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Abstract

Hexagonal boron nitride (h-BN) is a layered crystal that is attracting a great deal of attention as a
promising material for nanophotonic applications. The strong optical anisotropy of this crystal is key
to exploit polaritonic modes for manipulating light-matter interactions in 2D materials. #-BN has also
great potential for solid-state neutron detection and neutron imaging devices, given the exceptionally
high thermal neutron capture cross section of the boron-10 isotope. A good knowledge of phonons in
layered crystals is essential for harnessing long-lived phonon-polariton modes for nanophotonic appli-
cations and may prove valuable for developing solid-state °’BN neutron detectors with improved device
architectures and higher detection efficiencies. Although phonons in graphene and isoelectronic mate-
rials with a similar hexagonal layer structure have been studied, the effect of isotopic substitution on the
phonons of such lamellar compounds has not been addressed yet. Here we present a Raman scatter-
ing study of the in-plane high-energy Raman active mode on isotopically-enriched single-crystal #-BN.
Phonon frequency and lifetime are measured in the 80-600 K temperature range for !°B-enriched, !'B-
enriched and natural composition high quality crystals. Their temperature dependence is explained in
the light of perturbation theory calculations of the phonon self-energy. The effects of crystal anisotropy,
isotopic disorder and anharmonic phonon-decay channels are investigated in detail. The isotopic-
induced changes in the phonon density of states are shown to enhance 3-phonon anharmonic decay
channels in '°B-enriched crystals, opening the possibility of isotope tuning of the anharmonic phonon

decay processes.

PACS numbers: 78.30.-j,63.20.Ry,63.22.Np



I. INTRODUCTION

Hexagonal boron nitride (2-BN) belongs to a family of layered materials that is bound to
revolutionize the field of electronic and photonic technologies in the very near future. The
mechanical stacking of atomically thin layers of conducting graphene, insulating hexagonal
boron nitride (h-BN) and semiconducting layered compounds such as molybdenum disulfide
(MoS5) or tungsten selenide (WSe,) allows the creation of novel two-dimensional (2D) materi-
als and devices with pristine interfaces bond by van der Waals forces.! 2D layered materials are
host to a wide range of polaritonic modes that can be tailored by taking advantage of the in-
trinsic anisotropy of the materials and their vastly different physical properties.? In particular,
h-BN has emerged as a promising natural hyperbolic material capable of supporting phonon-

polaritons for applications in hyperlensing and sub-diffractional resonators.’

The issue of thermal management in electronic devices of reduced dimensionality is of
paramount importance.* Phonon decay channels and their role in limiting ballistic transport
were theoretically investigated in graphitic materials.® h-BN displays very high basal plane
thermal conductivity that is retained down to a few monolayers® and may enhance lateral
heat spreading when h-BN is used as dielectric support for electronic devices. Recently, ul-
trafast carrier cooling has been achieved in graphene-h-BN heterostructures thus overcoming
the hot phonon bottleneck that limits the performance of graphene based devices.” Isotopic
disorder in natural abundance crystals is known to scatter phonons and decrease the ther-
mal conductivity. A thermal conductivity enhancement of ~ 58% was found on isotopically
pure '2C graphene with respect to natural abundance graphene.? For h-BN, an increase in ex-
cess of 100% in the room-temperature thermal conductivity has been predicted with isotopic
enrichment.” The absence of mass-disorder scattering in isotopically pure crystals significantly
enhances the phonon lifetimes. This provides opportunities for reducing the optical losses in
hyperbolic phonon-polariton devices, where the phonon-polariton modal lifetimes are on the
order of the lifetimes of the optical phonons themselves.? Indeed, ultralow-loss polaritons have
been recently reported in isotopically pure boron nitride.!? Another area in which isotopic en-
richment plays a crucial role is the development of high-efficiency solid-state neutron detec-
tors. The 1B isotope has a very large capture cross-section for thermal neutrons, and detec-
tors based on 1B enriched (99.9%) h-BN have demonstrated the highest detection efficiency

(51.4%) for solid-state detectors to date.!!



Even though a good knowledge of phonons in 2D layered materials can prove to be a pow-
erful tool to guide the rapid development of this ever-expanding research area, some aspects
of lattice dynamics of h-BN are still source of debate.!? Whereas phonon anharmonicities have
been thoroughly studied both from first principle calculations® and by optical spectroscopy’?
in graphitic materials, only recently has the phonon anharmonicity been addressed in #-BN.!*
Very recently, a modification of the electron density distribution in isotopically enriched BN
leading to an isotopic tuning of the van der Waals interactions has been reported.'® This work
highlights the importance of the electron-phonon interaction in determining the properties of
isotope-engineered layered crystals. To date, experimental systematic studies of the effect of
isotopic substitution on the lattice dynamics of layered crystals are lacking. We address this
topic in isotopically-purified h-BN.

Phonon lifetimes are customarily measured in the frequency domain by means of high-
resolution Raman scattering experiments,'® in which the Raman line width I'y is related to the
phonon lifetime 7 through the energy-time Heisenberg uncertainty principle (17! = 2m¢Tg).
Furthermore, the temperature dependence of the Raman line shape carries a wealth of infor-
mation on the phonon decay processes which limit the phonon lifetime and govern the buildup
of hot phonon populations.!*1? In this work, we present a Raman scattering study of the tem-
perature dependence of the high-frequency in-plane Raman active mode (Ezg symmetry) on
isotopically enriched /-BN single crystals. A detailed analysis of the results underlines the im-
portance of the strongly anisotropic character of the laminar van der Waals crystals and reveals

subtle isotopic effects in the phonon decay channels for the high-energy E»; phonon of i-BN.

II. CRYSTAL STRUCTURE AND ANISOTROPY

The structure of h-BN is similar to that of isoelectronic graphite and it consists of layers of
flat B3N3 hexagons separated by an interplanar distance %c. However, while graphite has non-
polar C-Cintralayer bonds, /2-BN exhibits highly polar B-N bonds, which lends /-BN its electri-
cal insulating character and results in an effective charge buildup at the B and N sites. Although
the long-range electrostatic potential due to partially charged centers falls off very rapidly with
the distance from the /-BN layer and has therefore a negligible effect on the interlayer distance,
the minimization of the residual electrostatic potential favors the AA’ stacking in which a par-

tially negatively charged N atom in one layer is located on top of a partially positively charged
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FIG. 1. Perspective view of a honeycomb bilayer conforming the crystalline structure of #-BN. The crys-
talline structure of h-BN consists of layers of flat, covalently bonded BsN3 hexagons anchored together
by weak van der Waals forces. (a) Isotopically pure crystal. The primitive cell of the ~-BN Bravais lattice
containing two formula units is shown. (b) Natural isotopic composition (80% 'B / 20% '°B) crystal

with a random distribution of !°B atoms at the cation sites.

B atom of the adjacent layer (see Fig. 1). On the other hand, the interlayer distance is primarily
determined by the van der Waals forces.!® The weak interlayer forces compared to the strong
polar B-N bonds result in a highly anisotropic structure. This character manifests itself in a
strongly anisotropic thermal expansion with an anomalous negative coefficient in the basal
plane which is related to the intrinsic bending instability coupled to the in-plane stretching
modes of the isolated layers.!® The thermal expansion coefficient along the c axis is positive
and, owing to the weak interlayer forces, typically one order of magnitude higher than in the
basal plane. The strong crystal anisotropy is also reflected in the phonon modes, which can
be classified into modes with atomic displacements in the basal plane and modes with atomic
displacements along the c axis, the latter typically displaying lower frequencies because of the

weaker interlayer interaction.



III. METHODS AND THEORY

The study of phonon anharmonicity was carried out by means of Raman scattering on iso-

topically enriched as well as on natural isotopic composition i-BN single crystals.

A. Sample growth

The isotopically enriched samples were grown from high purity elemental °B (99.2 at%) or
1B (99.4 at%) powders. A Ni-Cr-B powder mixture at 48, 48, 4 wt% respectively was loaded
into an alumina crucible and placed in a furnace. The h-BN with the natural distribution of
boron isotopes was made with 50 wt% Ni and 50 wt% Cr mixtures with a hot-pressed ceramic
h-BN crucible, which also served as the source material. The furnace was evacuated and then
filled with N, and forming gas (5% hydrogen in balance argon) to a constant pressure of 850
Torr. During the reaction process, the N, and forming gases continuously flowed through the
system with rates of 125 sccm and 25 sccm, respectively. With the pure boron sources, all the
nitrogen in the h-BN crystal originated from the flowing N, gas. The forming gas was used to
minimize oxygen and carbon impurities in the i-BN crystal. After a dwell time of 24 hours at
1550 °C, the h-BN crystals were precipitated by cooling at a rate of 1 °C/h to 1500°C, and then

the system was quickly quenched to room temperature.

B. Raman scattering measurements

The Raman scattering measurements were carried out in backscattering configuration from
the ¢ face using the 514.5 nm line of an Ar* laser. The scattered light was analyzed using a Jobin-
Yvon T64000 triple spectrometer equipped with a LN,-cooled charge-coupled device (CCD)
detector. The Raman spectra were obtained in the triple-additive configuration of the spec-
trometer with 100 um slits, which corresponds to a spectral bandwidth of ~ 0.7 cm™!. Intrinsic
phonon line widths were obtained by taking into account signal convolution with the Gaussian
response function of the spectrometer. The spectra were calibrated using the 546.075 nm line
of a Hg lamp. A TBT-AirLiquide LN cryostat equipped with a platinum resistance sensor and a
temperature controller was employed for the low-temperature measurements up to room tem-
perature. The sample was mounted on a copper disk with a central 500 um diameter hole. The

small /2-BN platelet was glued with silver lacquer around the hole rim to ensure good thermal
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contact, while the central part remained clear so that the background signal from the silver
lacquer was minimized. For the high temperature measurements, a Linkam THMS600 heat-
ing stage was used. The sample was mounted on an in-house-made sample holder consisting
of a thin copper disk with a central pillar and a 500um diameter hole. A thin coating of con-
ductive silver silicon grease around the hole and between the copper disk and the THMS600
heating block was applied to ensure good thermal contact. The temperature was monitored by
a thermocouple attached to the central pillar close to the sample location. The sample space
was purged with nitrogen gas. The laser power on the sample was kept very low (8 mW in the

macrocamera setup and 700 uW in the micro-Raman setup) to avoid heating effects.

C. Density functional theory calculations

Ab initio calculations based on density functional theory (DFT) constitute the standard,
most accurate theoretical description of the lattice dynamics. Layered structures pose sig-
nificant challenges to common approaches to DFT such as the local density approximation
(LDA) or the generalized gradient approximation (GGA), as the long-range, non-local corre-
lated charge fluctuations are not considered in the exchange and correlation energy.?’ Indeed,
the GGA dramatically fails for #-BN as it gives no binding between the layers.2° However,
the LDA yields a fortuitous good description of the structural energy of graphite and h-BN.?!
LDA has previously been applied to calculate the phonon dispersion in i-BN with excellent
results.!>!* Therefore, we employ here DFT calculations in the LDA approximation using
Troulliers-Martins pseudopotentials in the Teter-Pade approximation as implemented in the
ABINIT code.?? A9 x9x9Monkhorst-Pack grid was used for integration over the Brillouin zone
with an energy cutoff of 70 hartree. Phonon frequencies were obtained using a perturbation-
theory linear-response approach on a mesh of k points and interpolated to arbitrary wave

vectors for the calculation of phonon dispersion and phonon density of states.

1. Temperature effects: quasiharmonic approximation

Temperature effects are not taken into account in standard DFT calculations, which model
the system implicitly at zero temperature. In a harmonic crystal the restoring force depends

on the departure from the equilibrium position, not on the equilibrium position itself, and



therefore the dependence of the free energy on lattice parameters is totally contained in the
ground state total energy. However, if the dependence of the phonon frequencies on the lattice
parameters is introduced (quasiharmonic approximation), the equilibrium lattice parameters
obtained from the minimization of the Helmholtz free energy do depend on temperature and
the crystal exhibits a finite thermal lattice expansion. In the quasiharmonic approximation, in
addition to a purely structural contribution which depends only on the strains associated with
the lattice parameters a and c, the Helmholtz free energy contains a temperature-dependent
contribution due to phonons that can be modeled by a canonical ensemble of harmonic oscil-
lators (see Appendix A).

Thermal lattice expansion induces temperature-dependent phonon-frequency shifts which
must be taken into account for a correct analysis of phonon anharmonicity. The evaluation
of these shifts is particularly complex in layered compounds because of the strong anisotropy
and the anomalous in-plane thermal expansion. The approach we follow in this work is to use
Egs. (A6) and (A7) to evaluate the change in lattice parameters with temperature, and then DFT
calculations are performed to determine the phonon frequencies for the new lattice parameters
at a given temperature. The summations in Egs. (A6) and (A7) are evaluated using the set of 12

special reciprocal-space points derived by Chadi and Cohen.??

D. Perturbation theory of isotopic and anharmonic phonon effects

Small departures from the harmonic lattice Hamiltonian give rise to coupling of the har-
monic eigenstates that result in shifts and broadenings of the phonon lines. These can be
described in the perturbation theory framework by a phonon renormalization given by the
complex phonon self-energy I1(w) = A(w) + il'(w) (see Appendix B).!® The real and imaginary
parts of the self-energy correspond, respectively, to the frequency shift and broadening of the

phonon line, and they are related by a Kramers-Kronig transformation.

1. Isotopic-disorder-induced phonon renormalization

Whereas YN makes up most of the naturally occurring nitrogen (99.63%) and can therefore
be considered isotopically pure, natural boron is made up of two stable isotopes, !B and !'B

with relative abundances of 19.9% and 80.1%, respectively. Given the relatively low mass of
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boron, its natural isotopic distribution in /-BN introduces significant mass fluctuations in the
B sublattice. The degree of mass fluctuation in the sublattice can be measured in terms of the
mass variance g = Y; C;[1—(M;/(M))]?, where M, is the isotope mass, C; its relative abundance,
and (M) is the average mass. For the case of BN, g = 1.354 x 10~3. This value is nearly one order
of magnitude higher than the Ga mass variance in natural GaAs, and therefore strong isotopic-

disorder effects should be expected in /-BN.

Isotopic-disorder effects were evaluated in the BN sample assuming a random distribu-
tion of the 1°B atoms in the boron sublattice. The scattering rate, which is twice the imaginary
part of the phonon self-energy, was obtained from Eq. (C2) using the phonon eigenvectors de-
termined by the ABINIT code. The phonon shift, which corresponds to the real part of the

phonon self-energy was calculated through a Kramers-Kronig transformation.

2. Anharmonic phonon renormalization

The finite lifetime of the phonons as they decay into phonons in other branches through
decay processes that conserve energy and crystal momentum give rise to a temperature de-
pendent broadening of the Raman line. A purely real additional contribution to the phonon
self-energy [see Eq.(B3)] arises from phonon scattering with pairs of opposite wave-vector
phonons.!*?* This contribution is particularly relevant in layered crystals, where the weak in-
terlayer interactions give rise to very low energy modes whose population increases rapidly

with temperature and significantly contribute to the phonon scattering mechanism.!*

To analyze our Raman data, we follow a semiempirical approach in which the full width at
half maximum (FWHM) of the phonon line is evaluated over a range of temperatures from DFT
calculations as described in Appendix B. The FWHM temperature dependence is then fitted
to the experimental values obtained from the Raman spectra using the anharmonic effective
potentials as free parameters. Once the anharmonic effective potentials are determined, the
anharmonic-decay induced frequency shift is calculated from a Kramers-Kronig transforma-
tion of the imaginary part of the self-energy. Finally, the frequency shift associated with phonon
scattering is added and the effective potential for phonon scattering is determined by fitting to

the temperature dependence of the phonon frequency measured in the Raman experiments.
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FIG. 2. Phonon dispersion along the main symmetry lines and the corresponding phonon density of
states for isotopically pure BN (blue lines) and !BN (red lines). Encircled is the step-like ridge in the
phonon density of states around the frequency of the high-energy E>; mode. The main phonon decay
channels (see text) are indicated by arrows. The atomic motions of the E»g Raman-active modes as well

as those of the infrared active modes (E;, and A,,,) are illustrated.

IV. RESULTS AND DISCUSSION

Figure 2 displays the phonon dispersion and the corresponding phonon density of states
calculated for isotopically pure BN and 'BN (blue and red lines, respectively). The high-
energy in-plane optical modes exhibit a significant frequency shift (~ 35 cm™!) over the whole
Brillouin zone, whereas the isotopic shift is reduced for the mid-energy c-polarized optical
modes and virtually inexistent for the low-energy acoustic modes. We focus our isotopic study
on the Raman-active, high-energy Eg ;,gh
each other in the hexagonal plane, as sketched in Fig. 2. On account of their similar atomic

mode. For this mode, the B and N atoms vibrate against

masses, the amplitude of B and N vibrations do not differ significantly. Unlike GaN, where the
high-energy in-plane E; mode is dominated by the vibration of the lighter N atom and the low-
energy E; mode mostly involves the motion of the heavier Ga atom,? in h-BN the high-energy
character is conferred to the E;l;gh mode by the antiparallel motion of the B and N atoms prob-
ing the stronger in-plane covalent bonding. In contrast, in the low-energy E»¢ mode the B and

N atoms in each layer vibrate in phase giving rise to a low-energy interlayer shear mode (see
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FIG. 3. Raman spectra of °BN, natural-composition BN, and ''BN single crystals recorded at 80 K, 320
K, and 600 K in backscattering configuration from a c¢ face. Solid lines correspond to line-shape model

fits to the data.

Fig. 2). The E;‘;,W can be viewed as a zone folding of the in-plane acoustic branches along the A
direction arising from the alternate layout of B and N atoms along the ¢ direction. On the other
hand, the Eg ;,gh mode is an archetypal vibrational mode whose frequency should scale as the

inverse square-root of the reduced mass and is best suited for the study of isotopic effects.

A. Raman spectra of the E;lggh mode: variation with isotopic composition

Figure 3 shows Raman spectra (empty circles) of 1°BN, natural-composition BN, and BN
single crystals at different temperatures. The solid gray lines are line-shape model fits to the
spectra that will be explained below. At 80 K, the E;l;gh frequency decreases from 1395 cm™!
for the 1°BN sample to 1359 cm™! for the ''BN sample. The ratio of Egégh frequencies is com-

mensurate with the inverse square-root of their respective reduced masses. In both cases the
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FIG. 4. (a) Real (Ajso, red line) and imaginary ([jso, blue line) parts of the isotopic-disorder-induced
phonon self-energy around the E;iggh frequency. (b) Asymmetric broadening of the Eg;,gh line pro-
duced by the isotopic-disorder-induced scattering. (c) Measured E;liggh phonon frequencies at 80 K (red
squares) as a function of the inverse square-root of the effective mass. The linear dependence predicted
by the virtual-crystal-approximation is depicted by a dashed line. The vertical segment indicates the real

part of the phonon self-energy which yields the isotopic-disorder-induced phonon shift.

Raman line is a narrow and perfectly symmetrical Lorentzian line, with a FWHM of 2.7 cm ™!

at 80 K, indicating the high crystalline quality of the samples. In contrast, the E;légh peak of the
natural isotopic composition sample is much broader (FWHM of 7.2 cm™! at 80 K) and visibly
asymmetric. With increasing temperature, similar frequency downshifts and broadenings of
the Eg;,gh
is maintained in the isotopically pure samples.

mode occur for all isotopic compositions, and the symmetrical Lorentzian line shape

1. Mass-disorder effects

In the h-BN crystal with natural abundance of boron isotopes, the mass fluctuations in the
boron sublattice break the translational symmetry, and crystal momentum conservation is re-

laxed. This allows elastic scattering of phonons, leading to a phonon self-energy renormaliza-
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FIG. 5. (a) Temperature dependence of the a lattice parameter obtained by DFT calculations in the
quasi-harmonic approximation for the BN crystal. (b) Idem, for the c lattice parameter. (c) Contribu-

tion of the lattice expansion to the thermal shift of the phish

2g mode relative to the frequency at 80 K.

tion as described in Appendix C. The real and imaginary parts of the phonon self-energy, which
determine the frequency shift and broadening of the phonons, are plotted in Fig. 4 (a) for the
natural isotopic composition i-BN around the Eg ;gh frequency.

The imaginary part of the phonon self-energy displays a steep edge at the E;;gh frequency
which is related to the prominent step-like structure that can be seen at the Eg ;gh frequency in
the phonon density of states (see encircled area in Fig. 2). Since the isotopic-disorder-induced
scattering rate is increasingly higher for frequencies just below the Egg,gh frequency, it leads
to an asymmetric line shape with a low-energy tail. This is illustrated in Fig. 4(b), where the
broadened E;légh line due solely to the isotopic-disorder-induced phonon self-energy is plotted.
Similar asymmetric line shapes associated with ridge-like structures in the phonon density of
states have been reported in other semiconductors.?6-29

The real part of the phonon self-energy, obtained from the Kramers-Kronig transformation
of the scatteringrate, displays a peak at the E?;gh frequency. As can be seen in Fig. 4(c), the mag-
nitude of the real part of the phonon self-energy nicely reproduces the departure of the E;;gh

frequency in N¥*BN from the virtual-crystal-approximation prediction of a linear dependence

on the inverse square-root of the effective mass.
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2. Thermal lattice expansion

Regarding the temperature dependence of the Egégh frequency, an obvious source of phonon
shift is the thermal expansion of the lattice. The variation of the lattice parameters with tem-
perature is obtained by integration of the lattice expansion coefficients [Eqs. (A6) and (A7)]
derived in the quasi-harmonic approximation (see Sec. IIIC1 and Appendix A). Then, the
phonon frequencies for the temperature-dependent lattice parameters can be evaluated for
the thermally strained lattice. Although LDA calculations tend to overbind and yield a and ¢
parameter values slightly lower (by 0.4% and 2%, respectively) than the experimental values re-
ported in Ref. 30 and 31, the quasi-harmonic approximation yields a temperature dependence
of the lattice parameter in excellent agreement with experiment. Figures 5(a) and (b) show the
thermal expansion of the a and ¢ parameters relative to their values at zero temperature, com-
pared to experimental values available in the literature. Since the phonon spectrum changes
upon isotopic substitution (see Fig. 2), the vibrational contribution to the Helmholtz [Eq. (A2)]
energy will also change. Therefore, differences in the thermal expansion behavior are to be ex-
pected among the different isotopical compositions. Nevertheless, the effect turns out to be
quite small and it only amounts to ~ 0.3 cm™! at 600 K between the BN and !!BN crystals,

which is negligible compared with the substantial thermal expansion blueshift of the E. high

2g fre-

quency over the temperature range studied [see Fig. 5 (c)].

In the Raman experiments (see Fig. 3), the Egg;,gh frequency decreases as the temperature
increases, contrary to the behavior one would expect from the negative in-plane thermal ex-
pansion coefficient. Therefore, phonon anharmonicity must play a salient role in shaping up

the temperature dependence of this phonon mode.

B. Phonon anharmonic decay channels: sensitivity to isotopic composition

Phonon anharmonic decay processes limit the phonon lifetime and yield line broadenings
that can be evaluated in perturbation theory as outlined in Appendix B. The line broadenings
resulting from anharmonic phonon decay are essentially proportional to the combined two-
phonon density of states and the most likely channels for phonon decay can be identified on
the phonon dispersion (Fig. 2) as pathways that conserve energy and momentum. As can be

seen in Fig. 2, the acoustic branches change very little with isotopic substitution, whereas the
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largest isotopic shifts take place in the higher energy modes of E»¢ and Ej, symmetry. This is
related to the higher real space displacement of the lighter cation in these modes. For instance,
in the E;légh and E;, eigenvectors, the ratio between B and N displacements is ~ 1.3, whereas in
the E;‘Z,W eigenvectors the magnitude of the B and N displacements is virtually the same.

The different response of acoustic and mid- and high-frequency optical modes to isotopic
substitution and the corresponding shift of the phonon density of states revealed in Fig. 2 have
a bearing on the relative efficiency of the anharmonic decay channels. As an example of this,
consider the most likely decay channel into two lower energy phonons (depicted by the orange

arrows in Fig. 2)

LA 70,
I — (K) + (K). (D
LO; ZA

E;;gh
This is a relatively minor contribution in the case of N'BN because of the slight frequency mis-
match with the sum of frequencies of the phonon decay products, which is somewhat higher
than the actual Egg;,gh frequency. Since the phonon decay products belong to the acoustic or
acoustic-like branches which are practically unaffected by isotopic substitution, their sum is
unaltered in the !°BN crystal whereas its E;légh frequency increases. This reduces the frequency
mismatch and notably enhances the contribution of this decay channel to phonon anharmonic
decay in 1BN. On the other hand, for the phonon difference channel involving the LO, and ZA
branches (dashed green lines in Fig. 2) a perfect match can be achieved in all cases by selecting
the appropriate wave-vector along the I'— M or I — K lines, of course at a cost of reducing the
density of final phonon states.

The quartic anharmonicity channel involving the decay into a zone center phonon and a

pair of opposite wave-vector phonons (depicted by the blue arrows and shaded area in Fig. 2):

Ehigh

2 1) — Az (D) + M-K)+ M-K) )

70, 70,

was shown to have a prominent role in the phonon decay in natural composition i-BN that
could explain the observed superlinear increase of the Raman line width with temperature.! As
a first approximation, one can consider that the dependence of the line width on temperature
is primarily governed by the Bose-Einstein occupation factors. From the temperature depen-

dence of the occupation factors, a quasi-linear increase of the FWHM should be expected from

15



100 200 300 400 500 600
T(K)
FIG. 6. (a) Temperature dependence of the FWHM of the E;l;gh Raman peak (open diamonds) for the
10BN and 'BN samples. The dotted lines are fits of the Bose-Einstein occupation factors corresponding

to 3-phonon decay processes. The solid line includes also the Bose-Einstein occupation factors associ-

ated with the 4-phonon decay contribution defined by Eq. (2).

the lowest-order cubic anharmonicity terms. Figure 6 compares the temperature dependence
of the Eg ;gh line width determined from the Raman measurements on BN and BN samples
(diamonds) with fits of the Bose-Einstein occupation factors associated with cubic anharmonic
decay (dotted lines). The bowing trend displayed by the experimental points clearly deviates
from the quasi-linear behavior given by the lowest-order anharmonicity. A better agreement
is found when the Bose-Einsten occupation factors corresponding to the dominant 4-phonon
decay process are included (solid lines). While this is only a crude approximation to the effects
of anharmonic decay on the Raman line width, it clearly suggests a substantial contribution of
higher-order decay channels in the case of h#-BN. The semi-empirical model outlined in Ap-
pendix B improves on the description of anharmonic decay channels by taking into account
the combined phonon density of states. The latter depends on the phonon frequencies and
therefore captures the effects of isotopic substitution. It should be emphasized that the semi-
empirical model, which suggests a strong contribution of the quartic anharmonicity, does not
allow a univocal determination of all adjustable effective potentials, as several combinations of

V;'~ and V' yield fits of similar quality.
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FIG. 7. (a) Temperature dependence of the FWHM of the E;lfggh Raman peak (open symbols) for the 1°BN,
BN and the natural composition i-BN sample. The solid lines are fits of the anharmonic phonon decay

model. (b) Temperature dependence of the EX8" phonon frequency (open symbols) for the 1°BN, !'BN

2g
and the natural composition #-BN sample. Solid lines are model fits to the data (see text). Dotted lines
indicate the thermal expansion contribution and dashed lines correspond to the anharmonic phonon

decay contribution.

In the case of N@'BN, the temperature dependence of the FWHM could be well described
by considering only the quartic term.!* The situation is radically different in BN following
the changes in phonon frequencies introduced by the lighter cation. Isotopic substitution in
19BN does not affect the frequency of the acoustic modes and increases the A, frequency in
a lower degree than the Egg,gh frequency. As a consequence, the E;;gh frequency is displaced to
the high-frequency side of a steep ridge of the combined two-phonon density of states of 1’BN.
Such steep ridge-like structures in the phonon density of states usually give rise to asymmetric
Raman line shapes.? If only the quartic anharmonic decay channel determined by Eq. (2) were
considered in the Raman line shape calculations for °BN, severely distorted asymmetric line
shapes would result. This is manifestly incompatible with the narrow, symmetric Lorentzian
line shapes measured in the Raman spectra of !°BN shown in Fig. 3. It turns out however that,
if a contribution of the 3-phonon anharmonic decay channel [Eq. (1)] is taken into account,

the asymmetry is largely compensated, and physically acceptable line shapes can be gener-
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TABLE I. Model parameters for the anharmonic phonon decay model used to fit the experimental data.
V;" and V; are the effective anharmonic coupling potentials for phonon sums and differences, respec-
tively. V" is the effective anharmonic potential for the quartic decay process. V, is the effective potential
for the 4-phonon scattering. T'y, is the contribution to the FWHM from residual impurities and defects

other than mass defects.

sample V2 |V 2 [Vi2 W Ty

(cm™2) (cm™2) (cm™2) (cm™!) (cm™)

BN 4.0 0.5 69 -275 13
NatgN 4.0 0.5 97 -258 38

HBN 4.0 0.5 10.1  -2.40 1.3

ated. As can be seen in Fig. 3, excellent model fits to the experimental Raman line shapes are
obtained even at higher temperature by including explicitly the 3-phonon anharmonic decay
channel in the 19BN calculations. Thus, the role of the 3-phonon anharmonic decay channel
is crucial to explain the Raman spectra of 1°BN. This enhanced role stems from the improved
frequency match and combined phonon density changes that result from 1°B isotopic substitu-
tion as discussed above. Although the alterations in the electron density distribution reported
in 19BN (Ref. 15) could have some minor effect on the anharmonic potentials V3+/ ~, which are
basically related to the third order derivatives of the total energy with respect atomic displace-
ments, these are not expected to change significantly from '°BN to !'BN. Then, the V;"/~ values
estimated for 1BN may be extrapolated to ! BN and natural compositon BN. In the latter, how-
ever, the effects of the 3-phonon decay channel are less important because of the reduction in

the combined phonon density of states associated with the phonon energy mismatch.

C. Temperature dependence of the EME" Jine width

2g

Information about the anharmonic phonon decay channels is basically contained in the
temperature dependence of the phonon line width. Figure 7(a) shows the temperature depen-
dence of the FWHM of the E;;’,gh Raman peak and the fit of the anharmonic phonon decay

theory [Egs. (B1) and (B2)] using the effective anharmonic potentials as free parameters. The
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values of the parameters used for the fit are listed in Table I. The increase of the EM8" pwHM

2g
with temperature is very similar for all three studied samples. For both isotopically pure crys-
tals a very low background impurity contribution (T';, ~ 1.3 cm ™) is found, indicating the high
crystalline quality of the samples. The residual impurity background is higher in the natural
composition sample (I';, ~ 3.8 cm ™).

Note that a higher value of 6.1 cm™!

was reported in Ref. 14 for the natural composition
h-BN. This is to be expected, as in Ref. 14 no account was specifically made for scattering by
mass fluctuation, and the isotopic disorder effects were generically incorporated into the back-
ground impurity scattering. The reduced value found in our present analysis, which specifi-
cally accounts for isotopic disorder, corresponds with the magnitude of the imaginary part of
the phonon self-energy reported in Fig. 4(a). However, the residual impurity background is
still significantly higher than the values obtained in isotopically pure samples. This might sug-
gest that the isotopic-disorder scattering rate is actually higher than the estimates that were
obtained from the perturbation theory analysis, possibly because of departure from true ran-
domness of the actual isotope distribution. Nonetheless, the isotopic-disorder-induced broad-
ening and the associated frequency shift are related by a Kramers-Kronig transformation, and
the frequency shift thus obtained is in excellent agreement with the observed frequency shift
[see Fig. 4 (c)]. Therefore, most probably the sizably larger value of I';, obtained for the natural
composition i#-BN sample truly reflects a higher concentration of point defects in the isotopi-
cally disordered lattice. This is presumably related to the use of a commercial h-BN ceramic
crucible for the growth of the natural composition sample, which resulted in a less clean h-BN
sample.

The value of the V," parameter, which accounts for higher order anharmonic interactions
not included in the cubic anharmonicity term, is similar for 1!BN and natural composition
samples but a slightly lower value is found for 1°BN. Since the isotopic change of phonon en-
ergies favors the 3-phonon decay channels in !°BN and the same cubic anharmonic potentials
have been used for all isotopic samples, a higher value of the V" in BN and natural composi-
tion samples is required to compensate the lower efficiency of the 3-phonon decay processes.
It should be stressed that V3+/ ~and V" are semi-empirical model parameters that describe the
temperature dependence of the Raman spectra and, while they are related to the actual anhar-
monic potentials (third- and fourth-order derivatives of the total energy), their values should

not be literally taken as a precise determination of the anharmonic potentials.
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FIG. 8. E.ish

29 phonon lifetimes at 80 K (filled symbols), room temperature (empty symbols), and 600 K

(half-filled symbols) for isotopically pure and natural composition samples. The red circles correspond
to the full phonon lifetime as obtained from the Raman line width and the blue squares indicate the
intrinsic phonon lifetime associated with anharmonicity and mass-disorder effects. Green diamonds
and green crosses are, respectively, experimental lifetime values and density functional theory estimates

reported in Ref.'.

In summary, the analysis of the temperature dependence of the Raman spectra of 1°BN re-
veals an enhanced effect of the 3-phonon anharmonic decay on the Raman line shape on ac-
count of the changes in phonon frequencies and density of states introduced by isotopic sub-
stitution. This allows an estimation of the strength of the third-order effective potentials which

gives a consistent description of phonon anharmonic decay in isotopically enriched samples.

D. Phonon lifetime

An estimation of the phonon lifetime 7 can be obtained from the Raman spectra using the

energy-time uncertainty relation as

1 1
_+_
T; Tp

n
Tp=—=h
T

) 3)

where I'g is the FWHM (in cm™!) of the Raman peak, 7; is the intrinsic phonon lifetime asso-
ciated with anharmonic decay and mass disorder, 7, is the inverse scattering rate associated
with background impurities, and 7 = 5.30885 x 107!2 cm™!s is Planck’s constant. Lifetime val-
ues (1) obtained from the Raman line widths after correction for the spectrometer bandwidth

are displayed as red circles in Fig. 8 for three different temperatures. The intrinsic phonon life-
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times 7; are indicated by blue squares. At 80 K the phonon lifetime 7 in the isotopically pure
crystals is slightly above 2 ps, ~ 2.7 times higher than in natural composition samples. As al-
ready discussed, this reflects the suppression of the mass-disorder scattering and the superior
crystalline quality of these samples. The intrinsic phonon lifetime 7; is as high as ~ 4.2 psin the
isotopically pure samples, strongly suggesting that higher phonon lifetimes would be in prin-
ciple feasible if better crystalline quality material with reduced background impurity could be
achieved. The growth of high-quality isotopically pure i-BN could thus be a viable route to ad-
dress the fundamental issue of optical losses in hyperbolic phonon-polariton applications and
sub-diffraction imaging. While the phonon lifetime values we find at room temperature are
only slightly higher than those reported in Ref. 10, our estimations of the intrinsic phonon life-
time 7, for isotopically pure /-BN are roughly a factor of two lower than the ab initio theoretical
prediction given in Ref. 10 (See Fig. 8). Thus, the expectations of achieving substantial polariton
propagation lengths by reducing background impurity concentration in i-BN, where group ve-
locity at which the polariton propagates can be exceptionally slow, appear to be more limited
than previously suggested.'? With increasing temperature, the phonon lifetime decreases and
the differences between the intrinsic phonon lifetime and the full phonon lifetime as well as

the differences between isotopically pure and natural composition samples are reduced.

E. Temperature dependence of the E;;gh frequency: the role of 4-phonon scattering

The anharmonic frequency shift associated with the observed temperature dependence of
the FWHM discussed in Sec. IV C is obtained by a Kramers-Kronig transformation of the imagi-
nary part of the anharmonic phonon self-energy. It turns out to be rather small and insufficient
to reverse the increase of E;légh frequency due to the in-plane negative thermal expansion. Both
contributions are plotted for the samples with different isotopic compositions in Fig. 7(b). The
anharmonic contribution (dashed line) is particularly smaller for BN on account of the more
important role that 3-phonon anharmonic decay processes play in the decay pathways com-
pared to 'BN and natural composition h-BN, as inferred from the FWHM analysis presented
in Sec. IVC.

Thus, the large E;’;,gh frequency decrease with temperature measured in all samples can only
be explained by considering a 4-phonon scattering anharmonic interaction, which yields a fur-

ther frequency shift that can be approximated by Eq. (B3). The effective anharmonic poten-
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tial V4 turns out to be negative because of the negative anharmonic coupling to the low-lying
E;%W interlayer shear mode.'* By fitting Eq. (B3) we obtain similar V, values for all samples (see
Table I) and an excellent agreement with the experimental temperature dependence data pre-
sented in Fig. 7(b). Comparable values of V; are to be expected for all isotopic compositions
because they are primarily determined by coupling to the low-lying modes typical of layered
crystals, and the frequency of these modes remains nearly unaltered upon isotopic substitu-
tion.

By taking into account all the relevant anharmonic effects as well as the effects of isotopic
disorder, a comprehensive understanding of the Egégh phonon in '1°BN, 'BN and natural #-BN
is achieved. The model not only describes accurately the temperature dependence of the fre-
quency and FWHM of the E;légh mode, but also the line-shape alterations observed for different
isotopical compositions and temperatures. As can be seen in Fig. 3, the theoretical line-shape
model that takes into account all contributions yields remarkably good fits to the experimental

Raman spectra.

V. CONCLUSIONS

An in-depth analysis of the Egégh

temperature has been presented and the interplay between the different effects that determine

phonon dependence on boron isotopic substitution and

the E;’;gh frequency and line width has been elucidated by detailed modeling.

Isotopic-disorder-induced elastic scattering accounts for the significantly higher Egg,gh line
width in natural composition #-BN compared with isotopically pure samples. A substantial in-
crease in phonon lifetime by nearly a factor of 3 is observed in isotopically pure samples. Our
data suggests that further increase in lifetime should be possible if background impurity con-
centration could be reduced. Whereas for the isotopically pure samples the Eg;,gh frequency
scales with the inverse square-root of the reduced mass, for the natural composition sample it
shows a departure from the linear dependence on reduced mass. Both the sign and the magni-
tude of such a departure are accurately predicted by our perturbation theory model of isotopic
mass-disorder effects.

The effect of the anomalous in-plane negative thermal expansion of the laminar /-BN crys-
tal has been carefully studied in the quasi-harmonic approximation. While the isotopic substi-

tution effect on the thermal shift of the Eg ;’,gh frequency is negligible, thermal expansion pro-
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duces a sizable blueshift of the E;;’,gh

the experimental frequency downshift of the E;légh Raman peak with increasing temperature.

mode with temperature. This is in stark contrast with

The latter is explained by the dominant contribution of the 4-phonon scattering anharmonic

interaction, which is found to be of similar strength for all isotopic compositions.

The impact of isotopic substitution on the anharmonic decay channels has been investi-
gated. DFT calculations reveal that 9B isotopic substitution in i-BN yields an upward shift of
the phonon bands which is most marked in the high energy optical modes, whereas the acous-
tic modes show very little sensitivity to isotopic substitution throughout the Brillouin zone. The
uneven shift of the phonon bands has implications on the phonon anharmonic decay channels,
which for 19BN include a relevant decay path into two phonons that has a more prominent role
than in "' BN and natural composition BN because of its closer phonon energy match. The in-
fluence of this 3-phonon anharmonic decay channel is key to explain the symmetric Raman
line shape observed in the experiments on the 1°BN crystal. This constitutes the first demon-
stration of the isotope tuning of the phonon anharmonic decay in layered compounds arising
from the small sensitivity to isotopic substitution of the acoustic and shear modes. These ef-
fects in isotopically enriched h-BN open the possibility of exploring isotope substitution in

other layered compounds for phonon lifetime engineering.
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Appendix A: Thermal expansion in the quasi-harmonic approximation

In the quasi-harmonic approximation, the Helmholtz free energy of a #-BN crystal with lat-
tice parameters {a;} = a, c contains a contribution from the elastic energy associated with the

strain field produced by the thermal expansion and a temperature-dependent contribution due
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to phonons:

F({a;}, T) = E(0,0) + %VOKijeiej + Fip({ai}, T). (AD)

Here, E(0,0) is the ground state total energy at zero temperature, Kj; is the elastic modulus
tensor, and €; = (a; — a?)/ a? is the elastic strain at temperature 7.
The phonon contribution to the Helmholtz free energy corresponding to a canonical en-

semble of harmonic oscillators is given by>?

1
Fep(ai}, T) = =) hogj(a;})
2 q,Jj

(A2)
+ kB TZII]
qj

1 —exp (_ hwq,j({ai}))],

kT

where kg is the Boltzmann constant, 7z is the Plank constant, wg, ; is the phonon frequency, and

the sum is over all phonon wave vectors q and all phonon branches j.

The equilibrium lattice parameters at any temperature can be obtained by minimization of

the Helmholtz free energy:

— = VOKijej + a— =0. (A3)
j i

By multiplying Eq. (A3) by the elastic compliance tensor S;; = (K™!);; we obtain

1 OF vib
€, =——Sij , A4
i Vo ij 06']' (Ad)
and then the thermal expansion coefficients are given by
O¢€; Sij 0°Fy
aj=—| =-4LZ_vib (A5)

~ 0T lo=0 Vo 0T0¢;’

Substituting Eq. (A2) into Eq. (A5), the thermal expansion coefficients in the anisotropic uniax-

ial crystal can be expressed as®*

k
Q=23 Eesch?(@) (S + S$12)Ya(a, /) (A6)
0 qj
+ S137c(q, j)I
k
ac= 73 Y E2esch?(8) (28317 a(q, ) + S337¢(q, )] (A7)
0 qj

where we have introduced the Griineisen parameters y 4, (q, j) = —(a; 0/ wq;)(Owq;/0a;), and

€ = hwg;/12kp T,
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Appendix B: Perturbation theory of anharmonic decay

Perturbation theory of anharmonic phonon decay has been amply discussed in the litera-
ture and has been examined in detail for h-BN (see Ref. 14 and references therein). We give
here only the most relevant expressions that will be used to analyze our data.

The renormalization of the phonon energy due to anharmonic phonon-phonon interac-
tions is described by the complex phonon self-energy I1(q, j;w) = A(q, j;w) + i['(q, j;w). To the

lowest order in perturbation theory, the imaginary part of the phonon self-energy is given by
L(w) = V3 P(L+ m + n2)p™ (@) +1Vy [P (2 = m)p~ (), (B1)

with p™ () and p~ (w) the two-phonon sum and difference DOS, and V;" and V; the effective
third-order anharmonic potentials for decay into phonon sums and phonon differences, re-
spectively. n; and n, are the Bose-Einstein factors for the phonons involved in the phonon
sum or phonon difference. The first term in Eq. (B1) describes the decay of a phonon into two
lower frequency phonons of opposite wave vectors, and the second term corresponds to the an-
nihilation of the phonon and the creation of a higher energy phonon. Higher-order processes

involving four phonons can be approximated by the following term!”:

T (w) ~ 1V} A {[n]) + 11 [nw]) + 1[n@}) +1]

- n(wy)n(w;)n(w;)ip" (@-wy)
. (B2)
+1V, P{ln()) +1[n(w;) + 1n(w;)

—n(wi)n(w,)[nlws) +11}p (0 -w;),

where w; is the frequency of a zone-center mode and w», w3 are the frequencies of opposite
wave-vector phonon modes satisfying energy conservation.

The most likely decay channels can be readily identified by inspection of the phonon disper-
sion plot calculated by DFT. Then, the imaginary part of the phonon self-energy can be evalu-
ated by means of Egs. (B1) and (B2) using the two-phonon density of states obtained from the
DFT calculations, with the effective anharmonic potentials as adjustable parameters. The real
part of the phonon self-energy is obtained from a Krammers-Kronig transformation of Egs. (B1)
and (B2). A further, purely real contribution to the phonon self-energy arises from a first-order
loop diagram that describes the scattering between the zone center phonon under considera-

tion and a pair of opposite wave-vector phonons. This process yields an additional frequency
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shift that can be approximated by'*
AS(T) = V® f do[n(w, T) - n(w, To)lp(), (B3)
0

where VS is an effective phonon scattering constant, n(w, T) is the Bose-Einstein occupation
factor, and p(w) is the phonon density of states.
The Raman line shape of the renormalized phonon is given by

I'w)

O o T A+ M) P + T@)?

(B4)

where wy is the bare phonon frequency and A is the thermal expansion shift. Note that, in the
limit of slowly varying I'(w), the FWHM of the Raman line shape corresponds to two times the

imaginary part of the phonon self-energy.

Appendix C: Isotopic-disorder-induced phonon self-energy

The isotopic-disorder-induced elastic scattering causes a phonon renormalization deter-
mined by the phonon self-energy Ijs, = Ajso + il'iso. The imaginary part of the self-energy is
related to the isotope-disorder-induced scattering rate as (27 CTigo) ! = 2Tg0. A crystal with

isotopic atoms randomly distributed on the sublattice x is characterized by the mass variance
g) =Y Ci[l— (M;/{M))?, (CD)
i

where M; is the isotope mass, C; its relative abundance, and (M) is the average mass. The
scattering rate for such a crystal was calculated by S. Tamura to be3?

T N jqw) =

i 2 —u'.
2Na)j(q) ];1/5[(0 w;(q)]

(C2)
x Y gole* (x1j'q)-elx| jq).

Here N is the number of unit cells and e(k|1 jq) is the orthonormal eigenvector of the sublattice
x of the phonon with wave vector q in the j branch. In crystals with cubic symmetry Eq. (C2)
can be simplified by recognizing that vibrations polarized along three orthogonal directions are
equivalent by symmetry. Then, the scattering rate is described by the squared amplitudes of
the initial phonon multiplicated by the projected phonon density of states.?”33 This simplified

approach cannot be applied in the case of lamellar crystals because of the strong anisotropy
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between in-plane vibrations and vibrations polarized along the c-axis. Therefore, the full ex-

pression Eq. (C2) must be retained to correctly describe isotopic disorder in this type of crystals.

Once the imaginary part of the phonon self-energy is obtained by evaluation of Eq. (C2)

using the eigenvectors provided by the ABINIT code, the real part can be readily determined

through a Kramers-Kronig transformation
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