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Phonon polaritons (PhPs) enable a variety of applications, yet it requires PhPs supported in the desired
frequency range. The two BN allotropes (cubic and hexagonal, cBN and hBN) are of particular interest,
as their optic phonons fall within the so-called molecular-fingerprint region (~ 1000-1610 cm™).
However, there remains a spectral gap between PhPs covered by these two, limiting applications. Thus,
we isotopically engineered hBN and cBN and examined the optic phonons. For hBN, enhancement of
the optic phonon lifetimes and shifted frequencies are observed. However, lifetimes are observed to
decrease with the enrichment of ¢cBN by '°B, ''B, and ">N. We propose that the reduced lifetimes are not
due to intrinsic loss, but rather increased defect concentrations resulting from the modified growth,
supported by first-principles calculations. Thus, reducing the extrinsic defects in isotopically engineered
c¢BN may present a path toward overcoming these restrictions for applications in the molecular-

fingerprint region.

Due to the long free-space wavelengths associated with radiation
in the infrared (IR) to terahertz spectral domains, the realiza-
tion of flat and sub-diffractional optical components promise
advances in imaging [1], communications [2], sensing [3] and
thermal emitters [4]. Nanoscale photonic elements in the IR can
be enabled through polaritons—quasiparticles composed of an
oscillating charge and a photon—that allow the confinement
of light to length-scales well below the diffraction limit [5, 6].
These polaritons are supported when materials exhibit a negative
real part of the dielectric function, which occurs at frequencies
below the plasma frequency for plasmon polaritons (PPs) or
between the transverse (TO) and longitudinal (LO) optic phon-
ons (the so-called Reststrahlen band, RB) for phonon polaritons
(PhPs) [4]. As optic phonons exhibit much longer lifetimes than
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free carriers, the optical losses of PhPs are significantly lower
than their PP counterparts. This has been experimentally dem-
onstrated by large quality factors reported for sub-diffractional
optical antennas [7-13]. Benefitting from the low-loss, PhPs are
of interest for use in molecular sensing via surface-enhanced
IR absorption (SEIRA) and strong coupling [12, 14-16], where
sensitivity to monolayers of chemically bonded species [16] has
been demonstrated, as well as solid-state, narrow-band thermal
emitters for IR optical sources [17-19]. However, all of these
applications demand polar crystals supporting PhPs at the
desired operational frequencies, while maintaining low optical
loss. Boron nitride (BN) allotropes are particularly promising to
this end, as their RBs overlap with much of the so-called “molec-
ular-fingerprint” portion of the IR-spectral window containing

a host of chemical vibrational bands [20].
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Recent work with hexagonal boron nitride (hBN) nanostruc-
tures, for instance, has demonstrated highly sensitive chemical
sensing through strong coupling phenomena [12], while fur-
ther efforts have highlighted the potential for lithography-free
nanostructuring of cubic boron nitride (cBN) [20]. Spectrally, as
shown in Fig. 1, the RB of natural hBN spans 1364-1614 cm’,
whereas that of natural cBN extends from ~ 1050 to 1305 cm ™.,
The two allotropes together cover much of the molecular-
fingerprint region (1050-1614 cm™) despite a conspicuous
gap from ~1305-1364 cm™'. One way to shrink the gap is to
shift the RBs of the BN allotropes via isotopic enrichment, as
has been recently demonstrated for hBN [4], where a 35 cm™!
spectral shift in the TO phonons between monoisotopic h'°BN
and h''BN (>99%) crystals was reported [4]. Isotopic enrich-
ment also leads to lower optical loss due to reduced scatter-
ing from isotopic mass variations within the crystal [4]. Lower
loss, in turn, leads to sharper PhP resonances, and opens new
opportunities in planar metasurfaces [21, 22], reconfigurable
on-chip photonics [23, 24], and improvements in hyperlens
imaging [25]. However, the benefits of this approach have not
been explored within ¢BN, which could further broaden the
spectral range of BN-based RBs for a variety of nanophotonic
applications.

In response, we explore the dependence of the optic phonon
energies and lifetimes in isotopically engineered hBN and ¢BN
crystals. Specifically, by comparing our data from isotopically
enriched hBN grown by the high-pressure, high-temperature
(HPHT) method [26] with that collected from similar hBN
grown from molten-metal solutions [4], we show that similar
improvements in phonon lifetimes are realized regardless of
synthesis method. More importantly, we extend this methodol-
ogy to realize '°B, ''B, and "*N-enriched cBN, characterizing the
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Figure 1: Reflectance data of different isotopically engineered ¢BN and
hBN. The horizontal arrows represent the frequency ranges of some
molecular vibrations. NAT designates natural isotope abundances.
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phonon properties via both Raman and FTIR spectroscopies.
Our results illustrate that significant spectral tuning is achieved
via enrichment. Counterintuitively, measured phonon lifetimes
in all isotopically engineered cBN are shorter than those meas-
ured in the naturally abundant ¢cBN samples. This does not
come from intrinsic anharmonic scatterings, but rather stems
from higher extrinsic defect concentrations (i.e., impurities)
within the enriched materials, as supported by observed crys-
tal discoloration and first-principles calculations. These cal-
culations predict a further two-fold improvement in the optic
phonon lifetimes in isotopically enriched cBN with minimal
extrinsic defects as observed in colorless, high-purity natural
cBN crystals [27]. We then report the IR dielectric functions of
different isotopically engineered cBN materials to enable devices
employing these materials, for SEIRA spectroscopy and nano-

photonic concepts in the IR.

Modifying the isotopic concentration of a compound results in
a net change in the atomic and crystal reduced mass and thus
corresponding vibrational energies without altering chemical
bonding. For hBN and c¢BN, due to the relatively light atomic
mass of nitrogen and boron, even a 1 amu change in the mass
can result in a~ 3% change in frequency, and thus can induce
a relatively large shift in the optic phonon dispersion. This is
observed by tracking the spectral positions of the RBs as a func-
tion of isotope mass, where a lighter (heavier) isotope results in
a RB with higher (lower) frequency (Fig. 1). With these spec-
tral shifts, the gap between the RBs of cBN and hBN is reduced

from~60 cm ™! !

in their naturally abundant forms to~26 cm™
between ¢!°BN and h''BN. As such, the combination of iso-
topically enriched ¢BN and hBN can cover a broad range of the
molecular-fingerprint region, reaching from 1040 to 1650 cm ™.

In addition to the spectral shifting of the phonon frequen-
cies, isotopic enrichment also affects the zone-center phonon
lifetimes indirectly by altering intrinsic anharmonic scattering
channels and directly by reducing phonon-isotope scattering.
This has been reported for hBN, where nearly monoisotopic
h!°BN and h!'BN were demonstrated to exhibit two- to three-
fold longer lifetimes [4, 28]. While first-principles calcula-
tions indicate the phonon lifetimes of monoisotopic hBN
can be as high as 8 ps [4], the reported experimental data
are limited to ~ 1.7 ps, which is presumed due to oxygen and
carbon impurities [4]. Here, the hBN crystals are grown by a
different method, i.e., HPHT [26], which may lead to different
impurity types and concentrations and thus, scattering rates.
To directly extract the phonon frequencies and lifetimes, we
performed micro-Raman spectroscopy. As mentioned in pre-
vious studies [4], LO phonons within the upper RB of hBN are

not Raman-active, and thus, we only probe the TO phonons
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via this method. The TO phonon frequencies and full-width
half maximums (FWHDMs) are extracted by fitting the experi-
mental line-shape to a Voigt distribution and then deconvolv-
ing the response function of the spectrometer using Posener’s
Tables to obtain the Lorentzian contribution stemming from
the material. Using the energy-time uncertainty relation, the
Lorentzian width is then used to calculate the phonon life-
time [29, 30]. More complete details on the Raman and FTIR
experiments are provided in the Supplementary Information.

The TO phonon frequencies and lifetimes of our hBN
synthesized by HPHT are tabulated in Table 1 and compared
with data from Ref. [4], where phonon energies are nearly
identical to the previous report [4]. We, therefore, assert that
the isotope concentrations for the isotopically enriched hBN
presented here are also over 99% purity. Consistent with pre-
vious reports, the isotopically enriched hBN samples exhibit
improved phonon lifetimes compared with natural hBN. Fur-
ther, the phonon lifetimes of HPHT grown hBN are longer
than hBN grown via molten-metal solutions [4] (~20-35%
improvements), indicating improved crystal quality, yet the
phonon lifetime is still limited by impurities.

While hBN has been demonstrated as a promising mate-
rial for several applications [31], including hyperlens imag-
ing [1, 32, 33], quantum photonics [34-36] and as a deep-
UV emitter [37-39], ¢BN offers additional opportunities as
a high-quality material supporting PhPs within the spectral
range of 1055 and 1305 cm™!, which also corresponds to the
molecular-fingerprint region of the electromagnetic spectrum
(Fig. 1). To evaluate the material quality for such applications,
we synthesized ¢BN crystals with different isotopic enrich-
ments and spectrally characterized them using Raman and
FTIR in a comparable way to the hBN. In ¢BN, the TO and LO
phonons are observed in our backscattering Raman experi-
ment (see Fig. 2a), allowing for a complete Raman characteri-
zation of the RB. The resulting phonon frequencies, FWHMs,
and phonon lifetimes are provided in Table 2. Similar to the
case of isotopically enriched hBN, the zone-center optical
phonon frequencies of isotopically enriched ¢cBN exhibit sig-
nificant spectral shifts. However, isotopically engineered cBN
samples exhibit shorter phonon lifetimes, contrary to expecta-

tions based on a reduction in isotopic mass variance.

To understand the influence of isotopic enrichment, we
quantitatively determine the isotopic densities by examining the
measured phonon frequency changes within a harmonic oscilla-

tor model. Mathematically, the model is written as

(1)

n 1
g o
where p is the reduced mass, g a spring constant defined by
the bond strength, and w the vibration frequency. As the spring
constant g is defined by chemical bond strength between atoms,
we assume this to be independent of isotopic enrichment. Under
this assumption, we calculate g based on measured phonon
frequencies and reduced mass of naturally abundant ¢BN (*'B
80% and '°N 99.99%). The isotopic concentrations of isotopically
engineered cBN samples are then calculated based on their TO
and LO frequencies, and the results are tabulated in Table 2.
From these efforts, we approximate that the isotope concentra-
tions for c''BN and cB'°N are >99% and 98%, respectively, while
for ¢'’BN is 88%.

For the nearly monoisotopic c!'BN samples (>99%), we
expect a net increase in the phonon lifetime as phonon-isotope
scattering decreases [4]; however, as stated above, reduced pho-
non lifetimes are observed. To assess intrinsic phonon properties
of monoisotopic ¢BN, first-principles calculations are performed
to deduce the phonon dispersion of pure c'°BN, pure c!'BN, and
natural cBN, as shown in Fig. 2(b). The dispersion was deter-
mined by diagonalization of the dynamical matrix:

/ 1

Df/;; () = Wzlﬂfb ! (2)

for phonon wavevector § (for Raman measurements

4 ~ 0), where m, is the isotopically averaged mass of the kth
atom, and K 11s a lattice vector locating the Ith unit cell. @Z}}l k
are harmonic interatomic force constants linking atom lk and
atom ['k and calculated via density functional perturbation
theory [40, 41]. As the isotopically averaged B mass decreases
from ! to 1B, the optical branches are shifted to higher frequen-
cies (Fig. 2b). The calculated TO and LO Raman-active phonon

Lwro=1285cm™)

frequencies for natural cBN (wro=1057 cm™
and ¢BN with isotopically pure '°B (wro=1080 cm™,

wro=1314cm™) agree well with measurements.

TABLE1: Phonon properties of hBN

extracted from Raman spectra, hBN Peak [cm™] + Peak FWHM [cm™] + FWHM [cm™] Lifetime [ps]

a series of measurements. h''BN 1357.0 0.5 236 0.01 2.24
Natural hBN 1365.8 0.5 7.22 0.01 0.73
h'°BN [5] 1395.5 N/A 333 N/A 1.6
h''BN [5] 1356.8 N/A 3.25 N/A 1.65
Natural hBN [5] 1365.6 N/A 834 N/A 0.7
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Figure 2: Phonon properties of cBN. (a) Raman spectra of different isotope enriched cBN with the baseline flattened. NA stands for natural abundant
here. (b) Calculated phonon dispersion for cBN with natural isotope concentrations (solid black curves), pure '°B (solid red curves), and pure "B (solid
blue curves). Solid circle symbols are Raman measurements from this work, while hollow diamonds are second-order Raman measurements from
Ref. [42]. (c) Measured (symbols) and calculated (curves) phonon lifetimes of TO (black) and LO (red) Raman-active phonons in ¢cBN with different 08
concentrations. The difference between calculated and experimental lifetimes is attributed to crystal impurities. (d) Partial phonon DOS (see text
below Eq. 3) for boron vibrations (boron DOS) in ¢BN (black curve) and hBN (red curve).

TABLE2: Phonon properties of ¢cBN

extracted from Raman spectra, cBN Peak[cm™']  +Peak FWHMI[cm™ +FWHM t[ps] Peak[cm™"] Isotope ratio
c'°BN 1075.9 0.5 3.97 0.03 1.33 1079.3 88%
1330.9 0.5 4.95 0.11 1.07 13344 91%
c'"BN 1048.6 0.5 3.61 0.04 1.46 1050.3 >99%
1296.7 0.5 4.32 0.06 1.23 1298.7 >99%
cB™N 1040.4 0.5 2.98 0.01 1.78 1040.4 98%
1286.2 0.5 3.39 0.05 1.56 1286.3 97%
Natural cBN 1056.7 0.5 2.02 0.01 2.62 N/A N/A
1304.8 0.5 3.22 0.02 1.65 N/A N/A

The dispersion can be used to deduce the phonon lifetimes
limited by anharmonic three-phonon [43, 44] and phonon-
isotope scatterings [45-47] (see SI) in ¢BN with different iso-
tope concentrations. The resulting lifetimes provide a means of
assessing the intrinsic phonon lifetimes expected with refined
synthesis. Similar to our previous calculations for hBN [4], the
calculated Raman-active TO phonon lifetimes are predicted
to nearly double when transitioning from a 50/50 randomized
mixture of boron isotopes to isotopically pure ¢cBN (Fig. 2¢). On
the other hand, the calculated LO phonon lifetimes are found

to be nominally insensitive to isotope variation. Note that the

©The Author(s), under exclusive licence to The Materials Research Society 2021

phonon frequency shift will slightly influence the intrinsic
three-phonon scattering, which makes the TO (LO) lifetimes of
c!%BN ~4% (~9%) smaller than that of ¢!'BN. The calculations
discussed above are performed with three-phonon scattering.
Including four-phonon scattering gives slightly lower TO life-
times (~4-8%), while the influence is negligible for LO lifetimes
(further discussion in SI).

To further understand the disorder-limited lifetimes, we
examine how various parameters influence phonon-isotope
scattering. Quantum perturbation theory gives phonon-isotope
scattering for a binary cubic crystal [45-47]:
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shifted TO frequencies, with arrows highlighting the two vibrational frequencies of CO stretching mode. NA stands for naturally abundant ¢BN in the

figure.
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€)
where V_ is the volume of a unit cell of the crystal, and & is
the eigenvector of the kth atom vibrations for phonon modeq j.
For the Raman modes considered here, g ~ 0 and j represents
TO or LO polarizations. Dk(w) = Z ‘ k) 0(w — wg;) are the

partial phonon density of states (DOS) for the kth atom, calcu-
lated here with a tetrahedron method [48]. According to Eq. 3,
<) and larger DOS of
hBN gives stronger phonon-isotope scattering rates compared
with ¢cBN (Fig. 2d). Thus, the lifetimes of hBN are predicted to

be more sensitive to isotopic variance: the predicted maximum

both the higher phonon frequency (w

lifetimes of isotopically enriched hBN [4] (~ 8 ps) exceed those
of ¢cBN (~5 ps), while the calculated lifetimes of natural cBN
(3.48 ps) far exceed that of natural hBN* (0.86 ps). Additionally,
the DOS vanishes for the cBN LO phonons resulting in lifetimes
not influenced by isotope variations (Fig. 2c).

Based on the first-principles calculations described above,
we attribute the observed broadening of isotopically enriched
cBN to extrinsic defects and increases in the impurity density
rather than the result of intrinsic properties. This interpreta-
tion is also supported by the yellow color and an increased level
of visible photoluminescence for the isotopically enriched ¢cBN
(Fig. S1 and S2), both of which are associated with higher car-
bon and oxygen impurity concentrations [27, 49]. It should be
mentioned that the growth technique for controlling the isotopic
concentration of ¢cBN is a very recent development, which is
entirely different from the traditional process using growth sol-
vent (see SI) [49]. As such, further synthesis developments are
expected, potentially offering high-quality isotopically enriched
¢BN samples with phonon lifetimes approaching theoretical lim-
its, as observed in natural ¢cBN (Fig. 2c). Despite the broadening

©The Author(s), under exclusive licence to The Materials Research Society 2021

caused by defects and impurities, the optic phonon lifetimes
still remain over 1.3 ps for all the cBN samples investigated,
which is comparable to the best reported lifetimes for isotopi-
cally enriched hBN (1.7 ps) [4]. As such, it is fair to claim that
isotopic enrichment of cBN, even with such presumed increases
in defect densities, still offers a method to tune the RB without
compromising optical loss to unacceptable levels.

Leveraging the information derived thus far, we conclude
by deducing the dielectric function of each isotopic variety of
cBN probed in an effort to enable predictions of the optical
response. The complex dielectric function of cBN was derived
by modeling the FTIR reflection spectra shown in Fig. 3a using
a single Lorentzian oscillator [20] [Eq. 4] of the dielectric tensor

components under the TOLO formalism:

2 .
Wiy — w? — iyLow
_ LO
e(w) = €00 P (4)
W7o YTow

where € is the high-frequency dielectric permittivity, wto/wro
are the frequencies of the TO/LO zone-center optic phonons,
and yro/YLo are the corresponding damping rates. The initial
guesses for wro/wro were taken from our Raman data and those
reported in the literature [20], with the final values extracted
via least-square fitting of the FTIR reflectance data within the
WVase software (J.A. Woollam Inc). The final phonon energies
derived from the fits to the FTIR spectra are within 5 cm™ of
those values measured with Raman spectroscopy. As the shape
of BN crystals offers multiple non-parallel facets (Fig. S2), the
reflectance spectra outside of the RB, where increased transmis-
sion is observed, could not be accurately fit. Thus, this “out of
band” spectral region was only used to estimate the value of e,
serving as the initial values employed to fit the dielectric func-
tion of cBN in its RB region between ~ 1000 cm™ and 1500 cm™.
Based on the experimental configuration used here (25° incident
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angle), the reflectance maximum was determined to reach as
high as 99% according to transfer matrix calculations, and thus,
was used as the maximum reflectance for our fitting analysis.
A summary of the resultant fitting parameters is provided in
Table 3, with the fits exhibiting good quantitative agreement
with the FTIR reflectance data, as illustrated in Fig. 3a. Values
for peak energies and lifetimes are comparable between those
derived from FTIR and Raman.

To provide a straightforward interpretation of dielectric
function changes due to isotopic engineering, we plot the fit-
ted dielectric functions of the various isotopically enriched
cBN crystals in Fig. 3b. Because of the dependence wrp on
the isotopic composition, the peaks in the imaginary part of
the dielectric function appear at different frequencies for cBN
with varying enrichment. This allows tuning the dielectric
function over a given spectral range to match a particular
vibration of interest. For instance, SEIRA detection of ethyl
alcohol [50] requires matching the RB with one of the vibra-
tional frequencies of the CO stretching mode (1090 cm™).
Although this can be realized with natural cBN, the proximity
of the CO stretching mode to the TO phonon implies high
optical loss (i.e., Im(e) is large). By transitioning to cB!°N,
the TO phonon is spectrally red-shifted by 15 cm™ resulting
in an approximate halving of the imaginary part at the CO
vibrational frequency (1090 cm™) from 1.9 (natural cBN) to
0.8 (cB'°N), despite the higher quality of the naturally abun-
dant crystals discussed here. Additionally, for molecules fea-
turing vibrational resonances in the spectral range between
1040 and 1060 cm™, such as CO stretch in ethyl alcohol [50]
at 1050 cm ™, SEIRA cannot be employed with either naturally
abundant cBN or hBN. Isotopic enrichment, however, makes

these vibrations spectrally accessible, thereby extending the
applicability of PhP-based approaches to molecular sensing.
While this work stresses that phonon frequencies and life-
times can be modified via isotopic engineering, other strategies,
such as dynamic intercalation and applying strains, can lead to
similar outcomes. Although isotopic engineering does not pro-
vide a dynamic solution, it can be applied to all phonon material
systems without introducing loss, as shown in Table 4. It should
be noted that the frequency shift is related to the atomic mass

and crystal structures.

Using isotopic engineering, the RBs of both ¢cBN and hBN can
be spectrally tuned by 35 cm™, and PhPs supported by BN allo-
tropes are extended by 70 cm™, which covers a broad extent of
the molecular-fingerprint region of the IR-spectrum. This offers
significant opportunities in spectral tuning of the dielectric
function for specific applications. While the phonon lifetimes
of isotopically enriched hBN increase with isotopic enrichment,
the opposite is observed here for cBN owing to extrinsic defects
present in the material. First-principles calculations demonstrate
that further refinement of synthesis should result in appreci-
able increases in the phonon lifetimes. Taken in aggregate, the
results underscore the utility of isotopic engineering for tuning
the optic phonons, thereby highlighting a path for more sensi-
tive SEIRA detection [12], and the realization of narrow-band
IR sources in frequency ranges that are otherwise inaccessible
with PhP-supporting materials [18, 19, 53]. Furthermore, the
engineering of optical phonons potentially facilitates the under-
standing and manipulating of phonon sidebands in single pho-
ton emitters [31].

TABLE3: Fitting parameters of

different cBN from FTIR data, and BN Ew te. Peak [cm™'] + Peak ylem™] ty Tlps]
i“nr‘cfjgtjé"’t'es from fitting are C'9BN 426 0.03 10747 03 114 03 046
13285 0.2 79 0.1 0.67
c''BN 4.49 0.03 1048.2 0.3 40 03 133
1295.0 0.2 59 0.1 0.90
BN 448 0.02 1040.7 0.2 4.0 0.1 1.33
1284.2 0.1 5.65 0.08 0.94
Natural cBN 4.19 0.002 1055.4 0.1 2.25 0.08 2.36
1306.2 0.1 5.23 0.05 1.01
LAi?fI:r:;tcsct)::tzzrig):)?oa::;?r?eer Strategy Materials Frequency Lossintroduced?  Dynamic tuning?  Universal?
phonon frequencies. shift (%)
Isotopic engineering cBN and hBN 33 No No Yes
lonic intercalation [51] a-V,05 35 Yes Yes No
Strain [52] hBN 0.3% Not discussed Potentially yes Yes

©The Author(s), under exclusive licence to The Materials Research Society 2021
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Material growth

cBN crystals with naturally abundant boron isotope distri-
butions were grown by a conventional temperature gradient
method under high pressure. Commercial hBN with natural iso-
tope abundances as starting material was placed with a barium-
based solvent in a Molybdenum (Mo) capsule where the bottom
cooler end is solvent. Because of the temperature gradient in the
Mo capsule in high-pressure assembly, dissolved sources of hBN
crystals were precipitated as cBN at the cooler end of the capsule
as described in detail in Ref. [54]. By controlling pressure and
temperature for the crystal growth, cBN and/or hBN crystals
can be obtained (Ref [49].).

Hot-pressed hBN disks (Denka Co. Ltd., Japan, type N1)
and powder hBN (Denka Co. Ltd., Japan, type GP) were used
as the natural BN source, and they were heated at 2100 °C for
2 h in a nitrogen flow to remove residual oxygen. Single crys-
tals of relatively large size (~ 500 pm) with almost no color are
often harvested (Fig. Sla) [49, 54]. In comparison, the boron
isotope-controlled crystals were obtained using the metathesis
reaction below between NaBH4 (KATCHEM spol.s.r.o. Na
19BH, with 99.7%'°B, and Na!'BH, with 99.8% ''B) and NH,Cl
(Wako Chemicals, >99.0%) under high pressure. For the '* N
enrichment, 15NH4C1 (Shoko Science Co Ltd, 99.0%) was used.
The reaction is

Na™BH, + "NH,Cl =™ B"N + NaCl + 2H,,

where ™B denotes either '°B or !'B. By choosing the mixing ratio
of Na!’BH, and Na!'BH,, the '°B and ''B content in the resulting
BN crystals can be controlled. "N denotes either "N or > N as
well. Briefly, starting chemicals as mentioned above were assem-
bled in Mo capsules in a dry nitrogen purged glovebox where
humidity and oxygen were less than 1 ppm. Then the capsules
were treated at a pressure of 6.0 GPa and a temperature of 1500
°C for 3 h. After releasing the pressure, the Mo capsules were
dissolved by hot aqua regia to recover the grown ¢BN crystals.
The metathesis reaction-based growth of cBN crystals is a
recent progress and our report here marks the first success. It is
totally different from processes using growth solvent [49, 54].
More studies will be pursued and details will be described in a

separate paper.

Fourier transform infrared spectroscopy

FTIR reflectance was measured using a Bruker Hyperion 2000
FTIR Microscope coupled to a Bruker Vertex 70v Fourier trans-
form infrared (FTIR) spectrometer with a spectral resolution of
2 cm™!. The microscope was equipped with a reflective 36 x Cas-
segrain objective (NA=0.17), and a liquid-nitrogen cooled mer-
cury cadmium telluride (MCT) detector. The use of a 36 x objec-
tive enables us to optimize the signal over a 30 um by 30 pm
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area, so the influence of surface roughness and the non-planar
curvature of the sample surface are minimized. The reflectance

spectra were referenced to a gold mirror.

Raman spectroscopy

Raman spectra were acquired with a WiTec alpha300R Raman
microscope equipped with a 532 nm laser that was focused to
a nominally diffraction-limited spot upon the sample using
a 20 x objective (NA =0.45). The spectral accuracy was cali-
brated using ASTM E1840-96 resulting in a spectral accuracy
of<0.5 cm™ from day to day. Precision within a given measure-
ment was more than 10 x less than this value. To reduce random
error and to analyze the uniformity of BN phonon behavior, we
acquired 30-90 spectra for each sample at different locations
and then fit each acquisition separately. Reported values are the
mean values and 95% confidence intervals for a given value. For
peak positions, uncertainty is dominated by Type B uncertainty
related to absolute calibration of the Raman spectrometer rather
than variation within the sample itself (i.e., Type A uncertainty).

Linewidths (i.e., FWHM) of a given Raman mode were
quantified by fitting the Raman response to a Voigt profile and
then deconvoluting the spectrometer response function using
Posener’s tables whereupon the lifetime was deduced by employ-
ing the energy-time uncertainty relationship [30]. The spec-
trometer response function was found to be 1.05 cm™!, which is
less than half that of the narrowest hBN linewidth.

First-principles calculations

Calculations of the phonon dispersions and Raman frequen-
cies (wgj, with g being the phonon wavevector and j being
the polarization) were derived from harmonic interatomic
force constants (IFCs) determined within the framework of
density functional perturbation theory [40, 55, 56] and the
local density approximation using the Quantum Espresso soft-
ware suite [41, 57]. These included the effects of long-range
Coulomb interactions (LO/TO splitting) [40] via calculated
Born charges (+ 1.89¢) and the high-frequency dielectric ten-
sor (4.66 on the diagonal elements, zero for off-diagonal ele-
ments). Structural relaxation via energy minimization using
Perdew-Zunger exchange correlations [58], norm-conserving
pseudopotentials (Bachelet-Hamann-Schliiter [59] for boron,
von Barth-Car [60] for nitrogen), 6 x 6 x 6 electronic integra-
tion grid, and plane wave energy cutoff of 100 Ry give a lat-
tice parameter a=3.59 A. The harmonic IFCs (@Z‘I’gl/k/) [43,
44] were determined on a 6 x 6x6 reciprocal space integration
grid. Here, QDZ‘/’SW are the spring constants connecting the kth
atom in the /th unit cell along the ath Cartesian direction with
the kth in the I'th unit cell in the Sth direction.

Calculated isotope-dependent Raman lifetimes were

determined via quantum perturbation theory calculations of
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three-phonon [43, 44], four-phonon [43, 61, 62], and pho-
non-isotope scattering [45-47]. Anharmonic IFCs (third- and
fourth-order) were calculated from numerical derivatives of
interatomic forces determined from atomic perturbations in
216-atom supercells with I'-point-only calculations, other-
wise using similar details described above. Interaction cut-
off distances were defined as 3.05 A (3rd nearest neighbor
shell) and 2.7 A (2nd nearest neighbor shell) for third- and
fourth-order IFCs, respectively. The form of the three-phonon
(63, 64] and four-phonon [61, 62] scattering rates have been

described previously.
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