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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 inter-
atomic bonding, iii) simple crystal struc-
ture, and iv) low anharmonicity.[3] 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 scat-
tering processes must conserve energy 
and crystal momentum, phonon disper-
sion can have a strong effect on phonon 
scattering rates.[4,5] Certain features in 
the phonon dispersion can make it diffi-

cult for a three-phonon scattering processes to satisfy selection 
rules.[4,5] It is well known that crystals with similar crystal struc-
tures and average atomic mass can have distinct differences in 
phonon dispersion.[6] 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 experi-
mental studies have started to unravel this puzzle and correct 
Slack’s rules.[7–16] 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.[7–9] Their 
first-principles-based work predict that phonon dispersion 
relations have a strong effect on scattering rates via selection 
rules.[7–9] For example, first principles theory predicts that 

The thermal conductivity of boron arsenide (BAs) is believed to be influenced 
by phonon scattering selection rules due to its special phonon dispersion. 
Compression of BAs leads to significant changes in phonon dispersion, which 
allows for a test of first principles theories for how phonon dispersion affects 
three- and four-phonon scattering rates. This study reports the thermal con-
ductivity of BAs from 0 to 30 GPa. Thermal conductivity vs. pressure of BAs 
is measured by time-domain thermoreflectance with a diamond anvil cell. In 
stark contrast to what is typical for nonmetallic crystals, BAs is observed to 
have a pressure independent thermal conductivity below 30 GPa. The thermal 
conductivity of nonmetallic crystals typically increases upon compression. 
The unusual pressure independence of BAs’s thermal conductivity shows the 
important relationship between phonon dispersion properties and three- and 
four-phonon scattering rates.
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1. Introduction

High-thermal-conductivity materials are desirable for 
thermal management applications. Power electronic 
devices operate at power densities higher than 100 W cm−2,  
roughly three orders of magnitude larger than the irradiance 
of the Sun.[1,2] Discovery and integration of high thermal con-
ductivity 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 
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crystals with special phonon dispersion properties like BAs will 
have a thermal conductivity higher than the value Slack’s rules  
predict.[8,17] BAs’s phonon dispersion is special for two reasons. 
First, BAs have 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.[8,18]  
Second, the acoustic phonon branches of BAs are unusually 
close together.[18] This acoustic bunching effect is predicted to 
result in a small phase space for three-phonon scattering pro-
cesses of acoustic phonons.[8,19]

Several recent experimental studies have verified first prin-
ciples predictions that BAs has an anomalously large thermal 
conductivity.[12–14] BAs has a thermal conductivity between  
1000 and 1300 W m−1 K−1, see Figure 1. Despite similar average 
atomic mass, bonding, and crystal structure, BAs has a thermal 
conductivity ≈7 × larger than silicon.

The good agreement between experiment and first-princi-
ples theory for the thermal conductivity of BAs, and a number 
of other high thermal conductivity materials,[9,12–16] provides 
compelling indirect evidence that a strong relationship exists 
between phonon dispersion properties and thermal conduc-
tivity. 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 trans-
port. Thermal conductivity is a weighted average of phonon 
lifetimes. Therefore, measurements of thermal conductivity vs. 
pressure provides 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 trans-
verse acoustic phonons.[10,11] In other words, compression of BAs 
reduces acoustic bunching, see Figure 1a, and makes BAs’s dis-
persion 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 pro-
cesses are believed to play an important role in BAs.[12–14,17] Four 
phonon scattering rates are believed to depend on phonon dis-
persion properties such as the frequency gap between acoustic 
and optic modes.[9,10]

The aim of our experimental study is to investigate phonon 
scattering mechanisms in BAs using high pressure. We per-
form time-domain thermoreflectance (TDTR) measurements 
of BAs in a diamond anvil cell (DAC) (Figure 2). TDTR is a 
well-established tool for measuring thermal conductivity.[21] 
Diamond anvil cells can generate pressures on the scale of 
GPa. We include 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 conductivi-
ties 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. Alternatively, for MgO, we observe a monotoni-
cally 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 scat-
tering 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.

2. 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 

Figure 1.  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. [10]. 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.[20] 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.
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single crystal in Figure 1b. After collecting the map, we broke 
the crystal into small pieces and processed one of them for  
diamond anvil cell (DAC) measurements (Sample A). A sche-
matic of the DAC apparatus and some example TDTR data 
are shown in Figure  2. Additional details concerning sample 
preparation are in Methods.

The thermal conductivity of BAs is known to be sensitive to 
even small concentrations of defects.[22–24] 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 con-
ductivity of ≈1000 W m−1 K−1 between 0 and 30 GPa, see Figure 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.[25–27] 
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,[28]  ≈5% uncertainty in spot size ω0. We 
also estimate an uncertainty of ≈3% uncertainty for CBAs. These 

Figure 2.  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.

Figure 3.  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. [10] The red line represents the Leibfried-Schlömann equation prediction. To show the different trends 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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yield a total uncertainty in the derived values for ΛBAs of ≈15%. 
The error bars in Figure 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 3 is the 
average value from all measurements for a given sample and 
pressure. We observed that there could be optical artifacts in 
DAC-assisted TDTR measurements as shown in the -Vin/Vout 
maps in Figure S6, Supporting Information. Detailed discus-
sion of optical artifacts can be found in Supplementary Notes. 
The purpose of measuring multiple spots is to avoid the optical 
artifacts and guarantee the reproducibility of our measure-
ments. As expected for a high-quality homogenous crystal, the 
variance in thermal conductivity at different sample locations 
is small at most pressures. The TDTR results at each pressure 
and location are provided in Supplementary Figures S8 to S10, 
Supporting Information.

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 Supplementary 
Figure S3, Supporting Information. The apparent dependence 
of the thermal conductivity on laser spot size is an artifact 
caused by the breakdown of the heat-diffusion equation.[29,30] 
As a result of this spot-size effect, the pressure dependent 
thermal conductivity values reported in Figure  3 are ≈20% 
lower than the intrinsic value. Our primary interest is the pres-
sure dependence of thermal conductivity. Because the spot-size 
artifact should not depend on pressure,[31] this small deviation 
does not affect our conclusions. Detailed discussion on the 
spot-size effect is included in Supplementary Notes.

The weak pressure dependence we observe for all three BAs 
crystals is in stark contrast with our observations for MgO, see 
Figure 4. For MgO, we observe a factor of two increases in the 

thermal conductivity upon compression to 20 GPa. Our results 
for MgO agree with prior reports.[32]

3. Discussion

In the absence of contextualizing information, the dramatic dif-
ference in Λ(P) for BAs vs. MgO (Figure 3 vs. Figure 4) is quite 
surprising. The bulk modulus of BAs is 142 GPa, while MgO is 
160 GPa.[33,34] Both materials have a relatively small atomic mass 
per unit cell and simple unit cells. BAs has a zin-blende crystal 
structure ( 43F m) and MgO has a halite structure ( 3Fm m).  
The Grüneisen parameter of BAs and MgO are both expected 
to experience a ≈10% decrease between 0 and 20 GPa.[35,36]

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 experi-
mental studies show the LS equation often has predictive power 
in explaining Λ(P).[32,37,38] The LS equation predicts

2

3BM

T

δθ
γ

Λ = 	 (1)

Here B is a constant, M 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. [36,39] Not surpris-
ingly, given BAs’s special phonon dispersion relation, the LS  
equation drastically overestimates the Λ(P) of BAs, see 
Figure  3b. 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 dramati-
cally 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 4.

We emphasize that a pressure independent thermal con-
ductivity between 0 and 30 GPa is extremely unusual behavior 
for nonmetallic materials. Normally, thermal conductivity 
monotonically increases with increasing pressure.[3] At high 
pressures, atomic bonds tend to stiffen, and phonon frequen-
cies 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.[40] 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.[41] The thermal conductivity of various 
ferropericlase materials roughly doubles upon compression to  
20 GPa.[41] Ice VII’s thermal conductivity increases from 4 
to 25 W m−1  K−1 between 2 and 22 GPa.[37] PMMA’s thermal 

Figure 4.  Pressure dependent thermal conductivities of MgO. We char-
acterized two MgO samples as control measurements shown as the blue 
and purple symbols. Dots and triangles are compression and decompres-
sion data, respectively. Here we measured only a single location at each 
pressure. The error bars here represent the ≈10% uncertainties in thermal 
conductivity that arises 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. [32].
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conductivity increases by a factor of 3 upon pressurization 
from 0 to ≈10 GPa.[42] The thermal conductivity of muscovite 
mica, KAl2(Si3Al)O10(OH)2, increases by a factor of 10 between  
0 and 20 GPa.[38] In a recent review article, Hofmeister reports  
the dΛ/dP for 22 materials.[43] 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[44] or KCl.[45] BAs 
is not expected to undergo a phase transition below 100 GPa.[39]

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.[9,11,46] However, in BAs, selection rules forbid aao pro-
cesses 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.[10] 
An aaoo process is a four-phonon scattering 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 compres-
sion, there are two major changes to the phonon dispersion of 
BAs. First, acoustic bunching decreases,[10,11] see Figure  1a. By 
this, we mean there is a larger difference in frequency between 
the different acoustic phonon branches. Second, the frequency 
of optic phonons increases.[47]

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.[5,19] 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 dis-
persion relation is perfectly linear.[5] 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 longitu-
dinal 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 com-
pression because frequencies increase.

The above discussion provides a qualitative explanation for 
why BAs’s thermal conductivity depends weakly on pressure. 
Three-phonon scattering rates increase. Four-phonon scat-
tering 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 quan-
tify 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 suggests the frequency of optic phonons 
of BAs increase from ≈21 to 25 THz.[10,47] This will lead to a 
factor of two decreases 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 three-phonon scattering rates change 
with pressure, we make two simple 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 pro-
cesses are neglected.[8,10,17] With these assumptions, in order 
to compensate for a 2 × fewer aaoo scattering events, aaa scat-
tering 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 scat-
tering, Λ of BAs would decrease by 40% upon compression 
to 30 GPa at 300 K.[10] Additionally, first principles calcula-
tions predict aaoo scattering rates at frequencies above 5 THz 
decrease from ≈1 GHz to ≈0.5 GHz.[10]

In Ref. [10], 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 calcu-
lations on both natural and isotopically pure BAs and claimed 
that isotope disorder would not affect the pressure depend-
ence. 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,[10] as shown in Figure 3b.

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 conductivi-
ties of the less-ordered BAs crystals are 40 ≈ 70% lower than the 
sample shown in Figure  1b. 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 sup-
press BAs’s thermal conductivity.[22–24] Previous studies suggest 
there could be many kinds of defects in BAs.[22–24,47,48] A boron 
or arsenic vacancy concentration of ≈1.5 × 1019 cm−3 would be 
sufficient to explain the reduced Λ of our samples.[23] Simi-
larly, AsB–BAs antisite pair concentration of ≈1.5 × 1019 cm−3,[48]  
or carbon impurity concentrations of ≈1020 cm−3,[22] would 
also explain Λ  ≈500 W m−1 K−1 of BAs. To quantitatively eval-
uate how point-defect disorder affects Λ(P) of BAs, we con-
struct a simple relaxation time approximation (RTA) model. 
The RTA model examines how pressure induced changes in 
phonon group velocities, phonon-phonon scattering, and defect 
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scattering affect Λ(P). The predictions of the RTA are shown 
in Figure 3b as the yellow line. By assuming a pressure inde-
pendent phonon-phonon scattering rates in BAs, our RTA 
model agree well with Λ(P) of two lower-thermal-conductivity 
BAs samples. We attribute the pressure independent thermal 
conductivity of these two samples to pressure independent total 
phonon-phonon scattering rates. Additional details for the RTA 
model are in Supplementary Notes.

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 the weakening of four-phonon scattering 
processes and the strengthening of three-phonon scattering 
processes. Our experiments provide the first test of first-prin-
ciples theories regarding the relationship between phonon dis-
persion, phonon selection rules, and three- and four-phonon 
scattering rates,[9,10] and improve fundamental understanding 
of thermal transport in high-thermal-conductivity materials.

4. Experimental Section
Materials Synthesis: Single crystal BAs (space group: 43F m) samples 

were grown by chemical vapor transport (CVT). The reactants were 
pure boron bulk particles and arsenic lumps. A small amount of iodine 
powder as the transport agent was employed. The 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 furnace with a high-temperature zone held at ≈890 °C and a low-
temperature zone held at ≈800  °C. Further details about the synthesis 
can be found in Refs. [49,50]

The authors used various boron sources in the synthesis processes. 
Sample A (≈1100 W m−1 K−1) was grown with 10B isotopes, Sample B 
(≈600 W m−1 K−1) was grown with natB particles (19.9% 10B and 80.1% 
11B), and Sample C (≈350 W m−1 K−1) was grown with 11B isotopes. 
Samples made of different boron sources had different characteristic 
Raman peaks.[50] X-ray diffraction and Raman scattering data on our 
samples in Figure S1, Supporting Information, were included.

Detailed defect characterizations, such as transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), and time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) etc., can be found in Refs. [12,22,51]. 
Samples measured in this study were synthesized at the same time 
as the samples characterized in the mentioned works. TEM shows 
low dislocation density in high thermal conductivity BAs samples.[12] 
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.[22,52] Impurities such 
as Si and C are attributed to be the origin of the p-type conductivity. 
The previous electron probe microanalysis (EPMA) measurements 
demonstrated Si impurities of ≈0.05 at. % (with a 0.003 at.% detection 
limit) were present in the BAs samples.[22] Theoretical calculations 
suggest an impurity concentration of 3.6 × 1019 cm−3 for a 500 W m−1 K−1 
BAs sample.[22]

Sample Preparation: Three pieces of BAs for DAC experiments were 
prepared. 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, an ≈80-nm-thick Al film on the sample was 
deposited. 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 side 

down to 7 ± 2 µm. Samples with 50–80 µm in lateral dimensions were 
loaded into a DAC with a culet size of 300 µm. Ruby spheres alongside 
the samples as pressure indicators were loaded. We used silicone oil 
(Polydimethylsiloxane, CAS No. 63148-62-9 from ACROS ORGANICS) as 
the pressure medium for all measurements.

A 250 µm thick stainless steel gasket was pre-indented in the DAC 
to a thickness of 30–60 µm. Then, holes with a diameter of ≈170 µm 
at the center of the indentations were drilled 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: The 
thermal conductivity of BAs at ambient and high pressures was measured 
by TDTR. TDTR was 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 was 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 suface via temperature-induced changes in reflectance. The 
reflected probe beam from the sample surface was 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 in the 
University of California Riverside. Further details of this setup can be found 
in Ref. [53]. TDTR measurements on the other two samples (Sample B and 
C) were performed at Tsinghua Shenzhen International Graduate School.

Figure 2a 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 2b shows a photo of a BAs 
sample (Sample B) loaded inside a DAC. The pressure of the system 
was calibrated using the pressure dependent shift of the R1 line in the 
ruby fluorescence spectrum.[54] The Brillouin frequency of silicone oil 
as a second measure of pressure was also used.[55] Figure  2c shows 
a Brillouin oscillation that was observed in the 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.[56]

The beam-offset method was used to measure the laser spot size.[57] 
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, the spot size at every pressure was measured, and the 1/e2 radii 
were all ≈7 µm.

Prior studies of BAs crystals report a Λ variation of ≈10%–15% across 
the crystal surface.[14] We also observed Λ variation on a BAs sample, see 
Figure  1b for the thermal conductivity map. To deal with this concern, 
TDTR scans at 4–5 locations on the samples at each pressure were 
performed. However, these results show the variation is only 5%–10% 
at most pressures for all three samples. The thermal conductivity 
values that were reported for three samples were the average from the 
measured spots.

As a control experiment, the pressure dependent thermal conductivity 
of two MgO samples was measured. The pressure dependence of 
MgO’s thermal conductivity was well studied experimentally[32] and 
theoretically.[10,58] The first MgO sample (blue symbols in Figure  4) was 
prepared following similar procedures as Sample C (coat with Al first, then 
polish to reduce thickness). For the second MgO sample (purple dots in 
Figure 4), A similar procedures as Sample A and B (polish first, then coat 
with Al) was followed. Then TDTR measurements at pressures between  
0 and 25 GPa were performed. The 1/e2 beam radii for measurements of 
MgO were ≈3 and 7 µm for the first and second MgO samples, respectively.

Data Analysis of TDTR Under Pressure: A bidirectional heat diffusion 
the collected TDTR data.[21] 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 
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input parameters in the heat diffusion model. Therefore, It must be 
estimated how these parameters evolve with pressure to interpret the 
TDTR data. The following context describes how to account for the 
pressure dependence of these parameters.

Prior to loading the sample into the DAC, the Al film thickness by 
picosecond acoustics was measured.[56] At high pressures, BAs was 
assumed to shrink equally in every direction since BAs is a cubic crystal.[39] 
If the volume of BAs at pressure P is VP, and the in-plane area is SP, then 

·( / )0 0

2
3S S V VP P= . Here, V0 and S0 are volume and area of BAs at 0 GPa. 

The in-plane area assumed of Al is equal to Sp. Then the thickness of  
Al at pressure P will be /h V SP P

Al
P≈ . Here, VP

Al is the Al volume at 
pressure P based on Al’s equation of state.[59]

To estimate the pressure dependence of Al’s heat capacity, a Debye 
model was used as described in Ref. [55]. For silicone oil, previously 
reported pressure dependent heat capacities and thermal conductivities 
was used.[60]

To model the pressure dependence of BAs’s heat capacity, a simple 
isotropic model for the phonon dispersion was used. It is assumed 
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 was determined by the phonon frequency at the Brillouin 
zone boundary. The values of vs and A  were set to mimic first principle 
calculations for phonon dispersion relations vs. pressure.[10,61] Figure 1a 
shows the constructed phonon dispersion relations at 0 and 30 GPa. 
From the phonon dispersion, we calculate the heat capacities [see 
Equation (1) in Supporting Information].

Finally, to interpret the pressure dependent TDTR measurements of 
MgO, the heat-capacity data reported in Ref. [32] was used.

Thermal Conductivity Map: The thermal conductivity map of a BAs 
single crystal was measured. The high-purity BAs sample for DAC 
measurements was cut from this BAs single crystal. The map by a 7-µm 
laser beam in radius, with step size being 14 µm was collected.

Spot Size Dependent TDTR Measurements: Previous works reveal there 
were obvious spot size effects in the TDTR measurements on BAs.[13,14] 
TDTR measurements using different laser spot sizes on Samples A and 
B at ambient conditions were also done. 5 ×, 10 × and 20 × objective 
lenses were used. The corresponding laser spot sizes were 3, 7, and  
16 µm in 1/e2 radius for Sample A (1100 W m−1 K−1), and 3, 6, and 13 µm 
for Sample B (600 W m−1 K−1).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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