complement our ruby 

fluorescence measurements.  

We use a bidirectional heat diffusion model to analyze the collected TDTR data [15]. 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 following. 
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Before loading the sample into the diamond anvil cell (DAC), we measured the thickness of the 

transducers using picosecond acoustics [36]. At high pressures, we assume that the substrates 

(SrTiO3 and KTaO3) shrink equally in every direction, since both substrates are cubic crystals 

(space group: 𝑃𝑚3̅𝑚). Although SrTiO3 experiences a cubic-tetragonal phase transition at ~9.6 

GPa, the tetragonal distortion is small [175]. If the volume of the substrate at pressure P is VP, 

and the in-plane area is SP, then 𝑆𝑃 = 𝑆0 ⋅ (𝑉𝑃 ∕ 𝑉0)
2

3 . Here, V0 and S0 are the volume and area of 

the substrate at 0 GPa. We assume that the in-plane area of the transducer is equal to Sp. Then the 

thickness of the transducer at pressure P will be ℎ𝑃 ≈ 𝑉𝑃
𝑡ⅆ/𝑆𝑃. Here, 𝑉𝑃

𝑡ⅆ is the transducer 

volume at pressure P based on its equation of state (EOS) [184,185].  

To estimate the pressure dependence of the heat capacities of Al and Ta, we follow Ref. [24], and 

use a Debye model. For silicone oil, we use published pressure-dependent heat capacities and 

thermal conductivities [186]. We use first-principles theory predictions for the pressure-

dependent heat capacities of SrTiO3 and KTaO3 [187,188]. The first-principles predictions extend 

only to 20 GPa. Therefore, to interpret the data at pressures above 20 GPa, we extrapolate. We 

show the pressure-dependent thermal parameters in Figure 5.7. 

We measured the electric resistance of Al and Ta films by a four-point probe method, and then 

calculated their thermal conductivities by the Wiedemann-Franz law. The measured thermal 

conductivities were 170 and 37 W m-1 K-1 for Al and Ta, respectively. We fitted the -Vin/Vout data 

after 100 ps for Al-coated samples and after 300 ps for Ta-coated samples. The TDTR signal is 

not sensitive to the thermal conductivity of the transducer at delay times greater than 100 ps. 

Therefore, we do not need to account for the changes of 𝛬𝐴𝑙 and 𝛬𝑇𝑎 with pressure.  

To explore whether spot size matters in high-pressure TDTR measurements, we used two 

different spot sizes when measuring KTaO3, R = 6.8 and 3.3 μm, where R is the 1/e2 radius of the 
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laser beam. We measured the laser spot size with a beam-offset method at every pressure when 

using the 3.3 μm laser beam considering its sensitivity in our heat diffusion model [189]. For 

SrTiO3 measurements, the laser spot size was ~6.8 μm.  

We use the sensitivity analysis to determine the uncertainty of the derived values of 𝛬. The 

sensitivity parameter (S) quantifies relative changes of −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 induced by variation of the 

input parameter 𝛼 in the heat diffusion model: 

𝑆 =
𝜕 𝑙𝑛(−𝑉𝑖𝑛∕𝑉𝑜𝑢𝑡)

𝜕 𝑙𝑛𝛼
,  (5.2) 

Two sensitivity analyses at different pressures for SrTiO3 are included in Figure 5.9. Typically, 

we have a ~5% uncertainty in htdCtd [190], ~5% in the spot size R, ~3% for Csub. We also estimate 

an uncertainty of ~5% in the thermal effusivity of silicone oil, √𝛬𝑜𝑖𝑙𝐶𝑜𝑖𝑙, and ~5% uncertainty in 

the Al/SrTiO3 interface conductance. These yield a total uncertainty in the derived values for 𝛬 of 

~13%. We expect the uncertainties of these parameters to increase under pressure.  

Among the parameters of interest, htd is generally considered the most important, as it is difficult 

to measure at high pressure and has high sensitivity [35,42]. We used silicone oil 

(polydimethylsiloxane) as the pressure medium for most measurements because its low thermal 

conductivity helps improve the sensitivity of the TDTR measurements to the thermal conductivity 

of the perovskites, see Figure 5.7(c) and 5.9. However, when using silicone oil as the pressure 

medium, the picosecond acoustic echo of the transducer will be buried in the Brillouin oscillation 

signal from the silicone oil. We cannot easily obtain the transducer thickness by reading the 

acoustic echo in the TDTR measurements, as we usually do under ambient conditions.  

One way to make the acoustic echo visible under pressure is to replace silicone oil with gaseous 

medium such as Ne, see Figure 5.8. We performed picosecond acoustic measurements on an 
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Al/SrTiO3 sample with Ne as pressure medium. When the pump beam hits the Al surface, it will 

launch an acoustic wave that travels through the Al film. When reaching the Al/SrTiO3 interface, 

part of the acoustic wave will be reflected, and propagate back to the Al surface. Therefore, the 

echo indicates the time interval (t) for the acoustic wave to travel back and forth in the Al film, 

𝑡 = 2ℎ𝐴𝑙 ∕ 𝑣𝐿, where 𝑣𝐿 is the longitudinal speed of sound of Al. By assuming 𝑣𝐿 ∝ √𝐾 ∕ 𝜌, we 

can calculate pressure dependent 𝑣𝐿 using the equation of states of Al [184], and then calculate 

the thickness of Al. Here, 𝐾 is the isothermal bulk modulus defined as 𝐾 = −ⅆ𝑃 ∕ ⅆ 𝑙𝑛 𝑉. Figure 

5.8(b) shows the comparison between our picosecond acoustic measurements and the calculated 

Al thickness (Figure 5.7(a)) under pressure. Our measurements and calculations agree well with 

each other, suggesting that our method for calculating the transducer thickness is accurate. 

We cannot use Ne as a pressure medium for thermal conductivity measurements. The thermal 

conductivity of the gaseous medium is comparable to that of SrTiO3 and KTaO3 at high 

pressure [20]. If we use Ne in high-pressure TDTR measurements, the sensitivity of the thermal 

conductivity of Ne will be as large as 𝛬 of SrTiO3 and KTaO3. Without accurate knowledge of the 

thermal conductivity of Ne and the interface conductance between Ne and Al, we cannot extract 

the thermal conductivity of substrates from the TDTR data. Therefore, we only report the 

Brillouin frequency data from the Ne/Al/SrTiO3 sample. 

 

5.3 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 [175,191]. The two broad 

bands blue shift upon compression. At room temperature and above 9.1 GPa, SrTiO3 transforms 
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into a tetragonal phase (space group: I4/mcm). In this phase, several phonon modes are Raman 

active [175]. At pressures above 9.1 GPa, we observe two peaks form near 162 and 466 cm-1, see 

Figure 5.2(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 [192]. As the pressure increases, all peaks shift to higher wavenumbers, and, unlike 

SrTiO3, we do not observe any new Raman peak form at higher pressures (Figure 5.2(b)). This is 

consistent with our expectation that KTaO3 does not undergo a phase transition in the studied 

pressure range. 

The Raman shifts vs. pressure for selected Raman peaks are shown in Figure 5.4(a). The Raman 

shifts reflect increases in the frequency of the phonons responsible for Raman scattering. 

Therefore, these measurements 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 Figure 5.3(a)). We followed Ref. [175] and 

labeled 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 increase mostly linearly 

upon compression. The pressure dependence of each Raman mode is shown in Figure 5.4(a). We 

observe that the shifts of the 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. [175], as shown by the 

comparison in Figure 5.5. The main difference is that our C3 Raman mode shows a larger 

pressure dependence than the results in Ref. [175]. 
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The Brillouin frequency of SrTiO3 shows a decrease within 2 GPa around the phase transition (~9 

GPa in Figure 5.4(b)). This anomaly is consistent with previous reports for the elastic constants of 

SrTiO3 vs. pressure [178]. The observed transition pressure is also consistent with our Raman 

results in Figure 5.2(a) and 5.4(a). For KTaO3, we observe a monotonically increasing Brillouin 

frequency. The Brillouin frequency is 

𝑓 = 2𝑁𝑣𝑙 ∕ 𝜆,  (5.3) 

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).  

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

KTaO3 (Figure 5.6). 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 an SrTiO3 

sample (red dots in Figure 5.6) 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 5.6(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 that we observed in some data sets 

near the phase transition may be related to the drop in group velocity at the phase transition 

(Figure 5.4(b)). We note that the 5-10% changes we observe are comparable to the overall jitter in 

our thermal conductivity results. Therefore, if there is a change in thermal conductivity induced 

by the phase transition, the magnitude of the change is smaller than what we can reliably resolve 

by TDTR in a DAC. Recent work on SrTiO3 reports that their sample has a sharp drop of -25% at 
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phase transition (~6 GPa) [193]. Their data also show a change in 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 the 

pressure-dependent interface conductance between transducers and substrates are shown in Figure 

5.10(a).  

 

5.4 Discussion 

Our results in Figures 5.4 and 5.6 show that both the vibrational dynamics and thermal 

conductivity have strong pressure dependencies. And, notably, 𝛬 of SrTiO3 does not have an 

abrupt change at phase transition. Now we 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 [194]. However, 

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

second-order displacive phase transition [195]. 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) [175]. No abrupt change in 𝛬(𝑇) of SrTiO3 at ambient pressure is 

observed at the phase transition temperature of 105 K [166,167]. Therefore, it is not surprising 

that we did not observe clear evidence of a significant drop in 𝛬(𝑃) of SrTiO3 at 9.1 GPa. 

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

Figure 5.11(c) we compare the increase in relative thermal conductivity of different materials at 
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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 5.11(c) show 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 in thermal conductivity are caused by changes in heat capacity per 

mode, phonon group velocity, and phonon lifetime (see Eq. (4.1)). 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, the phonon group velocity, and the 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 [168,169]. 

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

such as NaCl [194] and MgO [196]. The LS equation approximates c, 𝜈, and 𝜏 in Eq. (4.1) using 

properties that can be extracted from the volume-pressure equation of states (V-P EOS) [10]. The 

volumetric heat capacity is assumed to be 𝐶 ∝ 1/𝑉. The group velocity 𝑣 is parameterized as 𝑣 =

√𝐾𝑇 𝜌⁄ ∝ 𝛿𝜃. Phonon mean free path is set to be 𝑙 ∝ 𝛿 ∕ 𝑇𝛼𝛾 [11]. 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. 

(5.1) yields 

Λ =
𝐵�̅�𝛿𝜃3

𝑇𝛾2
.  (5.4) 
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Here B is a constant, �̅� 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. (5.4), 

we follow the procedures in Ref. [10] 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. [175] to 

calculate the pressure dependent δ, θ, and 𝛾. Cubic and tetragonal B-M EOS produce different 

fittings for SrTiO3 (see Figure 5.11(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 [188] support this 

assumption (see Figure 5.11(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. (5.4) for our predictions in Figure 5.11(a) 

for cubic and tetragonal SrTiO3. For cubic SrTiO3, we set B to make Eq. (5.4) agree with 𝛬 under 

ambient conditions. For tetragonal SrTiO3, we set B to be in agreement 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. 

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 
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GPa (Figure 5.11(b)). One of the standard methods to calculate the Debye temperature is from 

elastic constants [197], 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. [175], 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
 [12]. 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 Figure 5.4 imply for the heat 

capacity per phonon mode in Eq. (5.1). The heat capacity per mode is 

𝑐(𝑞) = 𝐷(𝑞)ℏ𝜔𝑞
𝜕𝑛(𝜔𝑞)

𝜕𝑇
. (5.5) 

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 5.4(a). First-principles calculations for SrTiO3 predict that, at room 

temperature, heat is carried primarily by phonons with 𝜔𝑞 between 0 and 15 THz [198]. 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-
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equation prediction described above. The first-principles calculations predict that the total heat 

capacity of SrTiO3 and that of KTaO3 are nearly constant up to 20 GPa [187,188] (see Figure 

5.7(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 the [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 [199]. The N of SrTiO3 decreases by 3% at 60 GPa [182]. 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 KTaO3 at 20 GPa (Figure 5.4(b) and 

Eq. (5.3)). This compares favorably with the LS-equation estimates described above of a 15% and 

25% increase in group velocity for SrTiO3 and KTaO3, respectively. Therefore, we conclude that 

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

Pressure-induced changes in 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 𝑙𝑛𝜈

ⅆ 𝑙𝑛𝑉
.  (5.6) 

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. (5.6). The 𝛾 for SrTiO3 drops by 
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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. Therefore, 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 the phonon 

lifetime. This explains the greater pressure dependence we observe for 𝛬 of KTaO3 than SrTiO3, 

see Figure 5.6.  

Why do 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 under ambient 

conditions, while SrTiO3 is relatively stable [168,169,200]. First-principles calculations show that 

displacements of Ta and O atoms in KTaO3 occur in non-parabolic potential wells, indicating 

large anharmonicity [200]. The calculations suggest that volume contraction will make potential 

wells parabolic and the crystal lattice stable. In addition, first-principles calculations suggest that 

the phonon frequencies of the low-lying TO modes near Γ point in KTaO3 are more sensitive to 

pressure than those of SrTiO3. For the low-lying TO modes in KTaO3, a 1% volume expansion 

can decrease their frequencies by 60% [168]. The corresponding Grüneisen parameter is ~50. For 

SrTiO3, a 6% volume expansion decreases the frequencies of low-lying TO modes by only 

30% [169]. The corresponding 𝛾 is only ~5. For KTaO3 under ambient conditions, the low-lying 

optic phonon branch has a frequency similar to that of the longitudinal acoustic phonon branch 

near Γ point [168]. This feature can produce a large phase space for phonon-phonon scattering 

since the selection rules (conservation of energy and momentum) can be easily satisfied [128]. 

Pressurization drives the low-lying TO branch away from the LA branch in frequency. The 
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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. 

5.5 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 the 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 [128,150], with the ultimate goal of identifying materials with high thermal 

conductivities for thermal management applications [8]. Our findings are also relevant to the 

science of thermoelectric materials. Many perovskites are promising thermoelectric 

materials [201,202], and understanding the relationship between vibrational properties, phonon 

lifetimes, and thermal conductivity is important for engineering materials with low thermal 

conductivity [203]. 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 [6]. Many minerals in the Earth mantle have a perovskite crystal structure, 
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e.g., bridgmanite, and knowledge of how pressure and temperature affect thermal conductivity is 

crucial to modelling heat flux at the core-mantle boundary [6]. 

 

Figure 5.1. 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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Figure 5.2. 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. A detailed 

comparison between the KTaO3 spectrum with and without silicone oil can be found in 

Figure 5.3(b). 
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Figure 5.3. Raman spectra of silicone oil at high pressure. 

(a) Raman spectrum of silicone oil (polydimethylsiloxane) under pressure. (b) Raman 

spectrum of KTaO3 at 0 GPa. We include this figure to show the way we exclude the 

Raman peaks of silicone oil. 
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Figure 5.4. 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. 
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Figure 5.5. Comparison between our SrTiO3 Raman peak shifts and literature results.  

Dots are our data. Diamonds are literature data. We follow the nomenclature in 

Ref. [175] for SrTiO3 Raman peaks. The vertical dashed line indicates the phase 

transition pressure. The difference in C3 may be related to the different pressure medium 

that we use. 
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Figure 5.6. 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 with 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). The error bars here denote our estimate of ~13-20% uncertainty that arises from 

uncertainty in the input parameters for the heat diffusion model that we use to analyze 

time-domain thermoreflectance data. The dashed lines are linear fittings to the data. The 

vertical dashed line shows the phase transition pressure of SrTiO3. 
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Figure 5.7. Pressure-dependent parameters in the heat diffusion model.  

(a) Calculated pressure-dependent thickness of transducers. (b) Pressure-dependent heat 

capacities of transducers calculated by the Debye model. (c) Thermal conductivity of 

silicone oil under pressure. Data below 23 GPa are from Ref. [12]. Data beyond 23 GPa 

are extrapolations of the literature data. (d) Heat capacities of SrTiO3 and KTaO3 under 

pressure from Ref. [187] and [188]. 
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Figure 5.8. Comparison between picosecond acoustic measurements and the calculation 

of Al thickness.  

(a) Normalized Vin vs. delay time signals under pressure collected on an Al/SrTiO3 

sample in a DAC with Ne as the pressure medium. The arrows denote the picosecond 

acoustic echo peaks. The three data sets are shifted for clarity. (b) The Al thickness under 

pressure normalized by the thickness at atmospheric pressure. The black line is the 

calculated thickness mentioned in Figure 5.7(a). The blue circles are experimental data 

interpreted from panel (a). 
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Figure 5.9. Sensitivity analyses of Al/SrTiO3 at 3.2 GPa and 25.3 GPa.  

Parameters to consider include thermal conductivity (Λ) and heat capacity (C) of SrTiO3, 

thermal conductivity and heat capacity of silicone oil, spot size R, Al/SrTiO3 interface 

conductance G, the thickness (h) and heat capacity of Al. The sensitivity of the interface 

conductance decreases as pressure increases. 
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Figure 5.10. Interface thermal conductance between Al/SrTiO3 and Al/KTaO3.  

(a) We lost the sensitivity of G of Al/SrTiO3 above 15 GPa (see Figure 5.9) and fixed it 

to be 800 MW m-2 K-1 in the heat diffusion model. The red dots have lower values of G 

than the other two samples. We speculate that it is because the polishing procedure 

during sample preparation induced strain at the sample surface. Different colors represent 

different samples. 
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Figure 5.11. Comparison between our experimental results and the LS predictions for 

SrTiO3 and KTaO3. 

(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. The blue circles 

are the experimental data of SrTiO3 from Ref. [175]. The yellow and green dash-dot lines 

are B-M EOS fittings to the experimental data, also from Ref. [175]. Pink diamonds are 

calculated EOS of KTaO3 from Ref. [188]. 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 [28], MgO [196], ferropericlase (Fp) [205], bridgmanite (Bdm) [29], 

ringwoodite (Rwd) [206], siderite (Sd) [207], SrTiO3 (STO) and KTaO3 (KTO). 
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Chapter 6 Thermal Conductivity of BAs under Pressure 

Chapter 6 was published in “Thermal conductivity of BAs under pressure.” Songrui Hou, 

Bo Sun, Fei Tian, Qingan Cai, Youming Xu, Shanmin Wang, Xi Chen, Zhifeng Ren, Chen Li, 

and Richard B. Wilson. Advanced Electronic Materials, 2200017 (2022).  

 

6.1 Introduction 

High-thermal-conductivity materials are desirable for thermal management applications. Power 

electronic devices operate at power densities higher than 100 W/cm2, roughly three orders of 

magnitude larger than the irradiance of the Sun [208,209]. Discovery and integration of high 

thermal conductivity materials into electronics offer a route for increasing performance. 

Discovery of such materials requires a detailed understanding of material properties that lead to 

high thermal conductivity. However, despite more than a half century of study, a complete 

microscopic understanding does not exist for why some materials have high thermal conductivity, 

while other similar materials do not. Our study aims to help fill this fundamental gap by 

experimentally testing the relationship between BAs’s phonon dispersion and phonon scattering 

rates.  

In the 1970s, Slack came up with four rules for finding nonmetallic crystals with high thermal 

conductivity. These rules are: i) low average atomic mass, ii) strong interatomic bonding, iii) 

simple crystal structure, and iv) low anharmonicity [210]. Given their simplicity, the apparent 

accuracy of Slack’s rules has been something of a long-standing puzzle. Theoretical models for 

phonon-phonon scattering rates have long predicted that, because phonon scattering processes 

must conserve energy and crystal momentum, phonon dispersion can have a strong effect on 
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phonon scattering rates [211,212]. Certain features in the phonon dispersion can make it difficult 

for a three-phonon scattering processes to satisfy selection rules [211,212]. It is well known that 

crystals with similar crystal structures and average atomic mass can have distinct differences in 

phonon dispersion [213]. But Slack’s rules imply that differences in phonon dispersion between 

such crystals will have little effect on thermal transport. 

In the past ten years, a number of theoretical and experimental studies have started to unravel this 

puzzle and correct Slack’s rules [214–223]. In 2013, Lindsay et al. used first principles 

calculations based on density functional theory (DFT) and the Peierls-Boltzmann equation (PBE) 

to study the effects of atypical phonon dispersion on thermal transport [214–216]. Their first-

principles based work predict that phonon dispersion relations have a strong effect on scattering 

rates via selection rules [214–216]. For example, first principles theory predicts that crystals with 

special phonon dispersion properties like BAs will have a thermal conductivity higher than the 

value Slack’s rules predict [215,224]. BAs’s phonon dispersion is special for two reasons. First, 

BAs has a large frequency gap between acoustic and optic phonons. This gap should eliminate the 

phase space for three-phonon scattering between acoustic and optic phonons [215,225]. Second, 

the acoustic phonon branches of BAs are unusually close together [225]. This acoustic bunching 

effect is predicted to result in a small phase space for three-phonon scattering processes of 

acoustic phonons [215,226].  

Several recent experimental studies have verified first principles predictions that BAs has an 

anomalously large thermal conductivity [219–221]. BAs has a thermal conductivity between 1000 

and 1300 W m-1 K-1, see Figure 6.1. Despite similar average atomic mass, bonding, and crystal 

structure, BAs has a thermal conductivity ~7× larger than silicon.  
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The good agreement between experiment and first-principles theory for the thermal conductivity 

of BAs, and a number of other high thermal conductivity materials [216,219–223], provides 

compelling indirect evidence that a strong relationship exists between phonon dispersion 

properties and thermal conductivity. However, so far, there are no experimental studies that 

directly test the hypothesis that acoustic bunching leads to higher thermal conductivity. Testing of 

this hypothesis requires systematically tuning a material’s phonon dispersion relation and 

observing the subsequent changes in thermal conductivity.  

The pressure dependence of BAs’s thermal conductivity offers a way to experimentally explore 

the relationship between phonon dispersion, phonon scattering selection rules, and thermal 

transport. Thermal conductivity is a weighted average of phonon lifetimes. Therefore, 

measurements of thermal conductivity vs. pressure provide some indirect information about how 

phonon lifetimes depend on pressure. First principles calculations show that pressure stiffens 

longitudinal acoustic phonons, thereby increasing the energy difference between longitudinal and 

transverse acoustic phonons [217,218]. In other words, compression of BAs reduces acoustic 

bunching, see Figure 6.1(a), and makes BAs’s dispersion relation more like a typical crystal, e.g., 

Si. Furthermore, pressure dependent measurements of BAs’s thermal conductivity also offer the 

opportunity to study how phonon dispersion affects four-phonon scattering processes. Four 

phonon scattering processes are believed to play an important role in BAs [219–221,224]. Four 

phonon scattering rates are believed to depend on phonon dispersion properties such as the 

frequency gap between acoustic and optic modes [216,217]. 

The aim of our experimental study is to investigate phonon scattering mechanisms in BAs using 

high pressure. We perform time-domain thermoreflectance (TDTR) measurements of BAs in a 

diamond anvil cell (DAC) (Figure 6.2). TDTR is a well-established tool for measuring thermal 

conductivity [179]. Diamond anvil cells can generate pressures on the scale of GPa. We include 
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detailed descriptions of our experiments in Methods. We report the thermal conductivity as a 

function of pressure, 𝛬(P), for three BAs samples with different ambient thermal conductivities. 

The apparent thermal conductivities of our three samples derived from TDTR measurements at 

ambient conditions are ~1100, 600 and 350 W m-1 K-1. We also measure the thermal conductivity 

of two MgO single crystals as control experiments. The thermal conductivities of all three BAs 

samples depend weakly on pressure between 0 and 30 GPa. To confirm the pressure-independent 

thermal conductivity of high-thermal-conductivity BAs crystals, we repeated measurements on 

four other BAs samples with thermal conductivity of ~1000 W m-1 K-1 and got similar results. 

Alternatively, for MgO, we observe a monotonically increasing thermal conductivity with 

increasing pressure.  

The weak pressure dependence of 𝛬(P) for BAs implies that phonon scattering rates have a weak 

pressure dependence. We credit the weak pressure dependence of phonon scattering rates to how 

pressure affects three-phonon vs. four-phonon scattering rates. Decreases in acoustic bunching 

increase three phonon scattering rates. An increase in the frequency gap between acoustic and 

optic phonons decreases four-phonon scattering rates. The net effect leads to phonon scattering 

rates to be pressure independent. 

 

6.2 Methods 

Materials synthesis 

Single crystal BAs (space group: 𝐹4̅3𝑚) samples are grown by chemical vapor transport (CVT). 

The reactants are pure boron bulk particles and arsenic lumps. We employ small amount of iodine 

powder as the transport agent. B and As with a B:As ratio of 1:1.2 along with some iodine were 

sealed in a fused vacuum quartz tube. The quartz tube was placed in a horizontal two-zone tube 
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furnace with high-temperature zone held at ~890 °C and low-temperature zone held at ~800 °C. 

Further details about the synthesis can be found in Refs. [227,228].  

We used various boron sources in the synthesis processes. Sample A (~1100 W m-1 K-1) is grown 

with 10B isotopes, Sample B (~600 W m-1 K-1) and Sample C (~350 W m-1 K-1) are grown with 

11B isotopes. Samples made of different boron source have different characteristic Raman 

peaks [135,228].  

Detailed defect characterizations, such as transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) etc., can be found in Refs. [219,229,230]. Samples 

measured in this study were synthesized at the same time with the samples characterized in the 

mentioned works. TEM shows low dislocation density in high thermal conductivity BAs 

samples [219]. TEM also shows the presence of mirror twin boundaries. Hall effect 

measurements indicate our BAs samples are p-type conductive with hole concentrations between 

1017 and 1020 cm-3 [229,231]. Impurities such as Si and C are attributed to be the origin of the p-

type conductivity. Our previous electron probe microanalysis (EPMA) measurements 

demonstrate Si impurities of ~0.05 at. % (with a 0.003 at. % detection limit) are present in our 

BAs samples [229]. Theoretical calculations suggest an impurity concentration of 3.6×1019 cm-3 

for a 500 W m-1 K-1 BAs sample [229]. 

Sample preparation 

We prepared three pieces of BAs for DAC experiments. Two of them (1100 and 600 W m-1 K-1) 

were first polished down to 7 ± 2 μm. The final thickness was measured with an optical 

microscope. Then, we deposited a ~ 80-nm-thick Al film on the sample. The other sample (350 

W m-1 K-1) was first coated with an ~90-nm-thick Al film, then being polished from the uncoated 
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side down to 7 ± 2 μm. We loaded the samples with 50-80 μm in lateral dimensions into a DAC 

with a culet size of 300 μm. We loaded ruby spheres alongside the samples as pressure indicators. 

We used silicone oil (Polydimethylsiloxane, CAS No. 63148-62-9 from ACROS ORGANICS) as 

the pressure medium for all measurements. 

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

between 30 to 60 μm. Then we drilled holes with a diameter of ~170 μm at the center of the 

indentations by a laser drill system or an electro-discharge machine. The holes serve as containers 

for the samples, ruby spheres, and pressure medium. 

Time-domain thermoreflectance (TDTR) in diamond anvil cells  

We measured the thermal conductivity of BAs at ambient and high pressures by TDTR. TDTR is 

a well-established pump-probe technique. In TDTR measurements, a train of 783-nm-wavelength 

laser pulses emitted from a mode-locked Ti:sapphire oscillator is split into a pump beam and a 

probe beam. The pump beam heats the sample at a modulation frequency of ~10 MHz. The probe 

beam monitors the temperature decay at the sample surface via temperature induced changes in 

reflectance. The reflected probe beam from the sample surface is collected by a silicon 

photodiode detector. A lock-in amplifier reads the micro-volt change in voltage output by the 

detector due to changes in reflected probe beam intensity. The amplifier outputs the in-phase 

signal 𝑉𝑖𝑛 and out-of-phase signal 𝑉𝑜𝑢𝑡 at the ~10 MHz pump modulation frequency. TDTR 

measurements on the high-purity BAs sample were carried out at the University of California 

Riverside. Further details of our setup can be found in Ref. [180]. TDTR measurements on the 

other two samples (Sample B and C) were performed at Tsinghua Shenzhen International 

Graduate School. 
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Figure 6.2(a) shows a schematic of the TDTR measurement in a DAC. The pump and probe 

beams go through the diamond anvil and silicone oil, and reach the sample surface. Figure 6.2(b) 

shows a photo of a BAs sample (Sample B) loaded inside a DAC. The pressure of the system is 

calibrated using the pressure dependent shift of the R1 line in the ruby fluorescence 

spectrum [181]. We also use the Brillouin frequency of silicone oil as a second measure of 

pressure [24]. Figure 6.2(c) shows a Brillouin oscillation that we observe in our experimental 

TDTR signals. When the pump beam heats the Al surface, it launches a strain wave into the 

silicone oil medium. The strain wave front moves at the speed of sound of silicone oil. Both the 

strain wave and Al can reflect the subsequent probe beam. These two reflected probe beams 

interfere with each other and cause Brillouin oscillations in the 𝑉𝑖𝑛 signal [36]. 

We used the beam-offset method to measure the laser spot size [232]. The 1/ⅇ2 radii were 4.5 

μm and 5.1 μm for the measurements on Sample B and C (600 and 350 W m-1 K-1), respectively. 

For the high-purity sample, we measured the spot size at every pressure, and the 1/e2 radii were 

all around 7 μm. 

Prior studies of BAs crystals report a 𝛬 variation of ~10-15% across the crystal surface [221]. We 

also observed 𝛬 variation on a BAs sample, see Figure 6.1(b) for the thermal conductivity map. 

To deal with this concern, we performed TDTR scans at 4-5 locations on the samples at each 

pressure. However, our results show the variation is only 5-10% at most pressures for all three 

samples. The thermal conductivity values we report for three samples are the average from the 

measured spots. 

As a control experiment, we measured the pressure dependent thermal conductivity of two MgO 

samples. The pressure dependence of MgO’s thermal conductivity is well studied 

experimentally [196] and theoretically [217,233]. We prepared the first MgO sample (blue 
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symbols in Figure 6.6) following similar procedures as Sample C (coat with Al first, then polish 

to reduce thickness). For the second MgO sample (purple dots in Figure 6.6), we followed similar 

procedures as Sample A and B (polish first, then coat with Al). Then we performed TDTR 

measurements at pressures between 0 and 25 GPa. The 1/ⅇ2 beam radii for measurements of 

MgO were ~3 and 7 μm for the first and second MgO sample, respectively. 

Data analysis of TDTR under pressure 

We use a bidirectional heat diffusion model to analyze the collected TDTR data [179]. The 

bidirectional model accounts for heat flow from the Al transducer into both the BAs 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. Below, we describe how we account for the pressure 

dependence of all parameters. 

Prior to loading the sample into the DAC, we measure the Al film thickness by picosecond 

acoustics [36]. At high pressures, we assume BAs shrinks equally in every direction since BAs is 

a cubic crystal [234]. If the volume of BAs at pressure P is VP, and the in-plane area is SP, then 

𝑆𝑃 = 𝑆0 ⋅ (𝑉𝑃 ∕ 𝑉0)
2

3 . Here, V0 and S0 are volume and area of BAs at 0 GPa. We assume the in-

plane area of Al is equal to Sp. Then the thickness of Al at pressure P will be ℎ𝑃 ≈ 𝑉𝑃
𝐴𝑙/𝑆𝑃. Here, 

𝑉𝑃
𝐴𝑙 is the Al volume at pressure P based on Al’s equation of state [235].  

To estimate the pressure dependence of Al’s heat capacity, we follow Ref. [24], and use a Debye 

model. For silicone oil, we use previously reported pressure dependent heat capacities and 

thermal conductivities [186].  
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To model the pressure dependence of BAs’s heat capacity, we use a simple isotropic model for 

the phonon dispersion. We assume 𝜔 = 𝑣𝑠𝑘 − 𝐴𝑘2. Here ω is the phonon frequency, 𝑣𝑠 is the 

longitudinal or transverse speed, k is the wavevector magnitude, and A is a constant. The value of 

A is determined by the phonon frequency at the Brillouin zone boundary. We set the values of 𝑣𝑠 

and A to mimic first principle calculations for phonon dispersion relations vs. pressure [217,236]. 

Figure 6.1(a) shows the constructed phonon dispersion relations at 0 and 30 GPa. From the 

phonon dispersion, we calculate the heat capacities. 

We calculate the heat capacity of BAs using [237]  

𝐶 = ∑ ∫ ⅆ𝜔𝑘𝐵𝐷𝑗(𝜔)
𝑥2𝑒𝑥

(𝑒𝑥−1)2𝑗
, 𝑥 = ℏ𝜔 ∕ 𝑘𝐵𝑇.   (6.1) 

Here kB is the Boltzmann constant, j denotes polarizations of phonon branches, ω is the phonon 

frequency, Dp is the phonon density of states (DOS) calculated from dispersion relations we 

constructed, T is the temperature. 

The changes of dispersion under pressures are based on DFT results [217,236]. For transverse 

phonon branches, we assume they do not change under pressure. For the longitudinal phonon 

branch, we increase its speed of sound vs and maximum frequency ωm based on DFT 

results [217,236]. For optic phonons, we set the frequencies at zone center and zone boundary 

under pressures based on DFT results [217]. 

Finally, to interpret the pressure dependent TDTR measurements of MgO, we use the heat-

capacity data reported in Ref. [196]. 

Thermal conductivity map 
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We measured the thermal conductivity map of a BAs single crystal. Our high-purity BAs sample 

for DAC measurements is cut from this BAs single crystal. We collected the map by a 7-μm laser 

beam in radius, with step size being 14 μm.  

Optical artifacts in DAC-assisted TDTR measurements 

TDTR is a well-established technique for thermal conductivity measurements and produces 

robust results provided experimental signals are due to temperature changes on the sample, and 

not related to other effects. There are situations where this assumption breaks down. For example, 

acoustic artifacts [238] and roughness [239] have been observed to cause systematic errors in 

TDTR experiments. In DAC-assisted TDTR measurements, we have observed that optical 

artifacts can introduce systematic errors in our analysis. Our experience suggests these optical 

artifacts are caused by diffuse scattering from defects on the sample surface that make the optical 

quality poor. Or they can be caused by interference effects between the diamond surfaces and Al 

coated BAs sample. A clear indicator that there are optical artifacts affecting our measurement is 

a TDTR signal strength that depends on position. Therefore, in all the data we report in this study, 

we took care to exclude data from samples whose TDTR signal was not reproducible across the 

sample’s surface. 

As an example of the effects we sometimes see, and that we use spatial mapping to identify, we 

present two TDTR scans vs. position of two samples in Figure 6.11. In Figure 6.11(a), we show a 

−𝑉𝑖𝑛/𝑉𝑜𝑢𝑡 map for a sample with a clean surface loaded inside a DAC. The −𝑉𝑖𝑛/𝑉𝑜𝑢𝑡 is 

homogenous across the sample, and the TDTR data shows no signs of artifacts. Alternatively, 

Figure 6.11(b) shows an abnormal −𝑉𝑖𝑛/𝑉𝑜𝑢𝑡 map. The interference pattern clearly indicates 

there are optical artifacts unrelated to temperature affecting our signals. When observing 

significant variance in TDTR signals with position, we discard that sample’s data set, and reload 
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the DAC with a new sample. We believe the specific fringe-like pattern seen in Figure 6.11(b) 

was caused by interference effects between the diamond anvil surface and Al film. Diamond has 

an index of refraction of 2.417. According to Fresnel’s law, there is 7% laser reflection at 

diamond/silicone-oil interface. The diamond/silicone-oil interface is only 10-30 μm away from 

the sample surface, which is a distance comparable to the beam’s depth of focus. Surfaces with 

severe plastic deformation, or optically damaged surfaces also lead to large TDTR signal variance 

with position, and were discarded to avoid optical artifacts affecting our results. 

Relaxation time approximation model 

To better understand the atypical pressure dependence of BAs’s 𝛬, we use a relaxation time 

approximation (RTA) model to analyze our experimental results. The RTA model examines how 

pressure induced changes in phonon group velocities, phonon number density, phonon-phonon 

scattering, and defect scattering affect 𝛬 vs. 𝑃.  

In the relaxation time approximation (RTA) model, we assume optic phonons carry no heat 

because of their low group velocity, small occupation factor, and short lifetimes. Then, the 

thermal conductivity is  

𝛬 = ∑ ∫
1

3
𝐶𝑗(𝜔)𝑣𝑗(𝜔)𝑙𝑗(𝜔) ⅆ𝜔

𝜔𝑚

0
𝑗

.  (6.2) 

Here j labels polarizations, vj(ω) is the group velocity of polarization j at phonon frequency ω, 

Cj(ω) is the integrand in eq. (1), and  

𝑙𝐽̇(𝜔) = 𝑣𝑗(𝜔)𝜏(𝜔).  (6.3) 

Here τ is the total phonon relaxation time for all processes. And 

𝜏(𝜔)−1 = 𝜏𝑝𝑝(𝜔)−1 + 𝜏𝑚(𝜔)−1. (6.4) 
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Here 𝜏𝑝𝑝(𝜔)−1 is the intrinsic phonon scattering rate of BAs. We assume 𝜏𝑝𝑝(𝜔)−1 = 𝐴𝑓(𝜔), 

where 𝐴 is a pressure dependent scattering amplitude and 𝑓(𝜔) is a function chosen so to mimic 

the frequency dependence of 𝜏𝑝𝑝
−1 predicted by DFT [217]. 𝜏𝑚(𝜔)−1 is the mass-disorder 

scattering rate, which is [240] 

𝜏𝑚(𝜔)−1 =
𝜋𝑉

6
𝛤𝜔2𝐷(𝜔). (6.5) 

Here V is the volume per atom, Г is the scattering strength and D(ω) is the density of states per 

atom.  

Here are two notes for 𝜏𝑚(𝜔)−1: 1) In principle, Г can be calculated by the atomic mass of 

different component. However, we set its value so Eq. (6.2) predicts thermal conductivity of 480 

and 350 W m-1 K-1 at 0 GPa for sample B and C, respectively. We also assume Г is independent 

of pressure. Then, the pressure dependence for mass-disorder scattering depends only on 𝑉 ∙D(ω). 

For mass-disorder scattering rate in Eq. (6.5), we use DFT predictions for D(ω) from Ref. [241]. 

Figure 6.9 shows the phonon-phonon scattering rates and mass-disorder scattering rates we use in 

our RTA model for Sample B at 0 GPa. 

Here are our simulation steps. First, we set 𝐴 to make the thermal conductivity of BAs without 

defects be ~ 1300 W m-1 K-1 at 0 GPa. Second, adjust Г to generate a thermal conductivity of 480 

W m-1 K-1. Finally, calculate the pressure dependent thermal conductivity of Sample B by 

assuming a pressure independent 𝐴. We set the pressure dependence of phonon group velocities 

and density of states to mimic DFT predictions [217,241,242].  

Our RTA analysis suggests the weak pressure dependence of 𝛬 on 𝑃 is because total phonon-

phonon scattering rates are pressure independent. Therefore, we conclude that our experiments 
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are consistent with DFT predictions for how acoustic bunching, three-phonon scattering, and 

four-phonon scattering govern 𝛬 vs. 𝑃 in BAs [217]. 

 

6.3 Results 

The focus of our study is on a high-purity BAs single crystal with thermal conductivity ranging 

1000-1300 W m-1 K-1. We show a thermal conductivity map of this triangular BAs single crystal 

in Figure 6.1(b). After collecting the map, we broke the crystal into small pieces and processed 

one of them for diamond anvil cell (DAC) measurements (Sample A). 

The thermal conductivity of BAs is known to be sensitive to even small concentrations of 

defects [229,243,244]. Therefore, to explore how defects affect the pressure dependent thermal 

conductivity of BAs, we also studied two other crystals with lower ambient thermal 

conductivities (Samples B and C). The ambient thermal conductivities of these samples are ~600 

and 350 W m-1 K-1. 

We observe that high-purity BAs has a constant thermal conductivity of ~1000 W m-1 K-1 

between 0 and 30 GPa, see Figure 6.3. This is the main result of our study. We also observe that 

BAs crystals with low concentrations of defects (Samples B and C) have a pressure independent 

thermal conductivity. 

TDTR is a well-established method whose uncertainty depends on input parameters in the heat 

diffusion model [245–247]. In our measurements, the uncertainty mostly comes from the 

thickness of Al (ℎ𝐴𝑙), heat capacity of Al (𝐶𝐴𝑙), laser spot size (ω0), and heat capacity of BAs 

(𝐶BAs). Typically, we have a ~5% uncertainty in ℎ𝐴𝑙𝐶𝐴𝑙 [190], ~5% uncertainty in spot size ω0. 
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We also estimate an uncertainty of ~3% uncertainty for 𝐶BAs. These yield a total uncertainty in 

the derived values for 𝛬BAs of ~15%. The error bars in Figure 6.3 indicate the uncertainty in 𝛬BAs. 

As described in Methods, we performed multiple TDTR measurements at various locations on the 

BAs samples at each pressure. The thermal conductivity reported in Figure 6.3 is the average 

value from all measurements for a given sample and pressure. The purpose of measuring multiple 

spots is to avoid optical artifacts and guarantee the reproducibility of our measurements. As 

expected for a high-quality homogenous crystal, the variance in thermal conductivity at different 

sample locations is small at most pressures.  

The apparent thermal conductivity we derive from TDTR measurements of the BAs crystals 

depends on the size of the laser beam we use in our experiments, see Figure 6.8. The apparent 

dependence of the thermal conductivity on laser spot size is an artifact caused by the breakdown 

of the heat-diffusion equation [248,249]. As a result of this spot-size effect, the pressure 

dependent thermal conductivity values reported in Figure 6.3 are ~20% lower than the intrinsic 

value. Our primary interest is the pressure dependence of thermal conductivity. Because the spot-

size artifact should not depend on pressure [250], this small deviation does not affect our 

conclusions. The apparent dependence of BAs’s thermal conductivity on laser spot size is an 

artifact caused by the breakdown of the heat-diffusion equation [248,249]. Our observations for 

how the TDTR derived apparent thermal conductivity of BAs depends on laser spot size are 

consistent with prior TDTR studies of BAs [221]. Ideally, we would avoid the spot-size artifact 

by measuring the thermal conductivity of BAs only with large spot sizes, e.g., 25 μm in radius. 

However, we are unable to do so because the DAC requires small samples. The lateral scales of 

our samples are of tens of microns as mentioned in Methods. Additionally, upon compression, 

samples undergo some plastic deformations that cause warped regions on the surface we must 

avoid. Avoiding such regions is more difficult with a large-area beam. A third issue with larger 
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laser spot sizes is they also involve a larger depth of focus. Typically, the depth of focus of a 5× 

objective lens is 14 μm. The sample-diamond distance in a DAC is 10-30 μm. This can lead to 

interference between sample-reflected beam and diamond-reflected beam, see Figure 6.11. To 

compromise these problems, we used a spot size of 7 μm in 1/ⅇ2 radius. 

In Ref. [250], a “generalized Fourier’s law” is employed to account for the spot-size artifact in 

TDTR measurements. Their calculations predict the reduction of BAs thermal conductivity in 

Al/BAs geometry depends on the interface conductance between Al and BAs (GAl/BAs). Their 

generalized Fourier’s law predicts that the 𝛬 reduction will be small when the pump beam 

diameter is 14 μm. Their calculations predict the spot-size artifact in a TDTR experiment is ~ 6% 

when GAl/BAs = 115 MW m-2 K-1 and ~ 4% when GAl/BAs = 253 MW m-2 K-1. Our Al/BAs interface 

conductance data are included in Figure 6.13 - 6.15. 

The weak pressure dependence we observe for all three BAs crystals is in stark contrast with our 

observations for MgO, see Figure 6.6. For MgO, we observe a factor of two increase in the 

thermal conductivity upon compression to 20 GPa. Our results for MgO agree with prior 

reports [196]. 

 

6.4 Discussion 

In the absence of contextualizing information, the dramatic difference in 𝛬(P) for BAs vs. MgO 

(Figure 6.3 vs. Figure 6.6) is quite surprising. The bulk modulus of BAs is 142 GPa, while MgO 

is 160 GPa [251,252]. Both materials have a relatively small atomic mass per unit cell and simple 

unit cells. BAs has a zin-blende crystal structure (𝐹4̅3𝑚) and MgO has a halite structure 
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(𝐹𝑚3̅𝑚). The Grüneisen parameter of BAs and MgO are both expected to experience a ~10% 

decrease between 0 and 20 GPa [242,253]. 

To understand what the difference in 𝛬(P) for BAs vs. MgO implies, it is useful to consider the 

microscopic origins for a material’s thermal conductivity. The thermal conductivity of a material 

is determined by group velocities, number density, and relaxation times of phonons. Therefore, 

the pressure dependent thermal conductivity is determined by the pressure dependence of these 

three vibrational properties. The Leibfried-Schlömann (LS) equation is a simple model for 

quantifying how these three vibrational properties govern 𝛬. A number of prior experimental 

studies show the LS equation often has predictive power in explaining 𝛬(P) [10,22,196]. The LS 

equation predicts  

𝛬 =
𝐵�̅�𝛿𝜃3

𝑇𝛾2
 .   (6.6) 

Here B is a constant, �̅� 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. We take the pressure dependence of these quantities for BAs from 

Refs. [234,242]. Not surprisingly, given BAs’s special phonon dispersion relation, the LS 

equation drastically overestimates the 𝛬(P) of BAs, see Figure 6.3(b). Nevertheless, the LS 

equation prediction serves as a useful benchmark for what Λ(P) should look like if pressure-

induced changes to the phonon dispersion do not dramatically alter the phase space for phonon-

phonon scattering. We observe that the LS equation does a good job predicting 𝛬(P) in MgO, see 

Figure 6.6. 

We emphasize that a pressure independent thermal conductivity between 0 and 30 GPa is 

extremely unusual behavior for nonmetallic materials. Normally, thermal conductivity 



160 

 

monotonically increases with increasing pressure [210]. At high pressures, atomic bonds tend to 

stiffen, and phonon frequencies tend to increase, favoring a higher thermal conductivity. 

Furthermore, three-phonon scattering rates are governed by phonon anharmonicity. 

Anharmonicity typically decreases with increasing pressure, as evidenced by the fact that the 

Grüneisen parameter of most materials tend to decrease upon compression [254]. A reduction in 

anharmonicity also favors a larger thermal conductivity at a higher pressure. MgSiO3’s thermal 

conductivity increases from 6 to 10 W m-1 K-1 upon compression to 20 GPa [255]. The thermal 

conductivity of various ferropericlase materials roughly doubles upon compression to 20 

GPa [255]. Ice VII’s thermal conductivity increases from 4 to 25 W m-1 K-1 between 2 and 22 

GPa [10]. PMMA’s thermal conductivity increases by a factor of 3 upon pressurization from 0 to 

~10 GPa [256]. The thermal conductivity of muscovite mica, K  2(  3  )O10(OH)2, increases by 

a factor of 10 between 0 and 20 GPa [22]. In a recent review article, Hofmeister reports the 

ⅆΛ ⅆ𝑃⁄  for 22 materials [257]. 21 out of 22 materials have positive derivatives that are larger than 

3.5% per GPa. Materials whose thermal conductivity do not monotonically increase with pressure 

often involve a phase transition, e.g., Si [26] or KCl [258]. BAs is not expected to undergo a 

phase transition below 100 GPa [234]. 

The unusual pressure independent thermal conductivity of BAs corroborates first-principles 

predictions that phonon lifetimes in BAs are governed by different processes than in other non-

metallic materials. In most materials, three-phonon scattering among two acoustic and one optic 

mode (aao) or three acoustic modes (aaa) are the most important type of 

processes [216,218,259]. However, in BAs, selection rules forbid aao processes because the 

frequency of all optic phonons are more than twice that of the highest frequency of the acoustic 

mode. As a result, aaa and aaoo (four-phonon) processes are expected to have the strongest effect 

on the lifetime of heat-carrying phonons [217]. An aaoo process is a four-phonon scattering 
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process that involves two acoustic modes and two optic modes. To understand why BAs has a 

pressure independent thermal conductivity, we need to consider how aaa and aaoo processes are 

affected by pressure. 

Upon compression, we expect scattering rates involving aaa processes to increase, and the 

scattering rates for aaoo processes to decrease. As mentioned in the introduction, upon 

compression, there are two major changes to the phonon dispersion of BAs. First, acoustic 

bunching decreases [217,218], see Figure 6.1(a). By this, we mean there is a larger difference in 

frequency between the different acoustic phonon branches. Second, the frequency of optic 

phonons increases [260]. 

A decrease in acoustic bunching should increase three-phonon scattering rates by increasing the 

phase space for aaa processes. To understand why, it’s instructive to note that an acoustic phonon 

cannot decay into two acoustic phonons in the same branch [212,226]. This is because it is 

impossible for three acoustic phonons in the same branch to satisfy crystal momentum and energy 

selection rules unless the phonon dispersion relation is perfectly linear [212]. Therefore, in the 

limit that all three acoustic phonon branches were degenerate, the phase space for aaa processes 

would be zero. Of course, transverse, and longitudinal branches are not degenerate in BAs, so aaa 

processes are allowed. But the phase space for such process is more restricted when the 

frequencies of transverse and longitudinal acoustic branches get closer. 

The increase in the frequency of optic phonons should decrease four-phonon scattering rates 

involving aaoo process. Four-phonon scattering rates involving two optic phonons will be 

proportional to (1 + 𝑛𝑜′)𝑛𝑜′′ , where 𝑛𝑜′ and 𝑛𝑜′′ are the thermal occupation factors for the two 

optic modes. Thermal occupation of optic modes at room temperature will decrease upon 

compression because frequencies increase. 
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The above discussion provides a qualitative explanation for why BAs’s thermal conductivity 

depends weakly on pressure. Three-phonon scattering rates increase. Four-phonon scattering rates 

decrease. These two effects offset each other, and as a result the thermal conductivity remains 

constant upon compression.  

An important goal of our study is to experimentally quantify the relationship between acoustic 

bunching and three-phonon scattering rates. The weak pressure dependence of BAs thermal 

conductivity implies the total scattering rate for phonons also depends weakly on pressure. We 

use this fact to estimate how much three-phonon scattering rates change upon compression to 30 

GPa. Raman scattering data and first principles calculation suggest the frequency of optic 

phonons of BAs increase from ~21 to 25 THz [217,260]. This will lead to a factor of two 

decrease in thermal occupation of optic modes. Since aaoo scattering rates are expected to be 

proportional to (1 + 𝑛𝑜)𝑛𝑜, we expect the stiffening of optic mode frequencies to decrease aaoo 

scattering rates by a factor of 2. To make crude estimates for how much 3-phonon scattering rates 

change with pressure, we make two simplifying assumptions. We assume the thermal resistance 

from three- and four-phonon processes add in series. And, for simplicity, we assume three- and 

four-phonon scattering processes are of roughly equal importance at 0 GPa. This latter 

assumption is consistent with first-principles calculations, which predict a thermal conductivity 

roughly twice what is observed at ambient pressure when four-phonon processes are 

neglected [215,217,224]. With these assumptions, in order to compensate for a 2× fewer aaoo 

scattering events, aaa scattering needs to increase upon compression to 30 GPa by ~50%. 

Despite the crudeness of the above analysis, it is in good agreement with first principles 

calculations. First principles calculations predict that in the absence of four-phonon scattering, Λ 

of BAs would decrease by 40% upon compression to 30 GPa at 300 K [217]. Additionally, first 
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principles calculations predict aaoo scattering rates at frequencies above 5 THz decrease from ~1 

GHz to ~ 0.5 GHz [217].  

In Ref. [217], Ravichandran and Broido theoretically studied how temperature and pressure tune 

the phonon scattering rates in BAs. At 300 K, their calculated thermal conductivity increases by 

11% at ~18 GPa and then decreases. They performed calculations on both natural and isotopically 

pure BAs and claimed that isotope disorder would not affect the pressure dependence. Our 

measurements on Sample A (1100 W m-1 K-1) are in excellent agreement with the their 

calculation results from 0 to 30 GPa at 300 K [217], as shown in Figure 6.3(b).  

Measurements on the two lower-thermal-conductivity BAs samples allow us to evaluate the effect 

of phonon scattering from crystalline disorder on the 𝛬(P) of BAs. The thermal conductivities of 

the less-ordered BAs crystals are 40 – 70% lower than the sample shown in Figure 6.1(b). In this 

work, we measured three samples with different defect concentrations to see how defects affect 

the pressure dependence of ΛBAs. It is well known that even a minute concentration of point 

defects can hugely suppress BAs’s thermal conductivity [229,243,244]. Previous studies suggest 

there could be many kinds of defects in BAs [229,243,244,260,261]. A boron or arsenic vacancy 

concentration of ~1.5×1019 cm-3 would be sufficient to explain the reduced Λ of our 

samples [243]. Similarly, AsB-BAs antisite pair concentration of ~1.5×1019 cm-3 [261], or carbon 

impurity concentrations of ~1020 cm-3 [229], would also explain 𝛬 ~500 W m-1 K-1 of BAs. To 

quantitatively evaluate how point-defect disorder affects Λ(P) of BAs, we construct a simple 

relaxation time approximation (RTA) model. The RTA model examines how pressure induced 

changes in phonon group velocities, phonon-phonon scattering, and defect scattering affect 𝛬(P). 

The predictions of the RTA are shown in Figure 6.3(b) as the yellow line. By assuming a pressure 

independent phonon-phonon scattering rates in BAs, our RTA model agree well with 𝛬(P) of two 



164 

 

lower-thermal-conductivity BAs samples. We attribute the pressure independent thermal 

conductivity of these two samples to pressure independent total phonon-phonon scattering rates. 

In conclusion, we measured the pressure dependent thermal conductivity of three BAs samples 

between 0 and 30 GPa. In contrast to the typical behavior for nonmetallic materials, we observe 

the thermal conductivity of BAs to be independent of pressure. We attribute this unusual behavior 

to the pressure independent phonon-phonon scattering rates at 𝑃 < 30 GPa. We believe the 

pressure independent scattering rates are caused by a competition between weakening of four-

phonon scattering processes and strengthening of three-phonon scattering processes. Our 

experiments provide the first test of first-principles theories regarding the relationship between 

phonon dispersion, phonon selection rules, and three- and four-phonon scattering rates [216,217], 

and improve fundamental understanding of thermal transport in high-thermal-conductivity 

materials. 
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Figure 6.1. A schematic of pressure-induced changes in phonon dispersion of BAs. 

(a) Approximate phonon dispersion relations of BAs at 0 and 30 GPa. 𝑞𝐷 refers to the 

wave vector at the zone boundary. We construct isotropic dispersions of BAs by imitating 

the DFT calculation results of BAs in Ref. [217]. Stiffening of the longitudinal acoustic 

phonon branch with increasing pressure reduces acoustic bunching. The dispersion 

relations of Si at 0 GPa are included as red curves [262]. The large a-o gap and acoustic 

bunching are believed to lead to the high 𝛬 of BAs. Increased pressure reduces the 

bunching of BAs’s acoustic modes, leading to a dispersion relation more like Si. (b) Map 

of the thermal conductivity at 0 GPa of the triangular BAs crystal that is the focus of our 

study. The thermal conductivity in the interior of the crystal ranges between 1000 and 

1300 W m-1 K-1. 

  

     

              
  
 

 

 

  

  

  

  

 
 
 
 
 
 
  
  
 
 
 
 
 
 
  
 
 
 
 

         

  

          

      



166 

 

 

Figure 6.2. Schematics of DAC-assisted TDTR measruements on BAs.  

(a) A schematic of the DAC-assisted TDTR measurement. The pump and probe beams 

transmit through the diamond and pressure medium, and are focused onto the sample 

surface. (b) Image of a BAs sample coated with Al inside a DAC. We load ruby spheres 

as pressure indicators. We use a stainless-steel gasket and silicone-oil pressure medium. 

(c) An example of Brillouin oscillations from the silicone oil in our experimental signal. 

The frequency of the Brillouin oscillation provides a sensitive measure of local pressure 

at the sample. (d) TDTR data collected on Sample A at 0 and 20 GPa. The dots and dash 

lines are the experimental results and the predictions by the heat diffusion model, 

respectively. 
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Figure 6.3. Thermal conductivity versus pressure for three BAs samples with different 

ambient thermal conductivity. 

(a) Pressure dependent thermal conductivities of three BAs samples. Dots are 

compression data while triangles are decompression data. Different colors stand for 

different samples. (b) Model predictions for the thermal conductivity of BAs. The blue 

curve is the thermal transport calculation at 300 K from Ref. [217]. The red line 

represents the Leibfried-Schlömann equation prediction. To show the different trend 

predicted by first-principles thermal transport calculation and LS equation, we set the 

ambient Λ values equal. The yellow line is a relaxation time approximation model 

prediction. The RTA model considers the effects of phonon-phonon scattering and 

phonon-defect scattering. 
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Figure 6.4. Pressure-dependent thermal conductivity of five BAs samples with ambient 

thermal conductivity of ~1000 W m-1 K-1.  
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Figure 6.5. Pressure-dependent Brillouin scattering on BAs along the [111] direction.  

(a) Relationship between Brillouin frequency and pressure, obtained from measurements 

on the high-purity BAs sample. (b) The group velocity of BAs as a function of pressure, 

calculated based on the measured Brillouin frequency. The purple and yellow dash-dot 

lines represent theoretical predictions [236], while the orange dash line provides a guide 

for our data. 
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Figure 6.6. Thermal conductivity versus pressure of MgO.  

We characterized two MgO samples as control measurements shown as the blue and purple 

symbols. Dots and triangles are compression and decompression data, respectively. Here 

we measured only a single location at each pressure. The error bars here represent the ~ 

10% uncertainties in thermal conductivity that arise from uncertainties in thermal model 

parameters. Red circles and the orange dashed line are the published experimental data and 

prediction of the Leibfried-Schlömann equation, both from Ref. [196]. 
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Figure 6.7. Pressure dependent properties of interests in the bidirectional heat diffusion 

model.  

(a) Al thickness under pressures. The thickness hAl is calculated based on the volume-

pressure equation of state of Al and BAs [184,263]. (b) Pressure dependent heat capacity 

of Al calculated by the Debye model. We follow the assumptions in Ref. [264] and get 

the same results. (c) Pressure dependent thermal conductivity of silicone oil. Circles are 

the simulation in Ref. [204], the red line is an extrapolation of the simulation. (d) 

Pressure dependent heat capacity of BAs calculated from the constructed isotropic 

dispersion relations. We normalized 𝐶BAs at 0 GPa to the value reported in Ref. [221]. 
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Figure 6.8. Spot-size dependent measurements of BAs Sample A and B.  

Here the spot size is in 1/ⅇ2 radius. The measured thermal conductivity of BAs decreases 

when the spot size decreases. This phenomenon is also reported in Ref. [221] and 

Ref. [265]. We include the results from Ref. [221] as a comparison. 
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Figure 6.9. Constructed phonon-phonon scattering rates and mass-disorder scattering 

rates at 0 GPa.  

We construct the phonon-phonon scattering rates to mimic the DFT results [217].  
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Figure 6.10. Examples demonstrating the sensitivities of 𝛬BAs and the thickness of BAs 

sample.  

Dots are TDTR ratio data (in-phase signal 𝑉𝑖𝑛 divided by out-of-phase signal 𝑉𝑜𝑢𝑡 from 

the lock-in amplifier) collected on the high-purity BAs sample at 0 GPa. The 1/ⅇ2 

intensity radius of the laser spot is 7.1 μm. (a) An example to show the sensitivity of 𝛬BAs 

in the heat diffusion model. The solid line is the best fitting for the ratio data. The two 

dash curves are model fittings by inputting 15% larger or smaller 𝛬BAs in the heat 

diffusion model. (b) Comparison of TDTR data with thermal model predictions. We 

include thermal model predictions that assume a BAs thickness of 5 and 9 μm. TDTR is a 

surface sensitive technique, and measures transport properties only over the distance heat 

can diffuse in one modulation period of the pump heating. In our experiments, the 

thermal penetration depth in BAs is only 3.7 μm. As a result, the sample thickness is not 

an important parameter in our analysis. 
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Figure 6.11. TDTR map of −𝑉𝑖𝑛/𝑉𝑜𝑢𝑡 on two single crystal samples measured in 

diamond anvil cells.  

(a) and (b) are two pieces of samples from the same batch. (a) is homogenous while (b) 

shows fringe-like patterns. The patterns in (b) is caused by optical artifacts in DAC-

assisted TDTR measurements. Please note the samples are not BAs. We use this figure to 

demonstrate potential optical artifacts in DAC-assisted TDTR measurements. 
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Figure 6.12. Thermal conductivity of BAs vs. pressure with error bars indicating 

variance among measured spots.  

We measured multiple spots in each BAs samples to guarantee the reproducibility of our 

data. The symbols are averages of 𝛬BAs at measured spots. Error bars are standard 

deviations. 
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Figure 6.13. Pressure dependent interface conductance of the four spots on Sample A 

(1100 W m-1 K-1). The interface is the one between Al and BAs. 

  



178 

 

 

 

Figure 6.14. Pressure dependent interface conductance of the five spots on Sample B 

(600 W m-1 K-1). 
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Figure 6.15. Pressure dependent interface conductance of the four spots on Sample C 

(350 W m-1 K-1). 
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Chapter 7 Testing the Effect of Phonon-Frequency Gap on the 

Pressure Dependence of Thermal Conductivity in BAs, GaN, and 

Diamond 

7.1 Introduction 

Upon compression, most materials exhibit an increasing thermal conductivity in the absence of 

phase transition due to the stronger interatomic bonding [6]. Recently, we reported that cubic 

boron arsenide (BAs) demonstrates a pressure-independent thermal conductivity up to 30 

GPa [23,150]. So far, BAs is the only material exhibiting a non-increasing thermal conductivity at 

high pressure without phase transition. The proposed mechanism behind the unusual pressure-

independent thermal conductivity is that pressure induces opposing changes in the rate of three-

phonon scattering vs. four-phonon scattering. Three-phonon scattering rates increase, while four-

phonon scattering rates decrease as pressure increases [150,217]. Consequently, phonon lifetimes 

stay constant as pressure increases, leading to a pressure-independent thermal conductivity in 

BAs up to 30 GPa. 

One of the unique features of the phonon dispersion of BAs is the large frequency gap between 

acoustic and optical phonons [158], see Figure 7.1(a). This gap nearly freezes out three-phonon 

scattering between acoustic and optical phonons, specifically, scattering processes involving two 

acoustic and one optical phonon. This is because even two acoustic phonons of highest frequency 

cannot combine into an optical phonon of minimum frequency. The small phase space of three-

phonon scattering improves the importance of four-phonon scattering in BAs [111,128].  
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The large frequency gap in BAs originates from the large mass ratio between boron and arsenic 

atoms (mAs:mB = 6.9). It has not been studied if other materials with large mass ratios between 

constituent atoms behave similarly as BAs at high pressure, for example, GaN. The mass ratio 

between Ga and N atoms is 5, and there is also a frequency gap in the phonon dispersion [266] of 

GaN (Figure 7.1(b)). It is not known whether the 𝛬 𝑣𝑠. 𝑃 for GaN will behave more like BAs or 

most other materials.  

Additionally, in our recent work, we discovered BAs single crystals with ambient thermal 

conductivity of 1500 W m-1 K-1, ~ 20 - 30% higher than the samples used in prior high-pressure 

studies [23,150]. This suggests that the reported pressure dependence of BAs’ thermal 

conductivity in previous studies is affected by phonon-defect scattering rates. Another goal of this 

study is to investigate the more intrinsic pressure dependence of the thermal conductivity of BAs. 

To do this, we measured the 𝛬 𝑣𝑠. 𝑃 of the same BAs sample which we studied in Chapter 4 

(“BAs-1500” in Chapter 4). 

To investigate the impact of phonon-frequency gap on the pressure dependence of thermal 

conductivity, we measured the thermal conductivity of BAs, GaN, and diamond by performing 

time-domain thermoreflectance (TDTR) in a diamond anvil cell (DAC) up to 30 GPa, 20 GPa, 

and 55 GPa, respectively. As indicated by Figure 7.1, BAs has a large frequency gap, GaN has a 

medium one, and diamond has no frequency gap in the phonon dispersion. To acquire 

information of pressure-induced changes in phonon dispersion, we characterized BAs, GaN, and 

diamond using Raman scattering and Brillouin scattering at high pressure. We observed 

increasing thermal conductivity as pressure increases in all three materials. Although BAs and 

GaN demonstrated similar changes in Raman frequency and sound velocity at high pressure, the 

two materials display different pressure dependence of the thermal conductivity. Specifically, the 

relative increase of BAs was only half of the increase of GaN at 20 GPa. For diamond at 50 GPa, 
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we observe a 6% increase in the longitudinal sound velocity, 10% increase in zone-center optical 

phonon mode, and 40% increase in thermal conductivity. 

 

7.2 Materials and Methods 

Sample Preparation 

We synthesized BAs crystals by chemical vapor transport [108,129]. Details about the growth of 

BAs can be found in Chapter 4. The diamond and GaN single crystals are from Applied 

Diamond. Inc and Sumitomo Electric Industries Ltd, respectively.  

To prepare samples for diamond anvil cell measurements, we polished BAs and GaN samples 

down to a thickness of ~ 10 μm. We used an optical microscope to estimate the final thickness 

after polishing. The as-received diamond sample is ~8 μm thick and no need to polish. Then we 

broke samples and selected pieces with lateral dimensions of ~50-80 μm. We deposited an ~80-

nm-thick transducer on the selected pieces for TDTR and forced Brillouin scattering experiments. 

We deposited some BAs samples with 80 nm Al, and one with 40 nm V/50 nm Al bilayer. Most 

of the BAs sample for high-pressure TDTR measurements is cut from the “BAs-1500” sample in 

Chapter 4. We also measured two BAs samples with ambient thermal conductivity of 900 W m-1 

K-1 for reference. We performed TDTR on three GaN samples at high pressure, with Al, Ta, and 

TiN as the transducer, respectively. Details about the growth of TiN can be found in Ref. [267]. 

For diamond, the three samples were deposited with Al, Ta, and Pt, respectively. We deposited 

Ta at 800 °C to obtain α-phase Ta [43], which has higher thermoreflectance than the β-phase Ta 

that is deposited at room temperature [44]. For Raman scattering measurements, we prepared 

samples that were not coated with a metal film.  
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We loaded the samples into DACs with a culet size of 300 μm. Measurements of GaN, BAs, and 

diamond were made on the (0001), (111), and (100) surface, respectively. We loaded ruby 

spheres alongside the samples. The fluorescence spectrum of the Ruby was used as a pressure 

gauge [181]. We used silicone oil (polydimethylsiloxane) as the pressure medium. We used 250-

μm-thick stainless-steel or Re as the gasket and pre-indented it to be ~ 30 μm thick. 

Raman Scattering 

We measured the Raman spectrum of GaN and BAs from 300 to 1000 cm-1. We first measured 

the ambient Raman spectrum in the air. At high pressure, we collected 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 excitation laser had a 532-nm wavelength. The spot size was 6 μm (1/ⅇ2 

radius). The laser power was 20 mW. 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. 

TDTR and forced Brillouin Scattering Measurements 

We performed TDTR measurements of the thermal conductivities of diamond, BAs, and GaN at 

high pressure. TDTR is a pump-probe technique to measure the thermal properties of 

materials [245]. We used a laser wavelength of 783 nm, a laser spot size of ~ 10 μm or 5 μm, and 

modulation frequency of 10.7 MHz. Details of our TDTR setup can be found in Ref. [180]. To 

avoid optical artifacts in DAC-assisted TDTR measurements [150,268], we measured three spots 

on each sample at every pressure. Every thermal conductivity data point reported in this study is 

the average of three measurements. 
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We performed forced Brillouin scattering measurements using our TDTR setup. For Brillouin 

measurements of GaN, BAs, and diamond, the laser beams impinged through the substrate side of 

the sample. The beams went through pressure media, samples, and then hit the transducer surface. 

For Brillouin measurements of the silicone oil, the laser beams incident 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, it launches a strain wave into the substrate or silicone oil. The 

strain wave front moves at the longitudinal speed of sound of the sample. 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 [36]. 

We use the measured Brillouin frequencies of diamond, BAs, and GaN 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 [24] to complement our ruby fluorescence measurements.  

We use a bidirectional heat diffusion model to analyze the collected TDTR data [15]. 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 following. 

Before loading the sample into the diamond anvil cell (DAC), we measured the thickness of the 

Al, Ta, and V/Al transducers using picosecond acoustics [36]. Pt does not have acoustic echoes, 

so we obtain its thickness by fitting the TDTR data of a Si sample whose thermal conductivity is 

known. The Si sample is coated together with the diamond sample, so the Pt film on the Si crystal 

is the same thickness as the Pt film coating the diamond. At high pressures, we assume that 
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diamond and BAs shrink equally in every direction, since they have cubic structures (space 

group: 𝐹ⅆ3̅𝑚 for diamond and 𝐹4̅3𝑚 for BAs). For GaN, we used its in-plane lattice constant 𝑎 

versus pressure to account for the area change considering its wurtzite structure(space group: 

𝑃63𝑚𝑐) [269]. If the volume of the substrate at pressure P is VP, and the in-plane area is SP, then 

𝑆𝑃 = 𝑆0 ⋅ (𝑉𝑃 ∕ 𝑉0)
2

3 for diamond and BAs, and 𝑆𝑃 = 𝑆0 ⋅ (𝑎𝑃
2 ∕ 𝑎0

2) for GaN. Here, V0 and S0 are 

the volume and area of the substrate at 0 GPa. We assume that the in-plane area of the transducer 

is equal to Sp. Then the thickness of the transducer at pressure P will be ℎ𝑃 ≈ 𝑉𝑃
𝑡ⅆ/𝑆𝑃. Here, 𝑉𝑃

𝑡ⅆ 

is the transducer volume at pressure P based on its equation of state (EOS) [184,185].  

To estimate the pressure dependence of the heat capacities of Al, Pt, and Ta, we follow Ref. [24], 

and use a Debye model. For silicone oil, we use published pressure-dependent heat capacity and 

thermal conductivity [186]. We calculated the volumetric heat capacity of BAs in the same way 

as reported before [150]. We estimated the volumetric heat capacity of GaN and diamond based 

on the changes of their longitudinal sound velocity, Raman frequency, and unit cell volume. For 

example, at 50 GPa, diamond experiences a 6% increase in the longitudinal sound velocity, 10% 

increase in Raman frequency, and 10% decrease in unit cell volume. In comparison, at 20 GPa, 

BAs experiences a 7% increase in longitudinal sound velocity, 10% increase in Raman frequency, 

and 10% decrease in unit cell volume. The calculated volumetric heat capacity of BAs increases 

by 5% at 20 GPa, so the heat capacity of diamond should increase by 5% at 50 GPa considering 

the similar changes in phonon frequency and unit cell volume. We show the pressure-dependent 

thermal parameters in Figure 7.6. 

We measured the electric resistance of Al, V/Al, Pt, and Ta films by a four-point probe method, 

and then calculated their thermal conductivities by the Wiedemann-Franz law. The measured 

thermal conductivities were 170, 110, 40, and 45 W m-1 K-1 for Al, V/Al, Pt, and Ta, respectively. 
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We fitted the −𝑉𝑖𝑛/𝑉𝑜𝑢𝑡 data after 100 ps for Al-coated samples and after 300 ps for Pt-coated 

V/Al-coated, and Ta-coated samples. The TDTR signal is not sensitive to the thermal 

conductivity of the transducer at delay times greater than 100 ps. Therefore, we do not need to 

account for the thermal conductivity changes of transducers with pressure.  

We use the sensitivity analysis to determine the uncertainty of the derived values of 𝛬. The 

sensitivity parameter (S) quantifies relative changes of −𝑉𝑖𝑛 ∕ 𝑉𝑜𝑢𝑡 induced by variation of the 

input parameter 𝛼 in the heat diffusion model: 

𝑆 =
𝜕 𝑙𝑛(−𝑉𝑖𝑛∕𝑉𝑜𝑢𝑡)

𝜕 𝑙𝑛𝛼
,  (7.1) 

Typically, we have a ~ 5% uncertainty in htdCtd [190], ~ 5% in the spot size R, ~ 3% for Csub. We 

also estimate an uncertainty of ~ 5% in the thermal effusivity of silicone oil, √𝛬𝑜𝑖𝑙𝐶𝑜𝑖𝑙, and ~ 5% 

uncertainty in the interface conductance. These yield a total uncertainty in the derived values for 

Λ of ~ 12% for GaN, 20% for BAs, and 20% for diamond.  

 

7.3 Results and discussion 

We observed linearly increasing thermal conductivity versus pressure in diamond, BAs, and GaN 

(Figure 7.3). For a given substrate, we observed ~ 20% differences between different transducers. 

We obtained similar pressure dependence with different transducers on diamond and GaN, but 

different pressure dependence between Al/BAs and V/Al/BAs samples. We fitted all the data for 

each material by a linear function and obtained the gradient, ⅆΛ/ⅆ𝑃, which is ~ 14 W m-1 K-1 

GPa-1 for diamond up to 55 GPa, ~ 30 W m-1 K-1 GPa-1 for Al/BAs up to 30 GPa, and ~ 5 W m-1 

K-1 GPa-1 for GaN up to 20 GPa. For diamond, the increase at 55 GPa relative to the ambient 

thermal conductivity is ~ 40%. For BAs, the relative increase at 30 GPa is ~ 70% for Al-coated 
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samples. For GaN, the relative increase at 20 GPa is ~ 60%. For V/Al/BAs samples, thermal 

conductivity first increases, then decreases as pressure increases. 

The bulk moduli of diamond, BAs, and GaN are dramatically different, which are 446 [30], 

142 [251], and 237 GPa [269], respectively. Therefore, it is helpful to factor in the bulk modulus 

for pressure. Here we define an effective pressure 𝑃𝑛 = 𝑃/𝐾0, where 𝐾0 is the ambient bulk 

modulus of each material. Figure 7.5 shows a comparison of 𝛬 vs. 𝑃𝑛 for diamond, BAs, and 

GaN. Like the analysis above, the fitted ⅆ𝑙𝑛Λ/ⅆ𝑃𝑛 is 3.66 for diamond, 3.24 for Al/BAs, and 5.42 

for GaN.  

For measurements using Al as the transducer, the pressure only extends 30 GPa due to the 

thermoreflectance of Al decreases as pressure increases [42]. We only measured GaN to 20 GPa 

since we observed cracks on GaN at 20 GPa (see Figure 7.15). We only measured the V/Al/BAs 

sample up to 30 GPa for the same reason. The cracks may originate from the propagation of 

dislocations induced during polishing. The thermal conductivity results discussed above are 

collected on pieces cut from the BAs-1500 sample. As for the BAs sample with ambient thermal 

conductivity of 900 W m-1 K-1 (BAs-900), we observed a pressure-independent thermal 

conductivity below 30 GPa, consistent with our previous observations [150]. Between 30 and 50 

GPa, we observed the thermal conductivity of BAs-900 decreases by 50%, see Figure 7.3(d). 

However, above 30 GPa, the surfaces of the two samples, Al/BAs-s3 and Al/BAs-s4 in Figure 

7.3(d), became very rough which may affect TDTR measurements (Figure 7.14). As for the 

TiN/GaN sample, below 5 GPa, there were fringe-like patterns on the surface which may result 

from the mismatch between TiN and GaN as discussed in section 2.4 of Chapter 2. Above 5 GPa, 

the sample showed severe cracks on the surface which may be related to the isostructural phase 

transition of TiN near 6 GPa [270,271]. Images of the TiN/GaN sample are shown in Figure 7.13. 
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Considering the bad surface condition, data of TiN/GaN and data of Al/BAs-s3/s4 above 30 GPa 

are questionable. 

To further understand the pressure dependence of thermal conductivity, we compare our 

experimental results with theoretical predictions. We first consider predictions of a 

phenomenological model, Leibfried-Schlömann (LS) equation, for diamond, BAs, and GaN, see 

Figure 7.4(a). The LS equation shows good agreement with our experimental 𝛬(𝑃) of GaN, 

acceptable agreement with diamond, and dramatic failure with BAs. Detailed analysis of the LS 

equation can be referred to our previous study [268]. 

We now compare our thermal conductivity results with first-principles 

calculations [149,272,273], see Figure 7.4(b). Our 𝛬 𝑣𝑠. 𝑃 results of diamond agree well with 

first-principles calculations [272]. The calculation predicts that 𝛬 of diamond will increase by 

50% at 55 GPa, and we observed a 40% increase. For GaN, first-principles calculations predict an 

increasing-then-decreasing thermal conductivity as pressure increases. The turning pressure is 20 

GPa. However, in the pressure range we studied, we only observed a linearly increasing thermal 

conductivity. As for the relative increase at 20 GPa, first-principles calculations predict a 50% 

increase, and we observe a 60% increase in GaN. The relative increases are comparable, although 

the calculation predicts an almost twice larger ambient thermal conductivity for GaN than our 

measurement. Note that the ambient thermal conductivity we observed on GaN is consistent with 

reported measurements [274]. For BAs, first-principles calculations predict a flat thermal 

conductivity between 0 and 30 GPa. We observed a monotonically increasing thermal 

conductivity on Al/BAs samples, and a pressure-independent thermal conductivity on the 

V/Al/BAs sample. 
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Both diamond and GaN show weak pressure dependence in their Brillouin frequency, while BAs 

shows stronger pressure dependence (Figure 7.8(a)). The error bars of Brillouin frequency are 

derived from the full width at half maximum (FWHM) of the Brillouin spectrum which is the fast 

Fourier transformation (FFT) of Figure 7.7. The Brillouin frequency is 

𝑓 = 2𝑁𝑣𝑙 ∕ 𝜆,  (7.2) 

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). We obtained the pressure 

dependent 𝑁 from Ref. [31,275,276]. The literature data only extends to a few GPa. We 

extrapolated their data at higher pressure. The error bars of sound velocity in Figure 7.8(b) 

originate from the fitting uncertainty of Brillouin frequency as mentioned above. We observed a 

linear increase in the sound velocities of diamond, BAs, and GaN. The gradient is 0.02 GHz/GPa, 

0.03 GHz/GPa, and 0.03 GHz/GPa for diamond, BAs, and GaN, respectively. The relative 

increase at 20 GPa is 2%, 7%, and 7% for diamond, BAs, and GaN, respectively. 

The Raman spectra of GaN and BAs are shown in Figure 7.9 and 7.11, respectively. We observed 

that the Raman spectrum of GaN experienced a dramatic base line shift at ~ 45 GPa (Figure 

7.10). This is because GaN has a phase transition from wurtzite to rock salt structure at ~ 45 

GPa [269,277]. For BAs, we observed one Raman peak at low pressure, and two Raman peaks at 

high pressure (Figure 7.11). At low pressure, transverse (TO) and longitudinal optical (LO) 

phonon degenerate at the Brillouin zone center in BAs, so there is only one Raman peak. At 7.5 

GPa, TO and LO split, and two Raman peaks exhibit. This is consistent with previous 

measurements on BAs [23,157]. 

The Raman shifts vs. pressure for selected Raman peaks of GaN and BAs are shown in Figure 

7.12. The Raman shifts reflect increases in the frequency of the phonons responsible for Raman 
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scattering. Therefore, these measurements provide a measure of the stiffening of vibrational 

dynamics with pressure. We excluded Raman peaks of the pressure medium (silicone oil, 

polydimethylsiloxane). We tracked three Raman peaks of GaN, labelled as A1, E1, and E2 based 

on the symmetry. The A1 and E1 Raman modes correspond to two transverse optical phonon 

modes at the Brillouin zone center [277]. We tracked the TO and LO modes of BAs. The Raman 

frequency of diamond at high pressure from Ref. [30] is included in Figure 7.12 for comparison. 

All Raman frequency of the GaN, BAs, and diamond increases linearly as pressure increases. The 

three Raman frequencies of GaN and the two of BAs all exhibit a gradient of ~ 0.1 THz/GPa. The 

Raman frequency of diamond exhibits a gradient of 0.08 THz/GPa. The relative increase at 30 

GPa is 6%, 15%, and 20% for diamond, BAs, and GaN, respectively. Our Raman results on GaN 

and BAs are consistent with previous experimental results [23,157,277]. Density functional 

theory calculations predict that the zone-center optical phonon modes stiffen by 30% for GaN at 

45 GPa [273], and 20% for BAs at 32 GPa [149], consistent with our experimental results. 
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Figure 7.1. Schematics of phonon dispersion of BAs, GaN, and diamond. 

The horizontal axis labels the wavevector in the unit of 2𝜋/𝑎, where 𝑎 is the lattice 

constant. The phonon dispersions of BAs, GaN, and diamond are constructed by taking 

reference of the first-principles-calculation results in Ref. [217,266,278].  
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Figure 7.2. Volume-pressure equation of states of diamond, GaN, and BAs from 

Ref. [30,251,269] 
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Figure 7.3. Thermal conductivity versus pressure for diamond, BAs, and GaN.  

(a) We coated Al, Pt, and Ta on three diamond samples, respectively, and measured their 

thermal conductivity at high pressure, shown as diamond symbols of different colors. All 

measurements were done with a 10× objective lens (spot size ≈ 10 μm). (b) We coated Al 

on two BAs samples (circles and triangles), V/Al bilayer on one sample (squares) and 

performed TDTR at high pressure. Filled markers are measurements with a 10× objective 

lens (spot size ≈ 10 μm). Open markers were done with a 20× lens (spot size ≈ 5 μm). (c) 

Three GaN samples measured with Al (dark squares), Ta (purple squares), and TiN (blue 

squares) as the transducer, respectively. All measurements were done with a 10× 

objective lens (spot size ≈ 10 μm for Ta/GaN, ≈ 7 μm for Al/GaN and TiN/GaN). Note 

that the surface of TiN/GaN sample looked weird at high pressure, which makes the 

TiN/GaN data questionable, see Figure 7.13. (d) Thermal conductivity versus pressure 

collected from two pieces of BAs samples whose ambient thermal conductivity is ~ 900 

W m-1 K-1. Both measurements were performed with a 10× objective lens (spot size ≈ 7 

μm). The data above 30 GPa are questionable because of the rough surfaces, see Figure 

7.14. 
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Figure 7.4. Comparison between experimental data and theoretical predictions for 

diamond, BAs, and GaN.  

I only included selected data from Figure 7.3 for clarity. (a) Comparison between 

experimental results and the prediction of the Leibfried-Schlömann equation. Purple, 

pink, and gray dash lines are the predictions of Leibfried-Schlömann equation for 

diamond, BAs, and GaN, respectively. (b) Comparison between our data and predictions 

of first-principles calculations for diamond [272], BAs [217], and GaN [273]. Filled and 

open markers are measurements performed with a 10× and 20× objective lens, 

respectively. 
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Figure 7.5. Thermal conductivity versus normalized pressure for diamond, BAs, and 

GaN.  

Pressure is normalized by the ambient bulk modulus of each material. Filled and open 

markers are measurements performed with a 10× and 20× objective lens, respectively. 
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Figure 7.6. Pressure-dependent parameters in the heat diffusion model.  

(a) Heat capacity of Al, Ta, and Pt versus pressure calculated by the Debye model. (b) 

Transducer thickness changes relative to the ambient value. ℎ0 is the thickness at ambient 

conditions and ℎ𝑃 is the thickness at given pressure. (c) Thermal conductivity of silicone 

oil from Ref. [21]. Circles represent experimental data, and the line shows the 

extrapolation of the experimental data at high pressure. (d) Heat capacity versus pressure 

of GaN, BAs, and diamond. 
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Figure 7.7. Brillouin scattering signals collected on (a) diamond, (b) BAs, (c) GaN.  

Data collected at different pressures are shifted for clarity. 
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Figure 7.8. Brillouin frequency and sound velocity versus pressure for diamond, BAs, 

and GaN. 

(a) Brillouin frequency versus pressure of diamond, BAs, and GaN. Data of diamond 

(dark diamonds) and BAs (yellow dots) are collected on a Pt/diamond and an Al/BAs 

sample, respectively. Data of GaN are collected on an Al/GaN and a Ta/GaN sample, 

shown as filled and open markers, respectively. (b) Sound velocity versus pressure for 

diamond, BAs, and GaN calculated from their Brillouin frequency in (a). 
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Figure 7.9. Raman spectrum of GaN at 1.5 GPa.  

The black solid curve is the Raman spectrum of GaN, and the red dashed curve is the 

Raman spectrum of silicone oil at 1.5 GPa. Both curves are measured with 20 mW laser 

power, 60 s collection time, and 6 μm spot size (1/ⅇ2 radius). We tracked A1, E1, and E2 

peaks as pressure increases. A1 and E1 correspond to two transverse optical (TO) phonon 

modes at the Brillouin zone center. 
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Figure 7.10. Wurtzite to rock salt phase transition in GaN at ~ 45.6 GPa observed using 

Raman scattering. 
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Figure 7.11. Raman spectra of BAs at 0.3 and 17.4 GPa.  

Black and blue solid curves are Raman spectra of BAs, and two red dashed lines are the 

Raman spectra of silicone oil at the corresponding pressure. At low pressure, transverse 

(TO) and longitudinal optical (LO) phonon modes degenerate at the Brillouin zone 

center. At high pressure, they split, and we can observe two peaks. All measurements are 

done with 12 mW laser power, 60 s collection time, and 6 μm spot size (1/ⅇ2 radius). 

Measurements at 17.4 GPa are shifted upward for clarity. 
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Figure 7.12. Raman frequency versus pressure of diamond, BAs, and GaN.  

We tracked three Raman peaks of GaN at high pressure, shown as purple, blue, and gray 

squares. We stopped tracking certain peaks when they became invisible in the spectrum. 

Data of diamond is from Ref. [30].  
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Figure 7.13. Images of the TiN/GaN sample under pressure.  

At 1.5 GPa, there are some fringe patterns on the sample surface. This may be due to the 

buckling of TiN as discussed in Chapter 2. At 6.6 GPa, the TiN transducer cracks due to 

its isostructural phase transition at 5 – 7 GPa [270,271]. 
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Figure 7.14. Images of Al/BAs-s3 and Al/BAs-s4 samples at high pressure.  

The cracks showed up at 30 – 35 GPa and became worse as pressure increased. 
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Figure 7.15. Images of the Ta/GaN at (a) 1 and (b) 20 GPa. 

 

 

 

 

 

 

Figure 7.16. Images of the Ta/diamond sample at (a) 1.1 and (b) 35 GPa. 

The surface of Ta/diamond sample remains smooth up to 55 GPa. 
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Chapter 8 Conclusions 

In the context of this dissertation, I illustrate that the synergy of time-domain thermoreflectance 

and scattering techniques, together with tuning phonon dispersion by high pressure, provides an 

effective experimental avenue for investigating the influence of phonon dispersion on thermal 

conductivity. Specifically, I studied the pressure dependence of phonon dynamics and thermal 

conductivity of SrTiO3, KTaO3, BAs, GaN, and diamond up to 20 – 55 GPa. Through systematic 

analysis of the variation of phonon frequencies and thermal conductivity under pressure, I build 

connections between the two properties based on the kinetic gas theory for thermal conductivity.  

I studied the pressure-dependent thermal conductivity and vibrational dynamics of two 

perovskites, SrTiO3 and KTaO3, which share similar structural and elastic properties. Despite 

their structural similarities, SrTiO3 and KTaO3 exhibit contrasting pressure dependence in their 

thermal conductivity. At 20 GPa, thermal conductivity of SrTiO3 doubles, while that of KTaO3 

triples. This divergence stems from distinct pressure-induced alterations in phonon lifetimes. 

Based on the analysis of the LS equation, at 20 GPa, SrTiO3 experiences a 60% increase in 

phonon mean free path, while KTaO3 experiences a 100% increase. Additionally, the Grüneisen 

parameter of low-frequency acoustic phonon in SrTiO3 decreases by 50% at 20 GPa, while that of 

KTaO3 drops by 80% evident from the Brillouin scattering measurements. Both analyses suggest 

that changes in phonon lifetimes under pressure predominantly influence the pressure dependence 

of thermal conductivity in SrTiO3 and KTaO3.  

Moving forward, I investigated the pressure dependence of BAs, a material characterized by 

distinctive phonon dispersion and a complex mechanism of phonon-phonon scattering. The phase 

space of three-phonon scattering of BAs is very small due to the a-o gap and acoustic bunching in 

the phonon dispersion. Subsequently, four-phonon scattering becomes an important scattering 
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channel in BAs. I observed a pressure-independent thermal conductivity in five BAs samples, 

each possessing an ambient thermal conductivity of approximately 1000 W m-1 K-1. The unique 

pressure dependence of BAs originates from the competition of three- and four-phonon scattering 

as pressure varies. With increasing pressure, three-phonon scattering becomes stronger, while 

four-phonon scattering gets weaker. The resultant interplay between these mechanisms offsets 

each other, culminating in a pressure-independent thermal conductivity in BAs. This observation 

aligns well with predictions using first-principles calculation [149].  

In the course of my collaboration with Prof. Zhifeng Ren’s group at the University of Houston 

over the past two years, a remarkable discovery unfolded. Contrary to the established upper limit 

of approximately 1400 W m-1 K-1 for the thermal conductivity of BAs [109,114,115,219,221], I 

encountered BAs samples demonstrating an ambient thermal conductivity of 1500 W m-1 K-1. 

Within the dataset of approximately 50 BAs samples that I examined, four of them displayed 

thermal conductivity over 1400 W m-1 K-1. Furthermore, a detailed investigation into the thermal 

conductivity as a function of temperature for two BAs samples with 𝛬300𝐾 of 1500 W m-1 K-1 

revealed an intriguing 1/𝑇2 dependence. This observed stronger temperature dependence 

surpassed both prior experimental observations (1/𝑇1.3 to 1/𝑇1.4) [109,221] and theoretical 

predictions (1/𝑇1.7 to 1/𝑇1.8) [114,115]. This enhanced temperature dependence indicates that 

theoretical predictions using first-principles calculation may have previously underestimated the 

significance of four-phonon scattering in BAs. 

Naturally, I proceeded to conduct thermal conductivity measurements on a BAs sample with 

𝛬300𝐾 of 1500 W m-1 K-1 as a function of pressure, to see what the pressure dependence is for a 

higher-purity BAs sample. Surprisingly, in contrast to the pressure-independent thermal 

conductivity I observed on the BAs samples with 𝛬300𝐾 of ~ 1000 W m-1 K-1, I observed an 



208 

 

increasing thermal conductivity as pressure increases in the 1500 W m-1 K-1 BAs sample. At 30 

GPa, the relative increase in thermal conductivity is about 50%. These data were all obtained by 

TDTR with Al as the transducer, for both the 1000 and 1500 W m-1 K-1 BAs samples. However, 

when coating a bilayer V/Al transducer on the 1500 W m-1 K-1 BAs sample, the measured thermal 

conductivity is pressure-independent. I did not get a chance to do a control measurement for the 

V/Al bilayer transducer at high pressure, e.g., high-pressure TDTR measurements on MgO with 

the V/Al bilayer as transducer. With the control measurements, the cause of such discrepancies 

can be explored.  

Moreover, to scrutinize the pressure dependence of other materials characterized by a frequency 

gap in their phonon dispersion, I conducted measurements on the thermal conductivity and 

vibrational dynamics of GaN as a function of pressure. As a reference, diamond, devoid of a 

frequency gap, was used as a control sample. At 20 GPa, both BAs and GaN experience a 7% 

increase in the longitudinal sound velocity. The zone-center optical phonon mode increases by 

10% in BAs, and 15% in GaN. At 20 GPa, thermal conductivity of GaN increases by 55%, and 

that of BAs increases by only 15 – 35%. Further validation of the pressure dependence of BAs’s 

thermal conductivity is needed. For diamond, at 50 GPa, we observe a 6% increase in the 

longitudinal sound velocity, 10% increase in zone-center optical phonon mode, and 40% increase 

in thermal conductivity. Additionally, we observed that the LS equation demonstrates good 

agreement with GaN, acceptable conformity with diamond, but encountered a substantial 

discrepancy with BAs.   
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