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We have investigated effects of boron isotope enrichment of cubic boron nitride (cBN). X-ray Raman
scattering spectra of '°B and ''B enriched samples did not show any chemical shift. meV-resolved inelastic
x-ray scattering was used to measure the phonon dispersion. The shift of phonon frequencies between a
sample with the natural abundance of B (20% 'B) and a sample nearly 100% enriched in '°B was reasonably
explained by treating the mass difference with the same force constants—-i.e., purely an isotope effect. The

observed shifts were also consistent with first-order perturbation theory which gives the frequency shift, Aw;, as
Awj 1AMy
@, 2 €y

e, where M;, AM,, ej;, and w; are the atomic mass, change in mass, the eigenvector, and
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the phonon angular frequency for atom d and phonon mode j, respectively.
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I. INTRODUCTION

Insulators with ultrahigh thermal conductivity attract
the interest of researchers in fundamental and applied
physics. It was demonstrated that thermal conductivity of
108 or !'B isotope-enriched cubic boron nitride (cBN) was
~1600 Wm™! K~!, almost two times larger than that of cBN
with the natural isotope abundances (~850 Wm~' K~1) [1].
The effect of nitrogen isotope enrichment was not evalu-
ated since the natural abundances of nitrogen are 99.6%
of “N and 0.4% of "N, whereas those of boron are
19.9% of B and 80.1% of '!B. Based on calculations,
Chen et al. suggested that the enhancement of the ther-
mal conductivity by isotope enrichment in ¢cBN was the
result of large phonon-isotope scattering in cBN with nat-
ural isotope abundances [1]. Phonon properties for cBN
have not been experimentally determined to our best knowl-
edge except for the Raman spectra. It is important to
confirm phonon-dispersion relations experimentally. Though
inelastic neutron scattering (INS) is often used to mea-
sure them, it is almost impossible to grow good-quality
single crystals of cBN into a size large enough for INS
measurements.

We have performed inelastic x-ray scattering measure-
ments on cBN single-crystal samples. Samples were evaluated
using x-ray Raman scattering (XRS) and x-ray diffraction.
Phonon properties are measured using millielectronvolt-
resolved inelastic x-ray scattering (meV-IXS) [5]. Based on
phonon spectra, we discuss the effect of isotope enrichment
on the thermal conductivity of cBN.
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II. METHODS

Samples were cubic boron nitride crystals combining
natural abundant nitrogen with different boron isotope com-
positions. The samples with natural isotope abundances were
synthesized by a temperature-gradient method using a solvent
under high pressure, and the crystals were of high quality
[2,3]. The isotope-enriched samples were obtained directly
from a metathesis reaction (Taniguchi (unpublished); some
information will be found in Ref. [1]). The isotope compo-
sitions considered were >99%, ~19.9%, and <1% of '°B for
¢ 19BN, ¢ "™BN, and ¢ 'BN, respectively. Colorless and trans-
parent grains having smooth surfaces were selected for x-ray
measurements. The samples were planar and the sizes were
100 ~ 300 um for two sides and 50 ~ 100 um for another.

We evaluated the electronic structures of c!'BN and
¢ BN by XRS, which was performed at BL12XU of SPring-
8 [4]. If isotope enrichment affected the electronic structure,
the difference should appear between '°B and ''B. The inci-
dent x-ray energy was tuned to 9886 eV. The energy resolution
was 1.4 eV full width at half maximum (FWHM). The scat-
tering angle was 30 °.

meV-IXS measurements were carried out at BL43LXU of
SPring-8 [5,6]. The samples were ¢ BN and c¢"*BN. The
reason we measured not ¢ ''BN but ¢ '°BN is that a higher
contrast with ¢"™BN was expected. The spectrometer was
operated at 17.747 keV with the focusing beam (5 x 4 um?
for horizontal x vertical FWHM) [7]. The energy resolution
was 2.8-meV FWHM and the momentum resolution was set
to ~1.0nm™~" with the slit system in the front of the analyzer
crystals. Obtained spectra were analyzed using smoothly ap-
proximated resolution functions [8].

We also performed first-principles calculations with
plane-wave basis to evaluate phonon polarizations as well
as phonon frequencies for cBN. They were performed using

©2023 American Physical Society
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FIG. 1. B K- (top) and N K- (bottom) edge XRS spectra for
¢BN crystals. Black and red symbols indicate data points for ¢ '’BN
and ¢ "'BN samples, respectively. Peak with asterisk in N K-edge
spectrum for '’BN can be considered as 7 level of hBN.

QUANTUM ESPRESSO package [9]. The pseudopotentials were
constructed with the ultrasoft-pseudizing method [10] in the
local-density approximation [11]. Nonlinear core correction
and scalar relativistic effects were taken into account. The
energy cutoff and convergence threshold were 140 and 10
Ry, respectively. K mesh for the electronic energy sampling
was 12 x 12 x 12 with shift. Phonon energy calculation
based on density-functional perturbation theory (DFPT) was
performed at 4 x 4 x 4 mesh of ¢ points. The mass for B was
10.00 or 10.81 and that for N was 14.007. Using interatomic
force constant matrices based on the DFPT calculations, IXS
spectra were also simulated. The detail of the simulation is
given elsewhere [12].

III. RESULTS AND DISCUSSION

XRS spectra of the samples are shown in Fig. 1. Comparing
with x-ray absorption near-edge structure/electron-energy-
loss spectroscopy spectra in previous studies [13,14], these
spectra indicate that the samples mainly consisted of the cubic
phase. Note that the N K-edge spectrum of ¢ '°B showed a
small peak at 400 eV (indicated with an asterisk in Fig. 1).
This is consistent with the m* peak of the hexagonal phase
[13], indicating a small amount of hBN was present. The
slightly higher background for the ¢ '>BN sample is probably
due to impurities. In conclusion, there is no significant

difference in the B K-edge spectra as well as the N K-edge
ones between the ¢ '’BN and ¢ ''BN samples with respect to
the peak energies and intensity ratios: both ¢ '’BN and ¢ ''BN
have the identical electronic structure with respect to the XRS
spectra.

X-ray oscillation photographs of the samples were made
before the IXS measurements. The photos for ¢ '°’BN samples
showed several diffraction spots, all of which could not be
indexed using a single UB matrix, suggesting multiple grains
were present. In contrast, the ¢"™BN sample was a single
domain. The results of XRS and the oscillation photography
are consistent with the fact that the single-crystal syntheses
of isotope-enriched cBN through a metathesis reaction is es-
sentially difficult to get a single-crystal due to the mixture
of spontaneous nucleation and growth. Single crystals should
be obtained by shaping by precision polishing, etc., but this
is difficult with cBN, which is a very hard material and the
crystals in this study are small. In order to obtain a large-
isotope pure cBN crystals, we need to use Ba-BN base solvent
for a crystal growth. In this case, natural isotope boron will
be contaminated into the grown cBN crystal with isotopically
pure BN source as a staring material. Note that the multiple
grains as well as a minor phase of hBN did not impact the
interpretation of phonon signals of cBN.

Figure 2 shows comparison of IXS spectra with the ¢ "BN
and ¢'BN samples which were measured at the same q
points. Calculated IXS spectra are also shown for comparison.
Most of all excitations can be interpreted based on the orien-
tation matrix for the main grain. The intensity difference may
be due to the low statistics of the experimental spectra. The
spectra of the ¢ BN sample show (quasi-)elastic intensity
and small inelastic peaks which cannot be explained with a
single domain. These indicate the relatively poor crystal qual-
ity of the ¢ '°’BN sample and are consistent with other results.

The phonon energies at phonon momenta for the ¢ "'BN
and c '°BN samples are shown in Fig. 3 together with cal-
culated phonon-dispersion relations. The calculation curves
reasonably reproduced the experimental data though the
frequencies for transverse optical modes were slightly under-
estimated in the calculations. Tables I and II show the phonon
energies and linewidths from the fitting together with phonon
momenta, respectively. For pairs of phonon modes with the
same irreducible expression and momentum, calculated en-
ergy ratios are also given in Table I as well as those from the
DFPT calculations.

In the case that one atom in a primitive cell is replaced by
another atom with a different mass, the application of first-
order perturbation theory to the dynamical equation gives the
isotope effect to the phonon frequencies as

Aw i 1 AMd %

w; B 2 Md ej
where My, AMy, e;4, and w; are the atomic mass, change in
mass, the eigenvector, and the phonon angular frequency for
atom d and phonon mode j, respectively, and the eigenvectors
are assumed to be normalized so that )", e%, -e;; = 1. Ta-
ble I shows the energy ratio based on Eq. (1) using only the
¢ '981BN results from the DFPT calculations. The ratios from
Eq. (1) show better agreement with the experimental results
as well as those from two sets of the calculations with 9818
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FIG. 2. IXS spectra (black circles) for "B (left panels) and '°B (right panels) samples. Blue and red lines are calculated IXS spectra for

1081 g 14007\ apd 10 14007N, respectively.

and !°B than the simple correction in the arithmetic/harmonic
mean masses does.

Isotope-enriched cBN samples reportedly showed very
high thermal conductivity (Chen, 2020). The value for ¢ '’BN
(as well as ¢ ''BN) is about twice that for ¢ "BN. The mode
thermal conductivity is approximated as proportional to the
product of the square of the phonon group velocity and the
phonon lifetime based on the linearized phonon Boltzmann

transport equation (e.g., see Ref. [15]). As the ratio in phonon
group velocities should be that of phonon energy, the number
of ¢!BN to ¢c"*BN is 1.04 at most as given in Table I. There-
fore, the ratio of the phonon lifetime should be larger than
1.85.

We would like to consider whether the phonon lifetime
in cBN may be determined using IXS. According to Chen
et al. [1], the intrinsic 3-phonon scattering rate of acoustic

134311-3



HIROSHI FUKUI et al.

PHYSICAL REVIEW B 108, 134311 (2023)

TABLE I. Experimentally determined phonon energies along high-symmetry lines. Phonons at the same ¢ point are given close together

(divided by thick lines). The values in bold are of acoustic modes.

H K L h k ! E [meV] sample
2 2 -2 1 0 0 86.7+0.1 112.1 4+ 0.2 12544+ 0.2 143.74+0.2 - cMBN
3 1 1 1 0 0 892404 115.0 £ 0.6 1263 +£0.5 149.6 + 0.4 - ¢ BN
E10B/EnaB (experiment) 1.028(6) 1.026(6) 1.007(5) 1.041(5) -
E10B/Ena (DPFT) 1.022 1.022 1.000 1.040 -
E108/Ena (Eq.) 1.021 1.021 1.000 1.041
3 1 -1 0 0 -03 37.8+0.1 537405 12754+ 0.1 - - cMBN
3 1 1 0 0 0.3 379+0.1 50.8+0.6 130.5+0.2 162.0 + 0.7 - ¢ 10BN
E108/Enas (experiment) 1.002(5) 0.946(20) 1.024(3) - -
E108/Ena (DPFT) 1.017 1.016 1.022
E108/Enas (Eq.) 1.021 1.020 1.025
3 1 -1 —0.5 0.5 0.5 60.6+ 0.6 1223407 - - - cMBN
0 0 —05 0.5 0.5 60.8 +0.1 120.7 £ 0.2 1394 +1.2 - - cMBN
3 1 1 0.5 0.5 0.5 61.5+0.5 121.1+ 0.5 146.2 £ 0.5 - - ¢ 19BN
Ej0B/Enas (experiment) 1.014(14) 0.997(7) 1.048(13) - -
E108/Enas (DPFT) 1.016 1.005 1.034 - -
E10B/Enas (Eq.) 1.020 1.009 1.035
3 -3 1 —0.25 0.25 0.25 439+0.1 78.6 & 0.2 1256 £0.1 156.0 + 0.3 - cMBN
3 3 1 —0.25 —0.25 0.25 451+0.1 80.5+0.4 1289+ 0.2 158.1 + 0.4 - ¢ 10BN
E108/Enas (experiment) 1.027(5) 1.024(7) 1.027(3) 1.014(4) -
E108/Enas (DPFT) 1.017 1.015 1.023 1.024
E108/Enas (Eq) 1.020 1.019 1.025 1.027
3 -3 1 —0.1 0.1 —-0.1 20.0+0.1 338+0.1 129.0+ 0.5 160.2 £ 0.2 - cMBN
3 1 1 —0.1 —0.1 —0.1 20.24+0.1 3424+0.1 - - - c 10BN
E10B/EnaB (experiment) 1.010(12) 1.012(8) - - -
E108/Enai (DPFT) 1.017 1.017 - - -
E108/Ena (Eq.) 1.020 1.020
3 -3 1 0 -0.5 -05 658+ 1.1 85.6 4+ 1.1 96.6 + 1.1 126.7 + 1.1 1421+ 14 cMBN
3 3 1 —0.5 0 0.5 66.8 4+ 0.6 87.7+0.3 99.0 4+ 0.3 129.8 +£ 0.2 1447 £ 0.3 ¢ BN
E108/Enas (experiment) 1.014(26) 1.025(17) 1.024(15) 1.025(11) 1.018(12)
E108/Ena (DPFT) 1.016 1.017 1.015 1.024 1.023
E108/Enas (Eq.) 1.020 1.021 1.019 1.026 1.025
4 0 0 0 0.75 0.75 109.14+0.3 - - 121.1+0.2 135.0 + 0.8 cMBN
2 2 -2 0 0.75 —0.75 108.7 £ 0.4 - 113.8 4 0.1 - 133.74+0.2 cMBN
3 -3 1 —0.75 0.75 0 108.0 + 0.4 109.6 + 0.3 - 121.4+0.1 1345+ 0.2 cMBN
4 0 0 0 0.75 0.75 111.2+0.3 - - 122.34+0.2 138.1 £ 0.5 c 10BN
E108/Enas (experiment) 1.024(6) - - 1.008(3) 1.028(6)
E108/Enas (DPFT) 1.018 - - 1.017 1.031
E108/Enas (Eq.) 1.026 1.020 1.032
3 -3 1 0 0.25 —0.25 36.9+0.2 457 +0.1 60.8 £0.2 127.84+0.2 156.9 + 0.2 ¢ BN
3 3 1 0 —0.25 —0.25 393+ 14 467403 61.6+04 130.6 + 0.3 161.3 £0.3 ¢ BN
E108/Enas (experiment) 1.065(42) 1.023(9) 1.013(9) 1.022(3) 1.028(4)
E108/Enas (DPFT) 1.017 1.017 1.017 1.022 1.023
E108/Enas (Eq.) 1.020 1.021 1.020 1.025 1.026
4 0 0 —0.5 0 0 81.1 £0.3 - - - - cMBN
2 2 -2 0 0.65 0 71.1+1.6 98.0+ 1.7 1195+ 1.3 1537+ 1.3 - cMBN
3 1 1 0.1 0 0 140+ 1.0 183408 - - - ¢ BN
3 1 1 —0.17 —0.17 —0.17 34.1+02 583 +0.3 - - - ¢ 10BN

phonons in cBN is 10 ~ 100 GHz, which seems almost inde-
pendent of the phonon energy. From these values, the intrinsic
linewidth of acoustic phonons can be estimated as 0.04 ~
0.4 meV depending on the phonon propagation direction. In
addition, isotope disorder reduces the lifetime further in
c™BN. According to the calculations by Chen er al. [1],
the isotope-phonon scattering rate is 0.2 GHz (for low-energy
phonons) and ~300 GHz (for high-energy phonons). From
the simple summation, the linewidth of high-energy phonons

in ¢"™BN could be 1.7 meV (400 GHz). If taking the ratio of
1.85 given in the previous paragraph, the linewidth in ¢ ™BN
would be 0.7 meV. In either case, the difference in the phonon
linewidths between ¢ BN (0.4 meV) and ¢™BN (1.7 or
0.7 meV) could be observed in IXS spectra if the statistics
of the spectra were high enough. However, we could not do
that based on the present experimental results because of the
large fitting uncertainties (see Table II). Higher-statistics IXS
spectra near the zone boundary might elucidate the isotope
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TABLE II. Experimentally determined phonon linewidth along high-symmetry lines. The values in bold are of acoustic modes.

H K L h k 1 AE (width) [meV] sample
2 -2 1 0 0 0.12+0.11 0.19+0.19 0.00 +0.08 0.65 +0.27 - cMBN
3 1 1 1 0 0 0.07 +0.83 0.60 & 0.61 0.51+0.33 0.5140.30 - ¢ 19BN
AEnas/AEop 2425 0.3+0.6 0.0+0.2 13+13 -
3 1 -1 0 0 —0.3 1.03 +0.07 0.98 + 0.49 0.54 +0.14 - - cMBN
3 1 0 0 0.3 0.87+0.12 2214089 0.32+0.27 0.17 +2.04 - ¢ 19BN
AEnas/AEop 12402 04404 1.7+1.8 - -
3 1 -1 —0.5 0.5 0.5 0.09 £ 0.20 0.43+0.10 - - - ¢cMBN
0 0 —0.5 0.5 0.5 0.04 4 0.05 0.09 +0.27 0.87 +2.07 - - cMBN
3 1 1 0.5 0.5 0.5 0.38 £0.24 0.46 £ 0.16 0.04 +0.34 - - c 10BN
AEnus/AE0B 02+0.4 0.6 +0.6 20 + 208 - -
3 -3 1 —0.25 0.25 0.25 0.02 & 0.40 1.13+0.15 0.11+0.14 1.284+0.27 - cMUBN
3 3 1 —0.25 —0.25 0.25 1.03+0.16 1.62 +4.00 0.00 £ 0.06 0.56 & 0.87 - c 19BN
AEns/AE s 0.0+0.4 07+18 * 23440 -
3 -3 1 —0.1 0.1 —0.1 0.76 &+ 0.10 2.3540.11 1.2240.54 0.40 4+ 0.15 - cMBN
3 1 1 —0.1 —0.1 —0.1 1.31+0.10 228+ 0.12 - - — c 10BN
AEyus/AEi0B 0.6+0.1 1.0+0.1 - - -
3 -3 1 0 —0.5 —0.5 0.814+0.34 0.46 +0.12 0.00 £ 0.16 0.814+0.18 0.03 £ 0.09 cMBN
3 3 1 —0.5 0 0.5 1.224+1.03 0.60 & 0.40 0.08 & 1.21 0.4740.34 0.00+0.11 c 10BN
AEyus/AEoB 0.7+0.38 0.8+0.7 0.0+25 1.7+1.6 *
4 0 0 0 0.75 0.75 0.99 4 0.29 - - 0.4440.15 1.15+£0.95 cMBN
2 2 -2 0 0.75 —-0.75 0.40 & 0.39 - 0.02 £ 0.43 - 0.15+0.20 cMUBN
3 -3 1 —0.75 0.75 0 128 +0.15 0.06 +0.11 - 0.06 + 0.77 0.41+0.18 cMBN
4 0 0 0 0.75 0.75 0.95+0.31 - - 0.394+0.24 0.73 £+ 0.69 ¢ 19BN
AEns/AEop 0.9+0.6 - - 07+1.6 0.8+1.3
3 -3 1 0 0.25 —0.25 0.87 £0.27 1.03+0.18 1.26 +0.21 0.474+0.16 0.48 £+ 0.24 cMBN
3 1 0 —0.25 —0.25 3.51£1.53 0.83 4+ 0.45 0.81+0.41 0.47 4+ 0.31 0.06 £ 0.36 ¢ 19BN
AEns/AEop 02402 12409 1.6+1.0 1+1 8+ 50
4 0 0 —0.5 0 0 1.71+0.17 - - - - cMBN
2 2 -2 0 0.65 0 0.2140.30 0.68 +3.42 0.10£0.73 0.584+0.17 - cMBN
3 1 1 0.1 0 0 1.53+0.41 1.58 +0.43 - - - c 10BN
3 1 1 —0.17 —0.17 —0.17 2.56 +0.39 1.17+£0.21 - - - c 10BN
*divided by zero.

effect on phonon lifetimes. It is also possible to consider using
better (1.3 or even 0.8 meV) resolution but those setups have
lower intensity, and would require rather long counting times
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FIG. 3. Measured phonon dispersions for c!'°BN (red) and
c¢™BN (black) given by spheres with error bars along some high-
symmetric lines in Brillouin zone. Lines are calculated dispersion
curves for ¢ BN (red) and ¢ '*8'BN (black).

with these small samples. As for low-energy phonons, the
isotope effect on the acoustic phonon linewidth (0.04 meV)
would be difficult to observe because the contribution of the
isotope disorder is small compared to the energy resolution
of IXS (2.8 meV for the present setup or 1.4 meV in another
typical setup).

IV. SUMMARY

We have investigated isotope effects on cBN. There
was no significant difference in the XRS signals, but
it did successfully detect an impurity phase of hBN in
single-crystal-like grains. The effect of the mass difference
well explains changes in phonon energies, and also phonon
velocities. We also give an analytic expression for the isotope
effect on the frequencies of phonons with any polarization in a
multiatom primitive cell. While we did not see any significant
phonon lifetime changes, the effect of isotope enrichment on
the phonon lifetime may be observable with high-statistics
spectra and/or better resolution.
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