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ABSTRACT: Hexagonal boron nitride (hBN) is a layered
material that exhibits remarkable optical features in the UV,
visible, and IR ranges, attractive for applications in modern
photonics. Being transparent in a wide spectral range, hBN is now
considered an important building block for novel integrated
photonic platforms, thus requiring the study of its optical
properties. In this work, we report on the measurements of hBN
optical cubic nonlinearity χ(3) equal to 8.4 × 10−21 m2/V2 by
observing the third-harmonic generation for 1080 nm pump
wavelength from mechanically exfoliated hBN flakes with
thicknesses varying from 5 to 170 nm. The third-order susceptibility of hBN is close to that of Si3N4 highlighting the potential
of hBN for nonlinear applications.
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Hexagonal boron nitride (hBN), graphene, transition
metal dichalcogenides (TMDCs), and their hybrid

systems are several examples of 2D materials attracting great
attention due to their unique electronic and optical properties,
such as tunable band gap,1 ultrafast carrier dynamics,2,3 bright
photoluminescence,4 and saturable absorption.5 While most
2D materials are metals or semiconductors, hBN is a dielectric
with a large band gap of approximately 6 eV.6,7 This material
possesses high optical transparency in the visible spectrum,8

high mechanical strength,9 chemical and thermal stability, and
excellent oxidation resistivity.10 hBN has a graphene-like
crystal structure and a smooth surface free of charge traps
and dangling bonds,11 which determine its widespread use as
an excellent insulating substrate for graphene-based electronic
and optoelectronic devices12−15 as well as an encapsulating
layer for other 2D materials.16−18 Moreover, the discovery in
the past few years of new optical properties of hBN has led to
the consideration of this material as a standalone photonic
platform. hBN has been shown to support hyperbolic
polaritons in the mid-IR,19 demonstrate strong luminescence
in the deep-UV,6,8 and exhibit bright single-photon emission in
the visible and mid-IR from point defects.20 Techniques of
fabricating large-area hBN films with a thickness of units to
hundreds nanometers, together with methods of their
structuring, have also evolved dramatically21 paving the way
to hBN-based integrated photonics. As the first clear examples,
1D and 2D photonic crystal cavities made of hBN and Si3N4/

hBN were recently demonstrated to enhance the emission of
single photons from the defects inside the cavities.22,23

Determining the hBN nonlinear optical constants is the next
essential step toward understanding the capabilities of hBN
photonics. Most of the research has been limited so far to the
study of quadratic nonlinearity of hBN. Second-harmonic
generation (SHG) from hBN monolayer showed the polar-
ization dependence linked to the crystallographic axes and gave
the value of the surface nonlinear susceptibility comparable
with that of highly nonlinear crystals such as lithium niobate.24

However, with an increase of the number of hBN layers, each
pair of layers forms a centrosymmetric structure leading to the
elimination of SHG in hBN of even layer thickness.24,25 This
makes SHG very sensitive to the number of hBN layers but, for
the case of thick hBN films, limits the second-harmonic
intensity to that obtained from a single layer.26 Due to
inversion symmetry, third-harmonic generation (THG) should
be comparable with or dominate over SHG with increasing
film thickness, making THG prospective for application in
hBN photonics transparent in the wide spectral range.
Knowing the cubic nonlinearity of hBN is essential for its
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use both as a material in integrated optics and as a substrate or
encapsulating layer in photonics based on graphene27 and
other 2D materials.28

Third-order nonlinear processes in hBN have not been
studied before. In this work, we fill this gap by measuring THG
in hBN flakes of various thicknesses in the range from 5 to 170
nm. The flakes are mechanically exfoliated from the hBN
crystal by the method enabling the preparation of thick hBN
films suitable for photonics applications.29 Using several
methods, we estimate the value of hBN cubic nonlinear
susceptibility, which appears to be comparable with the cubic
susceptibility of Si3N4.

■ EXPERIMENTAL METHODS
THG in hBN flakes was measured using a home-built
multiphoton microscope shown in Figure 1. The laser beam

of Ti:sapphire femtosecond laser (Coherent Chameleon Ultra
2, tuning range 680−1080 nm, 80 MHz repetition rate, 150 fs
pulse duration) passed through a half-wave plate on a
motorized rotational stage and Glan−Tailor prism, which
controlled the power and polarization of the pump radiation.
Then the beam was focused by an objective lens (NA = 0.5,
10×) to a 3-μm spot at the surface of the sample mounted on a
3-axis motorized stage (SigmaKoki). The nonlinear radiation
reflected from the sample was collected by the same objective
lens and directed by a dichroic mirror (DMLP650, Thorlabs)
to the detection channel consisted of two arms. The first arm,
comprising a set of short-pass filters (1 FGB37 Thorlabs filter,
4 FGUV11 Thorlabs filters), a tube lens (ACA254-100-UV
Thorlabs), and a cooled CMOS camera (Photometrics Prime

BSI), was used for third-harmonic (TH) intensity mapping.
The second arm was employed to measure the spectrum of
nonlinear signal and composed of a filter (FGB39 Thorlabs), a
tube lens (ACA254-150-UV Thorlabs), and a monochromator
(Solar M150, 1200 lp/mm) combined with a CCD camera
(Andor Clara). The experimental setup was fully automated.
The TH intensity maps were measured at the pump
wavelength of 1080 nm in order to minimize absorption of
TH radiation in the setup optical elements.
The sample is a set of layered hBN flakes prepared on the

fused silica substrate by the method previously developed for
transition metal dichalcogenides30 and adopted for hBN (see
Methods for details). The thickness maps of hBN flakes were
measured using an atomic force microscope (AFM) (NT-
MDT NTEGRA) working in a semicontact mode. The size of
the probe tip was approximately 10 nm.

■ RESULTS AND DISCUSSION

Optical image of a typical hBN flake is shown in Figure 2 (a).
The sample has areas of various colors caused by light
interference in a thin film. Figure 2 (b) demonstrates the AFM
image of the flake revealing its average thickness of
approximately 160 nm (Figure S3). The full thickness range
for studied hBN flakes is from 5 to 170 nm. The intensity map
of the TH radiation reflected from the flake is displayed in
Figure 2 (c). THG map was obtained with the 30 mW pump
power by scanning the sample in increments of 1 μm. The area
with high intensity has the shape of the flake. The TH signal
from the flake region is 3 orders of magnitude higher than the
signal from the fused silica substrate. This indicates that the
value of cubic susceptibility of hBN is at least an order of
magnitude higher than that of fused silica.
The spectra of nonlinear-optical signal and its dependence

on the pump power were measured to confirm the nature of
the observed nonlinear process. The signal was collected from
homogeneous area with 60 nm thickness in the center of the
flake to avoid the edge effect. Figure 3 (a) depicts a set of
THG spectra measured at various powers of the pump
radiation with the central wavelength of 1080 nm. The THG
spectra line width of about 4 nm is more than 3 times smaller
than the pump spectrum line width (see Figure S1), which
agrees with the theory31 taking into account 0.8 nm spectral
resolution of the setup. We also measured the spectrum of the
nonlinear signal with the set of filters used in front of the
CMOS camera in the first detection arm. The spectrum
(Figure S2) does not contain any features, such as
luminescence or second-harmonic generation, in the trans-

Figure 1. Schematic of the experimental setup. λ/2 is achromatic half-
wavelength plate, GT is Glan−Tailor prism, DM is dichroic mirror,
BS is beam splitter.

Figure 2. Images of a typical hBN flake. (a) Optical image. (b) AFM image. The average thickness is approximately 160 nm. (c) TH intensity map.
The intensity of THG from hBN is 3 orders of magnitude higher than that from fused silica substrate.
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mission window of the filters, indicating that only THG was
measured in the mapping experiments. Figure 3(b) shows the
log−log plot of the THG power versus the power of the pump
radiation incident on the sample. The values of the THG
power were obtained by carefully converting the number of
TH counts acquired from the CMOS camera taking into
account the transmission of all optical elements (see Methods
for details). The signal power follows the expected cubic
dependence on the pump power, the log−log plot shows a
linear slope of 3.01 ± 0.01. The spectral measurements for
fused silica substrate performed at 30 mW pump power
demonstrate the TH signal with intensity of almost 3 orders of
magnitude less than one from the hBN flake (Figure 3 (c)),
which is consistent with THG mapping experiments. We also
obtained the TH spectra at various pump wavelengths close to
1080 nm. The results in Figure 3 (d) show that there is no

strong spectral dependence of THG in the studied wavelength
range, as is expected for pump and third-harmonic photon
energies below the hBN bandgap.
The polarization of the TH radiation was measured by

rotating an analyzer (Glan−Tailor prism) set between the
dichroic mirror and the beam splitter into the detection
channel. Figure 3 (e) shows the experimental dependence
(dots) and the result of approximation by Malus’ law (blue
curve) with the polarization direction of the pump radiation
(dashed line). A good agreement between experiment and
theory reveals that TH radiation is linearly polarized along the
polarization of the fundamental beam. The TH intensity
dependence on the angle between the pump polarization and a
crystallographic axis of hBN was also checked by rotating the
Glan−Tailor prism placed in the pump channel between the
dichroic mirror and the objective lens. Figure 3 (f)

Figure 3. THG from hBN flakes. (a) Spectra of the THG signal from the 60 nm-thick hBN flake depending on the pump radiation power. (b)
THG power dependence. (c) Spectra of THG signals from the hBN flake and fused silica substrate measured at 30 mW pump power. (d) Spectra
of the THG signal from the hBN flake for various pump wavelengths. (e) Dependence of the THG signal on the analyzer angle. A blue curve shows
cos2(ϕ) dependence corresponding to the Malus’ law for polarization direction of the linearly polarized pump radiation, shown by a blue dashed
line. (f) THG signal depending on the polarization direction of the pump radiation. A green curve shows a constant value corresponding to the
average THG signal.

Figure 4. THG dependence on the hBN thickness. (a) Optical image of the flake with a thickness map overlaid on top. The numbers correspond to
the flake thickness in nanometers. (b) TH intensity map of the hBN flake. (c) Dependence of the THG power on the hBN thickness. Experimental
data are shown with black dots. Numerical data obtained by nonlinear transfer matrix method are shown with red curve.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://dx.doi.org/10.1021/acsphotonics.0c01759
ACS Photonics 2021, 8, 824−831

826

https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01759?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01759?ref=pdf


demonstrates that the TH intensity for various polarizer angles
is approximately constant, i.e., THG independent of the hBN
azimuthal angle. This result is typical for all crystals belonging
to the D6h point group of symmetry.32,33

The determination of the TH intensity dependence on the
thickness of hBN film is necessary to estimate correctly the
third-order susceptibility. First, flakes with homogeneous areas
of various thicknesses were selected using optical microscopy
and AFM. An example of an optical image of the flake with its
thickness map superimposed on top is shown in Figure 4 (a).
Then, the TH intensity maps of the flakes were measured
(Figure 4 (b)) and compared with the corresponding thickness
maps to find the coordinates of points related to the flake areas
with a constant thickness. For these points, time dependence
of the TH signal was measured for 2 min at the pump power of
30 mW. The THG time dependence close to the constant
during the measurement guaranteed that there was no
undesirable hBN degradation and influence of edge effects or
focus shifts. By averaging obtained TH intensity values for each
flake point with known thickness, the THG thickness
dependence was revealed (Figure 4 (c)). We found that the
TH intensity varies non-monotonically with increasing hBN
film thickness.
Unlike SHG in hBN produced by a single layer due to the

inverse symmetry of the hBN volume,26 TH is generated in the
entire volume of the medium. Thus, the total reflected TH
wave is the result of the interference of TH waves generated in
the hBN volume in the direction opposite to the propagation
direction of the pump waves. For a semi-infinite media, the
phase shift of the reflected TH wave generated in the layer at a
distance d from the surface is the sum of the 3kωd phase shift
of the forward propagating source wave and the k3ωd phase
shift of the backward propagating free TH wave, where kω and
k3ω are the wave vectors of light at frequencies corresponding
to the subscript. From here, by analogy with classical theory of
forward harmonic generation, one can determine the
coherence length Lcoh, for which the phase of the reflected
TH wave shifts by π. This means that the intensity of TH
reflected from a thin film reaches a maximum at a film
thickness of approximately Lcoh. For hBN, Lcoh = λ/6(nhBN

ω +
nhBN
3ω ) = 45 nm, where λ = 1080 nm is the pump wavelength,
nhBN
ω = 1.9 and nhBN

3ω = 2.134 are refractive indexes of hBN for
pump and harmonic wavelengths, respectively.
With a further increase in the film thickness, TH waves

generated in deeper layers begin to interfere destructively with
waves generated in layers close to the surface leading to the
decrease in the detected TH intensity. The minimum intensity
is reached for a film thickness of 2Lcoh = 90 nm, which is in
good agreement with Figure 4 (c). However, in the case of a
film, we must take into account the influence of the second
interface (hBN/substrate in our case) on the positions of
maxima and minima in the THG thickness dependence, which
is caused by two mechanisms. The first one is modifying the
source wave due to multiple reflected fundamental waves
leading to contributions at the fundamental frequency to the
source wave.35 The second mechanism is associated with the
forward-generated TH wave reflected from the hBN/substrate
interface, which interferes with backward propagating TH
waves generated in the hBN volume. These effects explain both
the shift of the first TH intensity maximum (observed at 37 nm
in Figure 4 (c)) toward the film thicknesses less than Lcoh, and
the complication of the THG thickness dependence. The
influence of all waves is taken into account in the simulation of

the THG thickness dependence using well-known nonlinear
transfer matrix method35,36 applied to study the nonlinear
optical response of multilayer structures.37,38 The numerical
results are shown by red curve in Figure 4 (c) demonstrating a
good agreement with experimental dependence. We varied the
value of hBN third-order susceptibility χ(3) to obtain the
amplitude of the calculated and experimental TH signal equal
to each others for hBN thickness in the vicinity of 37 nm (see
Methods for details). We determine the hBN susceptibility χ(3)

= (8.4 ± 0.5) × 10−21 m2/V2. Note that the found χ(3) is a
combination of in-plane components of the cubic susceptibility
tensor of hBN, since the contribution of out-of-plane
components is expected to be negligible under our
experimental conditions (see Methods for details).
The susceptibility value can also be estimated by comparing

the intensities of THG from hBN and the fused silica substrate
measured under the same experimental conditions. Very thin
films can be considered as nonlinear sheets with cubic
susceptibility χs

(3). The theory of harmonic generation by a
nonlinear monolayer gives an analytical expression for the
harmonic power39 and allows us to determine the susceptibility
from the experimentally obtained harmonic power. For films
with thicknesses d≪ Lcoh at which the effects of the phase shift
of the pump and harmonic waves are negligible, the bulk
susceptibility of the film material can be obtained as χ(3) = χs

(3)/
d.40 In turn, an analytical formula for the power of TH
reflected from a semi-infinite medium, which is the case of a
substrate, is given by Bloembergen.41 Thus, considering the
ratio of the THG powers measured from the 5 nm-thick hBN
flake and from the fused silica substrate and taking into
account the fused silica susceptibility from ref 42, we obtain
the hBN cubic susceptibility χ(3) = (4.8 ± 0.5) × 10−21 m2/V2

(see Methods for details). This value gives a lower estimate for
the susceptibility, does not depend on the parameters of the
experiment, and close to the previous value obtained by the
nonlinear transfer matrix method.
Finally, we present in Table 1 a comparison of the hBN

cubic susceptibility with the susceptibilities of two groups of

materialswell-studied two-dimensional materials and popu-
lar materials in integrated photonics. Note that, in our case, the
energies of the pump and third harmonic photons are lower
than the band gap of hBN, implying that the susceptibility is
obtained for the nonresonant case. Therefore, it is correct to
compare the susceptibilities measured in the nonresonant case
for other two-dimensional materials. However, little research
has been done on the cubic nonlinearity of popular 2D

Table 1. Typical Cubic Susceptibilities Obtained by the
THG Method for 2D and Other Materials Commonly Used
in Photonics

material χ(3) × 10−20, m2/V2 λω, nm ref

hBN 0.84 1080
graphene 20 800 45

MoSe2 22 1560 46

MoS2 0.01 2000 43

WSe2 10 1560 46

WS2 24 1560 46

Si 260 1060 47

GaAs 200 1060 47

Si3N4 2.8 1064 48

fused silica 0.02 1064 42
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materials so far, with susceptibility values varying over several
orders of magnitude as can be seen from the extended Table
S1 in the Supporting Information. A reliably nonresonant value
of 10−22 m2/V2 can be given only for MoS2.

43 For the rest of
the dichalcogenides we give the values only for the longest
pump wavelengths, when the one- and two-photon transitions
are nonresonant. In the last cases the hBN cubic susceptibility
is an order of magnitude lower than that of dichalcogenides.
Graphene has no band gap, and we show its cubic
susceptibility for the pump wavelength close to that from
our experiment. On the other hand, the susceptibility of hBN is
2 orders of magnitude lower than the cubic susceptibility
governing THG in popular materials for waveguidesSi and
GaAsat the pump wavelength close to 1080 nm. As in the
case of the above experiments on THG in 2D materials, the
energy of three-photon transitions exceeds the band gap of Si
and GaAs, which leads to an increase in the susceptibility due
to the presence of real electron transitions. Moreover, the
energy of three-photon transitions for Si corresponds to the
energy of direct electronic transitions (∼3.45 eV) in the region
of the Γ point,44 meaning that the Si cubic susceptibility has a
resonance at a pump wavelength in the vicinity of 1080 nm.
However, for the same reason, the applicability of these
materials is limited to the infrared range. The closest in
parameters to hBN is silicon nitride, which is actively used in
integrated photonics. We note that the hBN susceptibility is
comparable to that of silicon nitride, which confirms the
possibility of using hBN for nonlinear optical applications.
In conclusion, we have observed THG reflected from

mechanically exfoliated hBN flakes with thicknesses from 5 to
170 nm. The TH radiation is linearly polarized along the
polarization of the pump radiation and shows isotropic
azimuthal dependence. We revealed non-monotonous THG
dependence on the hBN flake thickness demonstrating an
intensity peak at a film thickness of 37 nm, which is the result
of phase-matched THG together with interference of multiple
reflected TH waves. By simulating the THG thickness
dependence, as well as by directly comparing the THG from
fused silica and hBN, we evaluated the hBN susceptibility χ(3)

= (8.4 ± 0.5) × 10−21 m2/V2. The obtained value is an order of
magnitude less than the resonance cubic susceptibilities of
TMDCs and is comparable to the susceptibility of silicon
nitride, which is a popular material for integrated photonics
operating in a wide spectral range. We note that, due to a
sufficiently high susceptibility, the THG can be used to
characterize thin (down to a few layers) hBN films and
estimate their thicknesses regardless of the parity of the
number of layers, which is critical for the case of second-
harmonic generation.

■ METHODS

hBN Exfoliation. Crystalline hBN flakes were deposited
and cleaved several times on a sticky tape. The top surface was
coated with a 50 nm gold film using sputter deposition. A
thermal release tape was used to exfoliate the hBN/gold film.
The tape was stuck onto a fused silica substrate, which was
treated with O2 plasma to increase the adhesion. Then the tape
was released using a hot plate, leaving the gold film on top of
hBN intact. The substrate was cleaned using piranha acid,
followed by the further UV-Ozone treatment. The gold layer
was then removed using aqua regia. Thin hBN flakes were put
on the final target substrate using the standard wet transfer

technique. At the end, the PMMA layer was removed using a
warm acetone bath and UV ozone treatment.

Determination of THG Power. The THG power was
obtained from measurements carried out with the CMOS
camera (Figure 1). We converted TH counts to light power
and measured transmittance of all optical elements using the
second-harmonic radiation generated by 720 nm pump pulses
in a β-barium borate crystal. The conversion coefficient for the
CMOS camera was determined by measuring the number of
counts generated by a 360 nm-wavelength signal of a given
power. As a verification of the accuracy of our measurements,
transmittance of experimental setup elements were calculated
using the appropriate datasheets. The result values of
conversion for two cases were very close to each other.

Calculation of THG Thickness Dependence. Nonlinear
transfer matrix method35 is used to calculate THG in
multilayer structure taking into account all reflections of
pump and harmonics waves from the interfaces and the phase
shifts of all waves. In our case, the calculated structure
consisted of an hBN layer placed between two semi-infinite
layers of air and fused silica. The refractive indexes of hBN for
the pump and TH wavelengths were 1.9 and 2.1,34

respectively. The refractive indexes of the fused silica substrate
are 1.45 and 1.4749 for the pump and TH wavelengths,
respectively. The cubic nonlinear susceptibility of the substrate
was considered negligible. The calculation of the THG
thickness dependence was carried out for an average pump
power of 30 mW, corresponding to that in the experiment.
First, the peak intensity of the pump radiation was found for
the experimental parameters of the laser pulse and the waist
size of the pump radiation, from which the pump electric field
was determined.50 Next, we calculated the dependence of the
field strength of the TH wave propagating back into air on the
hBN film thickness. Finally, the TH field was converted back to
TH average power taking into account the reduced TH pulse
duration and beam diameter.51 By varying the value of the
hBN cubic susceptibility, the calculated value of the THG
power for a film thickness of 37 nm was adjusted to the
experimental one.

Estimation of χ(3) Using Reference Sample. The fused
silica substrate was used as a reference sample for THG
measurements. In our case, the pump radiation is focused with
a low numerical aperture (NA = 0.22), and the TH field
reflected from a semi-infinite nonlinear medium can be
calculated using the formula for normal incidence:41

ω =
ϵ + +ω ω ω ωE

P
n n n n

(3 )
( )( )

NL
(3)

0 1 2 2 2
3

(1)

where PNL
(3) is cubic polarization, n1 and n2 are refractive indexes

of air and fused silica, respectively, at the frequencies
corresponding to the superscripts. For the THG process,

χ ω= ϵP E ( )NL
(3)

0
(3) 3 , where E(ω) is the pump field in the

nonlinear medium. Finally, the equation for the average power
of TH reflected from fused silica is

ω
χ ω

π τ
=

| |

ϵ + +

ω

ω ω ω ωP
S n P

c r f n n n n
(3 )

64 ( ) ( )
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8
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3 22

2
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where c is speed of light, ϵ0 is permittivity of free-space, f = 80
MHz is the pulse repetition rate, τ = 150 fs is the pulse
duration, r = 1.5 μm is the focal spot radius, S = 0.94 is the
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shape factor for Gaussian pulses, P(ω) = 30 mW is the pump
radiation power, |χ(3)|SiO2

= 2.2 × 10−22 m2/V2 is the nonlinear
susceptibility of fused silica,42 n2

ω = 1.45 and n2
3ω = 1.47 are

refractive indexes of fused silica49 and n1 = 1 is the refractive
index of air. We calculated the THG power of 25 fW, which is
very close to the experimental value of 32 ± 5 fW.
The formula for nonlinear optical susceptibility of extremely

thin films can be found by the method described in ref 51. For
known pump P(ω) and TH P(3ω)hBN powers, the nonlinear
susceptibility |χs

(3)| of polarization sheet can be calculated as

χ
ω

ω
τ λ

| | =
ϵ + ωP

P
c f r n

S
(3 )

( )
(1 )

256 3s
(3) hBN

3

2
0
2 2 2 4 2

2
8

2
(3)

where λ = 1080 nm is the laser wavelength. In the case of a film
thickness d ≪ Lcoh, when the harmonic power quadratically
depends on the film thickness, the hBN bulk susceptibility is

χ| | = χ| |
d

(3)
hBN

s
(3)

.

The expression for hBN cubic susceptibility |χ(3)|hBN is
obtained from eq 2 and eq 3:

χ λ
π

ω
ω

χ| | =
+

| |ω ωd n n
P
P6 ( )

(3 )
(3 )

(3)
hBN

2 2
3

hBN

SiO

(3)
SiO

2
2

(4)

The result value of nonlinear optical susceptibility of hBN
obtained by this method from 5 nm flake is χ(3) = (4.8 ± 0.3)
× 10−21 m2/V2.
hBN χ(3) Components. The hBN volume has a D6h point

group symmetry.32 For this crystal lattice, the third-order
nonlinear susceptibility tensor has 21 nonzero components
satisfying the following relations:

l

m

ooooooooooooo

n

ooooooooooooo

χ χ χ χ

χ χ

χ

χ χ

= = =

=
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3 3xxxx yyyy xxyy yxxy
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(3) (3) (3) (3)

(3) (3)

(3)

(3) (3)
(5)

where the terms are invariant under permutations of the last
three indices.52 We can distinguish in-plane components of the
χ(3) tensor, which have only x and y indices, and out-of-plane
components that have z indices. The experimental conditions
correspond to the case of weak focusing of the pump radiation
incident on the sample. The focusing numerical aperture is NA
= 0.22, which corresponds to a maximum angle of incidence of
11 degrees in air, or approximately 6 degrees in the hBN
volume. Thus, the ratio of the in-plane and out-of-plane
components of the pump radiation field can be roughly
estimated as Ex/Ez ∼ 10. If we assume that all the susceptibility
tensor components are comparable to each other, the
contribution to TH signal from out-of-plane components will
be at least 2 orders of magnitude smaller (the case of χzxxz

(3) )
than the contribution from in-plane components.
In the experiment, the energies of pump and TH photons

are far below the energies of resonance transitions in hBN, i.e.,
the medium is transparent and has low dispersion. This allows
us to estimate the ratio between in-plane and out-of-plane
tensor components using Miller’s rule,53 expressing χ(3) in
terms of the product of the corresponding components of the
linear susceptibility χ(1). In accordance with the literature,54,55

and taking into account the anisotropy of the hBN refractive
index,34 we find

χ

χ

χ ω χ ω

χ ω χ ω
= ≈

(3 )( ( ))

(3 )( ( ))
20xxxx

zzzz

xx xx

zz zz

(3)

(3)

(1) (1) 3

(1) (1) 3
(6)

Thus, we expect that the contribution of the out-of-plane
components of the hBN cubic susceptibility is negligible and
only the combination of the in-plane components was
measured in the experiment.
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