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The elastic constants of high-quality, single-crystal hexagonal boron nitride (h-BN) have been mea-

sured by means of high resolution Brillouin spectroscopy using a modified reflected light micro-

scope. The sound propagation velocity in the c-axis direction and perpendicular to the c-axis have

been obtained from the Brillouin frequency shift, with a proper account taken of the vast difference

between the ordinary and extraordinary refractive indices recently reported in the highly anisotropic

layered h-BN crystal. The elastic constants c11 and c33 obtained from the Brillouin experiments are

somewhat lower than previous determinations based on inelastic x-ray measurements and confirm

the overestimation of the h-BN elastic constants by ab initio calculations based on density functional

perturbation theory in the local density approximation. Published by AIP Publishing.
https://doi.org/10.1063/1.5019629

Hexagonal boron nitride (h-BN) is a layered compound

that is emerging as a key material in the development of novel

optoelectronic and electromechanical components in micro-

and nanoscale devices. On the one hand, h-BN is a wide

bandgap van der Waals crystal with a high thermal conductiv-

ity which displays an in-plane lattice constant similar to that

of graphene. This makes it possible to form van der Waals

stacked heterostructures and take advantage of the unique

dielectric and thermal properties of h-BN for insulation and

thermal management of 2D-material-based devices.1 On the

other hand, h-BN nanotubes2 can be synthesized by a variety

of methods, including chemical vapor deposition. Owing to

their mechanical properties, high thermal conductivity and

high-temperature oxidation resistance, they have great poten-

tial as electromechanical components in micro- and nanosys-

tems,3 hardened structural composites, and energy-absorbing

and radiation-protective composites for aircrafts.4

In electrically insulating materials, the low-temperature

thermal conductivity is determined by the lattice dynamics

of acoustic phonons, which is closely related to the elastic

moduli.5 Despite the large technological interest of h-BN

that is connected with its elastic properties, only a few exper-

imental works on the elastic moduli can be found in the liter-

ature. The available data show a large scatter, most probably

related to the poor quality of the pyrolytic5 or sputtered6

h-BN samples used in the previous studies. The thermal and

elastic properties of pyrolytic boron nitride strongly depend

on the sample morphology, namely, on the in-plane crystal-

lite size and the point-defect distribution.5 Theoretical calcu-

lations based on anisotropic elasticity theory showed that the

strain energy density for a biaxially strained h-BN single

crystal is minimized when the basal plane is tilted roughly

half-way between the substrate surface and the plane normal.7

This differs from the experimental observation of basal h-BN

planes being perpendicular to the film plane in turbostratic

BN,8 and the primary role of plastic deformations in determin-

ing the film texture was suggested.7 More recent studies of h-

BN thin films deposited by RF magnetron sputtering reported

polycrystalline films with the c axes of the crystallites ran-

domly oriented parallel to the film plane and amorphous grain

boundaries.6 The dispersion of surface acoustic waves in

Brillouin scattering experiments on such thin films revealed

an elastic anisotropy. The modulus for in-plane directions was

stiffer than for the direction perpendicular to the film, but the

anisotropy was significantly lower than that expected from a

hexagonal layered structure. More recently, the elastic moduli

of single-crystalline h-BN were experimentally determined

from inelastic x-ray scattering measurements.9 These mea-

surements revealed discrepancies with theoretical ab initio
calculations of the elastic moduli,10 particularly regarding the

in-plane stiffness (c11 elastic constant).

Here, we present high-resolution Brillouin scattering mea-

surements performed on high-quality h-BN single-crystals that

provide an experimental direct optical determination of the

acoustic-wave velocities along the c-axis and perpendicular to

the c-axis. High quality h-BN single crystals were synthesized

at 4.5 GPa and 1500 �C using barium boron nitride as a solvent

in the modified belt-type high-pressure and high-temperature

apparatus.11 The samples were platelets of a few mm in the lat-

eral dimensions and a thickness of a few hundred lm. Because

of the size and shape of the h-BN samples, high resolution

Brillouin spectroscopy was performed with the aid of an in-

house modified reflected light Olympus BX51 microscope

with a �50 SLMPlan Olympus objective. Brillouin spectra

were recorded in the backscattering configuration using a

Sandercock 3þ 3 pass tandem Fabry-P�erot interferometer.12

The mechanical shutter of the Sandercock spectrometer was

a)On leave at the Ioffe Institute St. Petersburg, Polytekhnicheskaya 26, St.

Petersburg 194021, Russia
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set to block the specular reflected light. The light source was

a diode-pumped solid state laser operating at a wavelength

of k0 ¼ 532 nm. By using the microscope, Brillouin scatter-

ing measurements could be performed on the (0001) crystal-

lographic plane and on a lateral facet perpendicular to it.

Brillouin scattering measurements were carried out at sev-

eral spots on three different h-BN samples, and within exper-

imental error, the same results were consistently found.

In micro-Brillouin spectroscopy, it is only possible to

use backscattering geometry. In the backscattering geometry,

the selection rules favor the longitudinal mode, and unless

significant light depolarization occurs, no coupling with the

acoustic shear modes takes place.13 Brillouin scattering pro-

vides information about the acoustic phonon branches at a

given wave vector. The acoustic wave vector for backscatter-

ing geometry is

qb ¼
4pn

k0

; (1)

where n is the refractive index. The hypersonic sound propa-

gation velocity can be calculated from the measured Brillouin

frequency shift fB as

v ¼ 2pfB
qb

: (2)

Thus, using Eq. (1), the hypersonic velocity can be written as

v ¼ fBk0

2n
: (3)

The elastic moduli c11 and c33 can then be determined from

the propagation velocity of the longitudinal acoustic (LA)

modes along the [100] and [001] directions, respectively, as

c11 ¼ qv2ðLA½100�Þ and c33 ¼ qv2ðLA½001�Þ. Here, q ¼ 2:28

g cm�3 is the h-BN density as obtained from the lattice

parameters determined by x-ray diffraction.9,14

As can be seen from Eq. (3), in backscattering geometry,

the hypersonic velocity depends heavily on the refractive

index. Therefore, to extract reliable values of the sound veloc-

ity and the elastic moduli, a good knowledge of the refractive

index is necessary, particularly in strongly anisotropic crys-

tals, in which the ordinary and extraordinary refractive indices

may substantially differ. Recent optical transmission measure-

ments have revealed that h-BN displays a giant optical anisot-

ropy, with the values of the refractive index of no ¼ 2:304

and ne ¼ 1:60 for the ordinary and extraordinary rays, respec-

tively, at k0 ¼ 532 nm.15 The precise determination of the

refractive index of h-BN is fundamental to extract accurate

values for the in- and out-of-plane sound velocities and elastic

moduli.

Figure 1 shows the micro-Brillouin spectrum obtained

from a flat-shaped platelet of h-BN corresponding to the

(0001) crystallographic plane (inset). The red arrow indicates

the polarization direction of the incident laser beam. In back-

scattering geometry, the micro-Brillouin spectrum corre-

sponds to the LA mode along the c-axis direction, the

commonly called ZA mode.16 Therefore, it yields informa-

tion about the out-of-plane sound propagation velocity and

the c33 elastic constant. In this case, the refractive index

involved is the ordinary ray index, i.e., for light polarization

contained in the (0001) plane. From the measured Brillouin

frequency shift, using Eq. (3) and the ordinary refractive index

no ¼ 2:304, the hypersound propagation velocity in the c-axis

direction was determined to be vk ¼ 3279617 m s� 1, and the

corresponding elastic constant is c33 ¼ 24:560:2 GPa.

Figure 2 shows the micro-Brillouin spectrum obtained

on a lateral facet of the h-BN platelet. The contrast-enhanced

image in the inset reveals the laminar morphology perpen-

dicular to the c-axis in these facets. The micro-Brillouin

spectrum was recorded with the incident laser polarization

parallel to the c-axis, as depicted by the red arrow in the

FIG. 1. High resolution Brillouin backscattering spectrum of the h-BN sam-

ple on a (0001) facet. In this configuration, the acoustic wave vector is paral-

lel to the c-axis. Lorentzian line shapes (red lines) were fitted to the

experimental data to accurately obtain the spectral frequency shift of the

Brillouin peak. The inset shows the optical microscopy image of the (0001)

platelet. The red arrow indicates the polarization direction of the incident

light, and the green circle is the region probed by the Brillouin scattering

measurements.

FIG. 2. Same as in Fig. 1 for a crystallographic plane perpendicular to

(0001) (lateral facet). In this configuration, the acoustic wave vector lies

within the a,b crystallographic plane. The contrast-enhanced optical micros-

copy image shown in the inset reveals a laminar morphology perpendicular

to the c-axis. In the inset, the region probed by the Brillouin scattering mea-

surements and the polarization direction of the incident light are indicated

by the green circle and the red arrow, respectively. The blue arrows indicate

the crystallographic directions.
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inset, where the probed scattering volume is indicated by the

green circle. In this geometry, the wavevector involved in

Brillouin scattering [Eq. (1)] is determined by the extraordi-

nary refractive index ne ¼ 1:60. The relevant modes in this

configuration are the in-plane LA modes, which are much

stiffer than the interlayer ZA modes, and therefore, a much

higher hypersound propagation velocity is expected. From

the measured Brillouin frequency shift, Eq. (3) yields the

hypersound propagation velocity perpendicular to the c-axis

direction v? ¼ 18595:66108 m s� 1, and the corresponding

elastic constant is c11 ¼ 788:469 GPa.

A comparison between our Brillouin scattering results

and the experimental and theoretical determinations of the

c11 and c33 elastic constants found in the literature is given in

Table I. The elastic moduli obtained from the Brillouin scat-

tering experiments are in good agreement with the set of

elastic moduli reported by Bosak et al.,9 which were esti-

mated in a self-consistent way from inelastic x-ray scattering

data. The c11 value we find is only �3% lower than the value

obtained in Ref. 9. These c11 values are in contrast with theo-

retical predictions of the elastic moduli based on density

functional perturbation theory (DFT) in the local density

approximation (LDA), which heavily overestimate the c11

elastic constant by �20%. The c33 elastic constant is also

overestimated by the theoretical calculations, and our

Brillouin results are �10% lower than those of Bosak et al.9

This elastic constant, which is related to the weak interlayer

bonding, is probably more sensitive to the sample prepara-

tion conditions, as it was found to vary significatively in

pyrolytic samples with different interlayer spacings.5

The longitudinal-wave elastic constant was measured in

polycrystalline cubic (c-BN) and wurtzite-type BN (w-BN)

by picosecond ultrasound spectroscopy.18 The elastic con-

stants are similar in both phases, and they were found to be

945 and 930 GPa for c-BN and w-BN, respectively. These

values are in good agreement with DFT calculations in the

LDA approximation.18 The in-plane elastic modulus mea-

sured in layered h-BN is sizably lower than that of c- and

w-BN. This is in contrast with ab initio calculations in the

LDA approximation, which yield values closer to those

found in c- and w-BN. Furthermore, the elastic anisotropy of

h-BN is remarkably high, with an in-plane/out-of-plane elas-

tic modulus ratio of c11=c33 � 32. This is to be compared

with much lower values reported in other layered materials

in which the layers are also weakly bound by van der Waals

interactions. For instance, the elastic modulus anisotropy

ratio is 3.2 in GaS19 and 4.6 in MoS2.20 This fact, together

with the giant optical anisotropy recently reported,15 singles

out h-BN as one of the most heavily anisotropic materials in

the family of 2D-like van der Waals crystals which form the

building blocks for novel atomically thin flexible electronics.

A better understanding of the effect of the interlayer van der

Waals interactions on the overall elastic properties of h-BN

that goes beyond the local DFT description should be desir-

able. Hybrid functional calculations properly including van der

Waals interactions and screening have been used in other lay-

ered compounds21 and could possibly provide a better account

of the great anisotropy observed in the layered h-BN crystal.

In summary, we have measured the hypersound velocity

and the elastic constants of h-BN in the c-axis direction and

in the plane perpendicular to the c-axis by performing high

resolution Brillouin backscattering experiments on a high-

quality single crystal. The direct optical determination of the

c11 and c33 elastic constants, taking into account the giant

optical anisotropy of h-BN, yields values slightly lower than

previous determinations based on x-ray inelastic scattering.

These experimental results confirm that the elastic moduli of

h-BN are clearly overestimated by existing local ab initio
calculations. Therefore, an improvement of the description

of weak van der Waals interactions in h-BN appears to be

necessary to achieve a better accord of the theory with the

observed elastic properties.
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