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Abstract

We investigate the highly anisotropic behavior of the in-plane and out-of-plane infrared-

active phonons of h-BN by means of infrared reflectivity and absorption measurements

under high pressure. Infrared reflectivity spectra at normal incidence on high quality single

crystals show strict fulfillment of selection rules and an unusually long E1u(TO) phonon life-

time. Accurate values of the dielectric constants at ambient pressure ε⊥0 = 6.96, ε⊥∞ = 4.95,

ε
∥

0 = 3.37, and ε
∥
∞ = 2.84 have been determined from fits to the reflectivity spectra. The out-

of-plane A2u phonon reflectivity band is revealed in measurements on an inclined facet,

and absorption measurements at an incidence angle of 30◦ allow us to observe both the A2u

TO and LO modes. Pressure coefficients and Grüneisen parameters for all infrared-active

modes are determined and compared with ab-initio calculations. While Grüneisen param-

eters are generally small in this layered crystal, the A2u(TO) displays an exceptionally large

and negative Grüneisen parameter that results in a widening of the type I hyperbolic region

with increasing pressure. The softening of the A2u(TO) mode is induced by a dynamical

buckling of the flat honeycomb layers.
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Introduction

Hexagonal boron nitride (h-BN) is attracting a great deal of attention in the emerging field

of two-dimensional atomic crystals and van der Waals heterostructures.1 Given its atomically

smooth surface that is relatively free of dangling bonds and its lattice constant similar to graphene,2

h-BN gained prominence as an excellent substrate for graphene electronics3 and has become

an essential building block for dielectric interfaces in atomically thin van der Waals stacked

heterostructures.4 The promising applications of h-BN have spurred the research of its basic

physical properties. It has been recently shown that h-BN is an indirect bandgap semiconduc-

tor5 that displays a rich structure of phonon-assisted emission owing to its distinctive electronic

structure.6

On the other hand, the extreme optical anisotropy of h-BN7 results in optical hyperbolic

behavior8 in the mid-infrared (MIR), where the permittivities along orthogonal axes have op-

posite signs. This makes h-BN a low-loss natural hyperbolic material with great potential to

confine and control slow-light phonon-polariton modes at the nanoscale,9–11 which opens ex-

citing avenues for nanophotonic applications of novel optical phenomena, such as subdiffrac-

tional focusing and multi-mode waveguiding.9 h-BN is particularly well suited for these appli-

cations because of the low optical losses of phonon polaritons, the strong and broad phonon

resonances in the technologically relevant MIR spectral region, and the concurrence of Type I

and Type II hyperbolic response in the same material. Subdiffractional Type I and Type II hyper-

bolic polaritons confined in all three dimensions with high quality factors have been recently

reported in h-BN.10

Phonon-polariton propagation length is essentially limited by the phonon-polariton life-

time, which is on the order of the optical phonon lifetimes.12 h-BN being a centrosymmetrical

crystal, its optically active phonons are either Raman or infrared (IR) active. The Raman-active

optical phonons (E2g symmetry) have been investigated in detail in high-quality single crys-

tals by means of Raman scattering.13,14 Quite recently, the availability of high-quality isotopi-

cally purified h-BN crystals has allowed the demonstration of a threefold increase of phonon-
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polariton lifetime in isotopically pure samples.15 This milestone, together with the outstanding

applications of boron 10 in solid-state h-BN neutron detectors,16 have newly triggered a num-

ber of basic research works on isotopic effects on the phonons of h-BN.17–20

Given the topical interest of IR-active modes in phonon-polariton applications, early studies

of the IR-active modes (in-plane E1u and out-of-plane A2u modes) performed on pyrolytic h-BN

are highly cited.21 However, in those studies, the IR reflectivity spectra exhibit two reststrahlen

bands for each direction of polarization (E ∥ c or E ⊥ c).21 This clearly indicates the polycrys-

talline nature of the pyrolytic samples used, which probably had a poor crystallinity and a large

variation of the basal plane orientations. As a result, selection rules for E ∥ c and E ⊥ c polar-

izations were not fulfilled, and the dielectric function anisotropy was largely underestimated.7

Considering the central role of the IR-active phonons in limiting the phonon-polariton propa-

gation length and the availability today of high-quality h-BN single crystals, we have revisited

the polar phonons and dielectric properties of h-BN and we study the anisotropic pressure de-

pendence of the in-plane and out-of-plane IR-active modes up to 10 GPa. Accurate measure-

ments of the IR-active phonons of h-BN are of great interest to assess the ultimate performance

of phonon-polariton devices, as phonon-polariton lifetimes are usually estimated from Raman

measurements of the E2g mode,15 while the polaritons actually couple to the IR modes.

Early ab-initio calculations predicted a strongly anisotropic compression of the lamellar h-

BN crystal.22 Hydrostatic pressure mainly reduces the distance between the hexagonal layers

and has relative little effect on the bond length in the layers. As a result, the optical modes with

polarization vectors within the plane exhibit small, positive Grüneisen parameters, whereas the

TO modes between 600 and 800 cm−1 and polarization vectors perpendicular to the basal plane

have negative Grüneisen parameters.22 The A2u(TO) modes induce a dynamical buckling of the

flat honeycomb sheets which becomes easier under compression and has been proposed as a

lattice instability that can lead to a phase transition in analogy with the graphene to diamond

transition.22 Detailed x-ray scattering experiments have revealed the pathway for the formation

of sp3 bonding in cold-compressed h-BN, which involves the direct bonding of atoms in the c-
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axis direction and a buckling deformation of the hexagonal layers.23 More recently, an allotropic

structure of carbon (Z-carbon) has been identified in cold-compressed graphite which results

from a combination of sliding an buckling of the graphene sheets.24 Thus, buckling mecha-

nisms play an ubiquitous role in the stability of lamellar crystals. In this work, we use IR mea-

surements under oblique incidence to gain experimental access to the out-of-plane polarized

A2u mode. This allows us to investigate the impact of the buckling mechanism on the pressure

dependence of this mode, which is expected to be enhanced by polar interactions in the h-BN

lattice.

Experimental and Modeling Methods

High quality h-BN single crystals were synthesized at 4.5 GPa and 1500 ◦C using barium boron

nitride as a solvent in a modified belt-type high-pressure and high-temperature apparatus.25

Samples of thickness ranging from 5 to 500µm were cleaved from h-BN single crystalline platelets.

Optical measurements to determine the refractive index dispersion were performed in the

near-infrared (NIR), visible, and ultraviolet (UV) range using a home-made microscopic bench

with deuterium and halogen lamps, reflecting objectives, and several multichannel spectrom-

eters to cover the 15000–45000 cm−1 spectral range. Optical measurements in the MIR range

(450–4000 cm−1) were performed by means of Fourier Transform Infrared Spectroscopy (FTIR)

using an Interspectrum TEO-400 Michelson interferometer module coupled to a non-commercial

all-reflecting microscope optical bench and a 22-µm HgCdTe detector.26

Measurements under pressure were performed in a membrane diamond anvil cell (DAC)27

equipped with type-IIac diamond anvils. KBr was used as pressure transmitting medium (PTM).

Pressure was determined using the ruby linear scale.28,29 Methanol-ethanol-water (16:3:1) and

KBr were used as PTM in the NIR-visible and MIR ranges, respectively. While the first PTM is

known to be hydrostatic in the whole pressure range explored here,30 it has been reported that

KBr can give rise to non-hydrostatic tensions.31 We have checked the pressure distribution in
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Figure 1: Atomic motions of the out-of-plane (A2u) and in-plane (E1u) infrared-active modes

of h-BN. The arrows represent the eigenvectors obtained from ab-initio calculations. Atomic

species are indicated on the atoms of the unit cell.

the KBr charged DAC chamber by using several ruby bills. With the hydrostaticity criteria de-

fined in Ref. 30, KBr shows a better behavior than silicone oil up to 10 GPa. Normalized trans-

mittance and reflectance spectra were obtained by dividing the spectra by a reference spectrum

measured through the empty DAC.

Density functional theory (DFT) calculations were performed in the local density approxi-

mation (LDA) using the ABINIT code.32 Troulliers-Martins pseudopotentials in the Teter-Pade

parametrization were employed. Integration over the Brillouin zone was carried out using a

9×9×4 Monkhorst-Pack grid, with an energy cut-off of 70 Hartree. The LDA approach yields

a good description of h-BN phonon frequencies and their pressure dependence. As a further

test to check the applicability of the present LDA calculations to model the lattice dynamics in

h-BN, we have calculated the bulk modulus. We find B = −V0(∂P/∂V ) = 26.6 GPa, in excellent

agreement with the value of 25.6 determined by inelastic x-ray scattering.33

Results and discussion

In-plane and out-of-plane infrared-active phonons

The atomic motions of A2u and E1u IR-active phonons of h-BN are illustrated in Figure 1. Both

modes are odd under inversion symmetry, and there is a net displacement between anions
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Figure 2: (a) Reflectance spectrum at normal incidence with E ⊥ c. The dotted line is the re-

flectance spectrum calculated by fitting the model dielectric function [Eq. (1)] taking into ac-

count the back side reflection. (b) Reflectance spectra at normal incidence on a specular facet

at an angle θ ∼ 38◦ relative to the c face. The blue and red solid lines are the spectra obtained

in p- and s-polarization. The dotted line is the reflectance spectrum calculated by fitting the

model dielectric function given by Eq. (2) with θ = 38◦.

and cations in the unit cell that induces a dipole moment along the c direction or along an

in-plane direction, respectively. The E1u mode involves in-plane vibrations of boron and nitro-

gen atoms against each other, and therefore it probes the strong covalent bond, which yields a

high phonon frequency. In the A2u mode, the vibrations of boron against nitrogen take place

between atoms in adjacent layers and are along the c direction. The atomic motions involve

a dynamical buckling of the flat honeycomb layers, so that, unlike the E1u mode, the covalent

boron-nitrogen bonds of the honeycomb structure do not lie strictly in the basal plane. This

dynamical deformation introduces a component of covalent bond stretching in the restoring

force along the c direction, which results in the A2u modes lying in an intermediate frequency

range. The buckling of the sheets tends to release the in-plane strain under compression, and,

as we shall see later, it lends the A2u phonon its singular pressure dependence.

Dielectric properties at ambient pressure

Figure 2 displays the reflectance spectra in the MIR range at normal incidence on a c face with

E ⊥ c (a) and on a sample with a specular facet at an angle θ ∼ 38◦ for s- and p-polarization
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(b). In contrast to the results reported in Ref. 21, a single reststrahlen region associated with

the E1u phonon is observed at normal incidence on a c face, in agreement with symmetry se-

lection rules. Reflectance measurements at normal incidence performed on an inclined facet

exhibit an intense additional band at lower wavevectors in p-polarization which is completely

extinguished in s-polarization. The c component of the electric field in p-polarization enables

the coupling to the A2u phonon, which involves atomic motions along the c direction. The re-

flectance spectrum is modeled by taking into account the contribution of the polar modes to

the dielectric function

εi (σ) = εi
∞+ (εi

0 −εi
∞)

σ2
i

σ2
i
−σ2 − iΓiσ

, (1)

where i =∥,⊥ denotes light polarization parallel or perpendicular to the c axis, εi
0 is the static di-

electric constant, εi
∞ is the electronic contribution, and σi and Γi are the frequency and damp-

ing of the transverse polar optical mode that couples to light [E1u(TO) and A2u(TO) for i =⊥

and ∥, respectively].

The sample reflectance at normal incidence can be calculated using Eq. (1) for ε⊥(σ) in the

model of a dielectric slab between two different media developed by Heavens.34 A fit to the re-

flectivity spectrum for polarization perpendicular to the c axis yields ε⊥0 = 6.96 and ε⊥∞ = 4.95,

in good agreement with the results reported by Geick et al. in pyrolytic h-BN.21 However, we

find a substantially smaller damping parameter Γ⊥ = 4 cm−1 compared to the value of Γ⊥ = 29

cm−1 reported in Ref. 21. Such a small value of Γ⊥ indicates an unusually long lifetime of the

E1u phonon mode, much longer than that of the Raman-active E2g mode.18 A similar situation

is found in graphite, where the line widths for the IR-active E1u and Raman-active E2g phonons

were reported to be 4.2 and 12.9 cm−1, respectively.35 This implies that the ultimate phonon-

polariton propagation length in h-BN may be longer than the expected values that are usually

estimated from the Raman-active E2g phonon lifetime.15 The periodic oscillations in the re-

flectivity that are clearly visible in Fig. 2 (a) arise from multiple reflections in the d = 13.5-µm

thick sample. Very accurate values of the refractive index n⊥(σ) at the reflectance minima can

be obtained from the interference condition.7
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Coupling to the c-polarized A2u mode occurs in normal-incidence reflectance measure-

ments on an inclined face in p-polarization on account of the c component of the electric field

[see inset of Fig. 2(b)]. Then, the reflectance spectra displays a strong resonance in the fre-

quency range of the A2u phonons. The s- and p-polarization reflectance spectra are shown

in Fig. 2(b). They strictly fulfill the selection rules, showing only the reststrahlen band of E1u

phonons in s-polarization and both E1u and A2u reststrahlen bands in p-polarization. The

normal-incidence reflectance in the p-polarization configuration on the inclined face (at an

angle θ to the c axis) can be calculated from the effective dielectric function36

1

εθ(σ)
=

cos2θ

ε⊥(σ)
+

sin2θ

ε∥(σ)
. (2)

Using the model dielectric function given by Eqs. (1) and (2), a good fit to the experimental

reflectance spectrum is obtained for θ = 38◦, σ∥[A2u (T O)] = 767 cm−1, ε
∥
∞ = 2.84, and ε

∥

0 = 3.37.

These values of the dielectric constants are significantly lower than those reported in pyrolytic

samples.21 Note that the values of the dielectric constants can be obtained to a high accuracy

by reproducing the frequencies at which the interference maxima and minima are observed

in the reflectance spectra. Therefore, the precision of the measurement is determined by the

high resolution of Fourier Transform IR spectroscopy. Our results are in good agreement with

theoretical predictions37,38 and truly reflect the high anisotropy of the h-BN crystal, which was

reported to exhibit the highest birefringence in a bulk crystal through the MIR to UV range.7

Recent determinations of the dielectric tensor in nanometer-thin layers of h-BN by near-field

imaging have also revealed highly anisotropic optical responses in the visible region at 632.8

nm.39
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Figure 3: (a) Experimental values of the refractive index for polarization perpendicular to the

c axis obtained from the interference pattern of the transmission spectra (filled dots) at several

pressures from ambient pressure (AP) up to 9.9 GPa. Solid lines are fits of a modified Phillips-

van Vechten model with an additional excitonic term. (b) Pressure dependence of the static

(squares) and electronic (diamonds) dielectric constants for polarization perpendicular to the

c axis extracted from model fits to the refractive index data. Dashed lines are linear fits to the

data. Dotted lines are theoretical results obtained from DFT calculations.

Dielectric properties under high pressure

Pressure dependence of the dielectric constant

The pressure dependence of the refractive index for light polarization perpendicular to the c-

axis, n⊥, was determined from the pressure evolution of the interference maxima of the trans-

mittance spectra. Once the interference order K and the sample thickness d are unambigu-

ously determined at ambient pressure, the refractive index at a given pressure P and wave-

length λK (P ) is obtained from the constructive interference condition 2n⊥(P )d(P ) = KλK (P ),

assuming that the sample thickness decreases with P according to the pressure dependence of

the c lattice parameter. The latter was evaluated from DFT calculations, which yield results in

excellent agreement with x-ray diffraction data.40

The values of the refractive index for polarization perpendicular to the c axis determined

from the interference maxima in the NIR-UV region are shown in Fig. 3(a) for several pressures
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Figure 4: (a) Reflectance spectra at normal incidence with E ⊥ c for increasing pressure. The red

line is the model dielectric function fitted to the reflectance spectra. (b) E1u(LO) and E1u(TO)

phonon frequencies as a function of pressure determined from the reflectance spectra (sym-

bols) and theoretical values obtained from density functional calculations (solid lines). Dashed

lines are linear fits to the data.

up to 10 GPa, beyond which the hexagonal phase becomes unstable. A phase transition to a

wurtzite phase at ∼ 14 GPa has been observed by means of inelastic x-ray scattering experi-

ments.23 Assuming a linear increase of the Penn gap and the exciton energies with pressure,

fitting the modified Phillips-van Vechten model (see Ref. 7) to the refractive index data yields

the solid lines displayed in Fig. 3(a), with linear pressure coefficients of 27±2 and 10±1 meV

GPa−1 for the Penn gap and the exciton energies, respectively. This different pressure depen-

dence is consistent with the electronic structure of h-BN, where the exciton absorption is as-

sociated with transitions between states with π-bond orbital character whereas the Penn gap

is associated with states of σ-bond orbital character,38 the coupling potential dependence on

pressure being much larger for σ bonds. The in-plane refractive index of no = 2.31 at 632.8 nm

that was determined in nanometer-thin h-BN flakes by near-field imaging of the waveguide

modes39 is in very good agreement with the refractive index dispersion at ambient pressure
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Table 1: Values of phonon frequency at ambient pressure, pressure coefficient and Grüneisen

parameter for the polar phonons of h-BN extracted from fits to the infrared reflectance mea-

surements compared to results of DFT calculations. The experimental values of the phonon

frequency at ambient pressure and the pressure coefficient are obtained from linear fits to

the data shown in Fig. 4 (b)

σ (cm−1)
dσ

dP
(cm−1 GPa−1) γ

Experiment Theory Experiment Theory Experiment Theory

E1u(TO) 1365 1377 3.4 4.1 0.090 0.078

E1u(LO) 1623 1609 4.0 6.7 0.090 0.109

A2u(TO) 767 750 −8.3 −12.1 −0.39 −0.42

A2u(LO) 825 818 0.88 0.59 0.038 0.019

reported in Fig. 3(a). Figure 3(b) shows the pressure dependence of the dielectric constant de-

termined from the model fit to the refractive index data. Dashed lines are linear fits to the data,

which yield a pressure coefficient of 0.047±0.002 GPa−1 for the electronic dielectric constant. A

good agreement is found with the theoretical dielectric constant derived from DFT calculations

(dotted lines).

Pressure dependence of the in-plane E1u phonons

Reflectance measurements were recorded in DAC at pressures up to 10 GPa. Representative

spectra are displayed in Fig. 4(a). The interference oscillations are strongly reduced because

of the small difference of refractive indices at the diamond-sample and sample-KBr interfaces.

The interference fringe pattern is determined by the sample refractive index only when its value

is large enough to provide a large contrast with the PTM (KBr). In the high-frequency region

of the spectra, the refractive index of h-BN is very close to that of KBr, and the interference

pattern corresponds to the diamond/sample+KBr/diamond Fabry-Perot cavity. This explains

the discrepancy between the observed reflectivity oscillations and the calculated interference

pattern, which was obtained from the model of a dielectric slab between two different media34

by considering the values of ε⊥(σ) and thickness corresponding to the h-BN sample.
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Figure 5: (a) Unpolarized reflection spectra at an incidence angle of θ ∼ 30◦ for increasing pres-

sures up to 8.6 GPa. The inset shows the blueshift of the reflection peak. (b) Transmittance

spectra with θ ∼ 30◦ in p-polarization in the spectral range of the A2u phonons for increasing

pressures up to 7.3 GPa. (c) Pressure dependence of the A2u modes obtained from the trans-

mittance spectra (symbols). Dashed lines are linear fits to the data. The solid lines correspond

to values obtained from DFT calculations.

The reststrahlen band associated with the E1u modes shifts to higher frequencies with in-

creasing pressure. DFT calculations yield ε⊥0 /ε⊥∞ ratios that change by less than 1% in this pres-

sure range, indicating that in-plane polarizability is virtually independent of pressure. Indeed,

considering the frequencies at half maximum of the reststrahlen band as rough estimations

of the transverse-optic (TO) and longitudinal-optic (LO) phonon frequencies, we find that the

LO/TO frequency ratio squared remains constant within the experimental error up to 10 GPa.

With the assumption of a constant ε⊥0 /ε⊥∞ ratio, the reflectance spectra was calculated and fitted

to the experimental data. The calculated reflectance, displayed as red lines in Fig. 4(a), nicely

reproduces the interference oscillations below the TO frequency as well as the sharp reflectance

minimum near the LO frequency, thus confirming the adequacy of the model assumptions.
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The pressure dependence of the fitted phonon frequencies are plotted in Fig. 4(b). Linear

fits to these data yield the pressure coefficients and Grüneisen parameters for these modes that

are listed in Table 1 and compared to the theoretical values calculated at ambient pressure. The

differences between experimental and theoretical pressure coefficients are essentially due to

the fact that the theoretical values are calculated at ambient pressure and account for the non-

linearity of the pressure dependence, which reflects the strongly nonlinear behavior of h-BN

equation of state at very low pressures. In contrast, only an average linear coefficient can be

determined from the experimental data, given the pressure range of a DAC and the precision of

the ruby scale in the low pressure range. The pressure dependence of the E1u phonon frequen-

cies obtained from DFT calculations is displayed in Fig. 4(b) as solid lines. Experimental and

theoretical values of the E1u frequencies agree to within 1%, and their pressure dependence is

accurately predicted by the calculations. The pressure coefficient we obtain for the in-plane

E1u IR active mode is close to the value of 4.3 cm−1/GPa previously reported for the in-plane

E
high
2g Raman active mode.41

Pressure dependence of the out-of-plane A2u phonons

When reflectivity measurements are carried out at a small angle relative to normal incidence in

p-polarization configuration, an additional reflection peak appears near the A2u(LO) frequency.

Figure 5(a) shows reflection spectra at θ ∼ 30◦ for non-polarized light at different pressures in

the A2u(LO) spectral range. This reflection peaks exhibits a linear blueshift with increasing pres-

sure that is much smaller than the one observed for the E2u phonons. No structure associated

with the A2u (TO) phonon is detected in the reflection spectra. This is consistent with simula-

tions of the reflection spectra for relatively small incidence angles using the reflectance equa-

tions of a dielectric slab.34,42 The reflectance peak corresponds to the small interval of frequen-

cies in which the dielectric constant for polarization parallel to the c-axis becomes negative, i.e.

the spectral region where the material becomes hyperbolic (see Fig. 6 below).

To study in more detail the out-of-plane A2u phonons, transmission measurements were
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carried out at an incidence angle of θ ∼ 30◦. In p-polarization configuration, which enables

the propagation of the extraordinary ray, two absorption peaks are detected in the A2u spec-

tral range. The spectra at oblique incidence are shown in Fig. 5(b) for pressures up to 7.3 GPa.

The peak centered at ∼ 845 cm−1 blueshifts as pressure increases, with a pressure coefficient of

0.88±0.04 cm−1GPa−1. Both the frequency at ambient pressure and the pressure coefficient are

close to those measured on the reflection peak. Thus, we ascribe this absorption peak to the

transmission counterpart of the reflection peak associated with the A2u(LO) phonon. A second

peak develops at lower frequencies as frequency increases and redshifts with a negative and

much larger pressure coefficient (−8.3±0.4cm−1GPa−1). This peak is attributed to the A2u(TO)

phonon. The pressure dependence of these peaks is plotted in Fig. 5(c), where the experimen-

tal points are compared with the predictions of our DFT calculations. The pressure coefficients

and Grüneisen parameters for these phonon modes are extracted from linear fits to the data,

and are listed in Table 1. The values derived from DFT calculations for the pressure coefficients

and Grüneisen parameters are in fair agreement with the measurements. Notably, the large

and negative pressure coefficient of the A2u(TO) mode is correctly predicted by the theory. Ear-

lier lattice dynamics calculations based on the force-constant method already indicated that

the TO modes with out-of-plane polarization at intermediate frequencies (600–800 cm−1) have

negative Grüneisen parameters.22 These modes involve a dynamical buckling of the hexagonal

layers (see Fig. 1) that becomes easier under pressure, and it has been suggested that they may

be associated with a destabilization of the layered h-BN phase under compression,22 leading

to a pressure-induced phase transition to the wurtzite phase. A similar buckling instability has

been proposed to drive the pressure-induced transition of graphite to the Z-carbon structure.24

In h-BN, the buckling instability is probably enhanced by the polar character of the lattice, and

gives rise to a substantial softening of the A2u(TO) phonon at high pressure. A rather large and

negative Grüneisen parameter γ ∼ −0.8 was calculated in Ref. 22 for the A2u(TO) phonon at

zone center. Our measurements yield a somewhat lower value of γ = −0.39, which is in good

agreement with our DFT calculations.
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Figure 6: (a) Real part of the dielectric function for polarization perpendicular (blue line)

or parallel (red line) to the c axis around the reststrahlen bands of h-BN at ambient pres-

sure. The green dots are experimental values determined from the interference pattern in IR-

transmission measurements. (b) Idem at 10 GPa.

Type I and Type II hyperbolicity regions

On account of its strong anisotropy, h-BN features both type I and type II hyperbolic response

associated with the low- and high-frequency reststrahlen bands (LR, HR), respectively, where

the in-plane permittivity is positive (negative) in the LR (HR) bands and the out-of-plane per-

mittivity is opposite in sign. Distinct series of type I and type II hyperbolic polaritons have been

observed in h-BN.10

Using the knowledge of h-BN dielectric properties gained from our IR study, a precise de-

scription of the dielectric constant in the LR and HR regions can be given. Figure 6 displays a

plot of the in-plane (ε⊥) and out-of-plane (ε∥) permittivities around the LR and HR bands at

ambient pressure and at 10 GPa. A narrow, shallow type I hyperbolic region develops in the

LR band. With increasing pressure, the LR band widens substantially and the out-of-plane per-

mittivity becomes more negative. In the HR band, the difference between in-plane and out-of-

plane permittivities is higher, and both this difference and the hyperbolic region increase with

pressure.
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Conclusions

The in-plane and out-of-plane IR-active phonons of h-BN have been studied on high quality

single crystals by means of normal- and off-normal-incidence IR reflectance and transmission

measurements, and their behavior under high pressure has been investigated. Unlike early

works on preferentially oriented pyrolytic h-BN samples, our measurements on high quality

h-BN single crystals fully reveal the strong anisotropy of the material, with strict adherence to

selection rules. An unusually long lifetime of the E1u(TO) phonon is revealed by the model fit

to the reflectance spectra. Pressure coefficients and Grüneisen parameters have been deter-

mined for all IR-active modes. Grüneisen parameters are generally small because compression

decreases mainly the interlayer distance and has only a minor effect on the in-plane lattice

constant. However, the A2u(TO) phonon exhibits an unusually large and negative Grüneisen

parameter. The substantial softening of the A2u(TO) phonon at high pressure is due to the dy-

namical buckling of the hexagonal layers associated with the atomic motions. As a result of the

A2u(TO) softening, the LR band considerably widens with increasing pressure and displays a

notable increase of the magnitude of the negative out-of-plane permittivity in the type I hyper-

bolic region.
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