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van der Waals heterostructures formed by stacking various atomically thin crystals have been proved to
be a powerful approach to explore designer materials with nearly limitless new properties. Here, we
report nonperturbative high harmonic generation (HHG) in two-dimensional (2D) heterostructures
combining graphene and hexagonal boron nitride (G/hBN). First-principles calculation results reveal that
the G/hBN bilayer extends the HHG properties of the constituent layers. Harmonic intensity can be
significantly enhanced by several orders of magnitude by tuning the Berry curvature of G/hBN via
pressure-controlled interlayer interaction. The result offers a new way to enhance HHG in graphene. It
also demonstrates that van der Waals heterostructures and their novel degrees of freedom can be used
to control the HHG process and open up more possibilities to manipulate strong-field ultrafast physical
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1 Introduction

Since the discovery of graphene, various two-dimensional (2D)
materials have been intensively investigated due to their excep-
tional properties and great potential for many applications. Among
them, the distinctive optical properties of 2D materials provide
exciting opportunities in many device applications in optoelectro-
nics and nanophotonics. For example, many 2D materials have
been demonstrated to be useful in ultrashort laser applications.
Besides, strong excitonic, spin- and valley-dependent effects in 2D
materials may have impacts for novel photonic devices.>?
Recently, there has been great interest in advancing the study of
nonlinear optical properties of 2D materials into the strong-field
nonperturbative regime. High harmonic generation (HHG) in 2D
materials has attracted much attention, alongside the emergence
of the new research frontier of HHG in solids,*® which is of great
importance for the exploration of strong-field physics in con-
densed matter systems®'" and for the development of novel
ultrafast optoelectronic and photonic applications.”**® HHG in
graphene,'’® silicene,?® black phosphorous,® transition metal
dichalcogenides,®* and hexagonal boron nitride (hBN)**” has
been investigated theoretically and/or experimentally. Yet, these
studies only focus on 2D materials in the form of monolayers or
multilayers composed of the same material.
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Besides, the highest harmonic order in graphene from the
reported experimental results is relatively low, e.g., up to the 9th
order by Yoshikawa et al.** and 5th order by Taucer et al.**
Enhancement of HHG in this most popular 2D material is of
great interest. Note that sapphire substrates are typically used
in the experiments, which substantially degrade the electronic
properties of graphene owing to the amorphous nature of the
oxide.*® Improving the substrate to maintain the remarkably
high quality of graphene may provide a solution to benefit the
HHG process.

A great advantage of 2D materials is the possibility to
combine and mix various different atomically thin layers to
create new materials, ie., the so-called van der Waals
heterostructures.”® Owing to weak van der Waals interlayer
interactions between the layers, 2D materials with different
compositions can be readily assembled without the usual
interfacial lattice-matching constraints of conventional crystal
growth. This ability opens a new paradigm in material design.
Moreover, entirely new degrees of freedom, such as relative
rotation and interlayer spacing between the stacked materials,
are introduced to the system that can be critical in determining
its physical properties, and thus can be used as additional
knobs to control the material properties. However, the strong-
field nonlinear optical properties of such van der Waals hetero-
structures have not been studied to date.

In this work, we report HHG in bilayer van der Waals hetero-
structures combining graphene and hBN (G/hBN) monolayers*®
using ab initio simulations based on the framework of real-time
time-dependent density-functional theory (TDDFT).**™** We find
that the G/hBN bilayer exhibits distinctive HHG properties from
those of the constituent layers. We also demonstrate that interlayer
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spacing can be an important degree of freedom to tune the
electronic properties and the related HHG process in hetero-
structures. Harmonic intensity in G/hBN can be significantly
enhanced by up to three orders of magnitude with decreasing
interlayer spacing using hydrostatic pressure. This study also
offers a new path to enhance HHG in graphene, since the
presence of atomically flat hBN not only serves as an ideal
passive substrate for graphene that maintains its high quality,
but also actively modifies the band structure and Berry cur-
vature of graphene and affects HHG in new ways, as we will
show later.

2 Methods

The G/hBN bilayer structure is studied by using a periodical
supercell model and modelled by the hexagonal primitive cell
containing two carbon atoms, one boron atom and one nitro-
gen atom. The lattice constant along the direction perpendi-
cular to the bilayer plane is taken to be 12 A for ground state
properties calculations to eliminate the interactions between
adjacent bilayer images. The geometric structure relaxation and
ground state electronic structure are investigated within the
density functional theory framework with the local density
approximation (LDA) using the CASTEP package®® which uses
the plane wave basis set and ultrasoft pseudopotentials. A plane
wave cutoff energy of 310 eV and an 18 x 18 x 1 Monkhorst-
Pack k-point mesh for Brillouin zone sampling is used during
the calculation. The atomic positions are relaxed until the
maximum force on each atom is less than 0.01 eV A™".

The calculations of the time evolution of the wave functions
and the time-dependent total electronic current are studied by
propagating the Kohn-Sham equations in real time and real
space within the framework of TDDFT with the adiabatic LDA
(ALDA) using the OCTOPUS code®*** which uses the real space
grid representation. For the study of the time evolution proper-
ties, the lattice constant along the direction perpendicular to
the bilayer plane is taken to be 30 Bohr, which includes 3 Bohr
of absorbing regions on each side of the heterostructure to
avoid the reflection error in the spectral region of interest. The
grid spacing of the real-space box is 0.4 Bohr, and the time step
for time propagation is 6.05 attosecond. An 80 x 80 x 1
Monkhorst-Pack k-point mesh for Brillouin zone sampling
and the fully relativistic Hartwigsen, Goedecker, and Hutter
pseudopotentials are used in the calculations.

The driving laser field is described in the velocity gauge. The
laser wavelength is 1800 nm (corresponding to a photon energy
of 0.69 eV). The laser field is linearly polarized in the plane of
the 2D samples with an electric field along the x-direction, i.e.,
fundamental field perpendicular to a mirror plane of the
samples (see Fig. 1). The laser pulse has a sine-square envelope
f(¢) = sin®(nt/27) with © = 20 fs and the carrier-envelope phase is
set to be zero. The peak laser intensity is 2 x 10" W ecm ™2
Previously, the reported damage threshold of monolayer gra-
phene in experiments is about 3 x 10"> W cm™~>.*® Besides, the
pump laser intensity in the experiments of HHG in monolayer
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Fig. 1 Crystal structures. Top view of the crystal structure of (a) graphene,
(b) hexagonal boron nitride (hBN), and (c) graphene on the hBN (G/hBN)
heterostructure. (d) Side view of the G/hBN bilayer. The in-plane laser
pulse is linearly polarized along the x-direction.

graphene reaches 1.7 x 10> W em™>.>® Moreover, considering
the damage threshold of insulating hBN being higher than that
of semimetallic graphene, we deem that the laser intensity in this
study is below the damage threshold of the heterostructure.

The HHG spectrum is calculated from the time-dependent
electronic current j(r,t) as:

2

HHG(0) = ‘,?/73" (%Jj(r, z)d3r) , (1)

where # 7 denotes the Fourier transform.

The Berry curvature is calculated using the maximally loca-
lized Wannier functions (MLWF). First, we perform ab initio
electronic-structure calculations using the PWSCF package.*”*
Then, we construct MLWF based on the Bloch states from the
ab initio calculations and calculate the Berry curvature using
MLWF with the Wannier90 package.*® For 2D materials, the
Berry curvature is along the out-of-plane direction (z-direction),
and the Berry curvature of all occupied bands is written as:

o WY Wl
Qz(k) = — ; ;fn m(Wnk|g’EL¢_k;il,ﬁ)2k|v}|¢ k) (2)

where f;, is 1 for occupied bands and 0 for empty bands, v, is
the velocity operator along the x(y) direction, |/, is the Bloch
wave function with eighenvalue E,.

3 Results

3.1 Crystal structures

The structures of graphene monolayer, hBN monolayer, and
G/hBN bilayer are schematically illustrated in Fig. 1. Graphene
monolayers are composed of sp> hybridized carbon (C) atoms
arranged in a 2D honeycomb lattice and exhibit inversion
symmetry (see Fig. 1(a)). Single-layer hBN has a similar honey-
comb geometry in a 2D plane, while the lattice is alternatively
arranged by boron (B) atoms and nitride (N) atoms and thus the
inversion symmetry is no longer preserved (see Fig. 1(b)). For

This journal is © The Royal Society of Chemistry 2020
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the G/hBN bilayer, we assume that the graphene and hBN
single layers are commensurate since the lattice mismatch
between them is only about 1.5%. We use a Bernal (A-B)
stacking pattern with the C atoms of one graphene sublattice
on the top of B atoms while those of the other sublattice are
right above the centers of the hBN lattice (see Fig. 1(c) and (d)).
As revealed by previous and our own calculations, such a
stacking configuration is the most stable one.’”*' A high-
quality large-area epitaxial G/hBN heterostructure with a 0°
stacking angle and size extending to a few hundred micro-
meters has been successfully grown experimentally.>® The
G/hBN bilayer also lacks inversion symmetry. The equilibrium
interlayer distance between graphene and the hBN layers is
about 3.2 A, in good agreement with the previous results.’**

3.2 High harmonic spectra

High harmonic spectra from graphene, hBN, and G/hBN sam-
ples are shown in Fig. 2. For the harmonic component parallel
to the fundamental field (see Fig. 2(a)), only odd harmonic
orders are present in the spectra for the three samples. In
contrast, for the harmonic component perpendicular to the
fundamental field (see Fig. 2(b)), only even harmonic orders
appear for the hBN monolayer and G/hBN bilayer, while no
harmonic generation is found in the graphene monolayer.

To explain similar observations of HHG in MoS,, Liu et al.
presented a semiclassical model considering intraband
dynamics of carrier motion within a single band with the Berry
curvature term included:*"

7k = —€E; (3)
i= %a‘;(li‘) —k x Q(K), (4)

where r and k are respectively the position and wave vector of
an electron wave packet, ¢ and Q are respectively the band
energy and Berry curvature, and E is the driving laser electric
field. Based on this simple and intuitive model, Bloch oscilla-
tion of electrons in the conduction band leads to a nonlinear
current parallel to the driving field that gives rise to odd order
harmonics, while the Berry curvature acts like an out-of-plane
magnetic field leading to an anomalous in-plane current
perpendicular to the driving field that gives rise to even order
harmonics. The predictions of this semiclassical model with
pure intraband dynamics capture the main features of the HHG
process regarding the appearance of harmonic orders as shown
in Fig. 2. This fact suggests that the HHG mechanism in our
parameter regime is mainly from intraband contribution. To
gain further insight, we analysed the time-frequency spectro-
gram of the HHG process in G/hBN using continuous wavelet
transform with complex Gaussian derivative wavelets. The
results are shown in Fig. 3. The high harmonics are emitted
mostly in phase with the laser field while no recombination
trajectories are found. This notable feature provides further
evidence for an intraband process as the dominant HHG
mechanism in this study.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 High harmonic spectra from the G/hBN bilayer and its constituent
layers. Harmonic components (a) parallel and (b) perpendicular to the laser
polarization direction, i.e., polarized along the x- and y-direction, respec-
tively. The x and y directions are the same as those in Fig. 1(a).

The results of appearing harmonic orders are also consistent
with symmetry requirements. For example, mirror symmetry
requires even harmonic radiation parallel to the driving field to

D
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Fig. 3 Time-frequency analysis of the HHG process in the G/hBN bilayer
along the (a) x- and (b) y-direction. Color shows the spectral intensity
(arbitrary units) on a logarithmic scale. The dashed white curve is the
profile of the applied vector potential.
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vanish when the fundamental field is perpendicular to the
mirror plane. hBN and G/hBN show even order harmonics
perpendicular to the fundamental field because of nonzero
Berry curvature as a result of inversion symmetry breaking in
both samples. In comparison, symmetry in graphene results in
a zero Berry curvature and thus no even harmonics are allowed
in the perpendicular direction.

For the harmonic intensity, it can be seen from Fig. 2 that
the overall HHG efficiency from G/hBN is much higher than
that from hBN for both parallel and perpendicular compo-
nents, while it is comparable to and much higher than that
from graphene for the parallel and perpendicular component,
respectively. On the one hand, the physical properties of the
constituent layers in the heterostructure remain to a great
extent due to the weak van der Waals interactions. HHG from
G/hBN in the parallel direction is mainly from the contribution
of graphene. On the other hand, the presence of hBN modifies
the fundamental properties of the bilayer. One significant
consequence is the breakage of inversion symmetry. This leads
to a strong HHG in the perpendicular direction from G/hBN,
much stronger than that from hBN. Thus the G/hBN hetero-
structure as a new layered material combines and extends
the HHG properties of the constituent layers. Apart from these,
by orienting the linearly polarized laser field along the zigzag
and armchair directions, we have observed anisotropic har-
monic emission in G/hBN, similar to that being reported in
graphene”®® and hBN.?®

3.3 Pressure-enhanced high harmonics

One of the fascinating features of van der Waals heterostruc-
tures lies in the various novel degrees of freedom existing
to control their physical properties. Next, we show that HHG
in G/hBN can be greatly enhanced by decreasing the interlayer
separation with pressure. Experimentally, the techniques
to control interlayer spacing with hydrostatic pressure in
hBN-encapsulated graphene heterostructure®® and trilayer
graphene®® have been demonstrated. High pressure up to
hundreds of GPa can be created with the help of the diamond
anvil cell (DAC) technique.>>”® The diamonds can also be
utilized as transparent optical windows allowing the laser
pumping and transmitted harmonic measurement to be acces-
sible. The sample can be transferred onto the diamond surface
of the DAC using a polydimethylsiloxane (PDMS) stamping
technique as shown in the experiments by Ke et al.>* The effect
of pressure medium intercalation between the graphene and
hBN layer should be negligible, since the interlayer spacing
between the graphene and hBN layer is extremely small.
Fig. 4(a) shows results of equilibrium interlayer spacing as a
function of pressure from ambient up to about 40 GPa using
first-principles calculations. Generally, the interlayer spacing
decreases with pressure with a sublinear scaling, with a spacing
decrement of 12.5% (i.e., 2.8 A) at about 10 GPa and 25%
(ie., 2.4 A) at about 38 GPa. When pressure is applied to the
G/hBN system along the out-of-plane stacking direction, the in-
plane lattice constants increase with decreasing interlayer spacing
due to the Poisson effect. However, the interlayer interaction is the
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Fig. 4 Pressure-enhanced high harmonic generation in the G/hBN
bilayer. (a) Interlayer spacing as a function of pressure. (b) Parallel and
(c) perpendicular harmonic components for different interlayer spacing.

weak van der Waals interaction, while the interaction between
atoms in the same layer is the much stronger chemical bonding.
Thus, the change in the in-plane dimensions is very small. For
example, when interlayer spacing decreases by 25% from 3.2 to
2.4 A, the bond length and in-plane lattice constants only
increase by 9 x 107°. Hence the pressure primarily results in
a c-axis compression. The effect of such a small change in the
in-plane dimension on the harmonic intensity is negligible.

HHG in the x- and y-direction at these representative pressures
and interlayer spacings is shown in Fig. 4(b) and (c), respectively.
With the increase of pressure or decrease of interlayer spacing, the
harmonic intensity of parallel component (I,) shows little change.
In contrast, the harmonic intensity of perpendicular component
(L) is dramatically enhanced with pressure. Compared to ambient
conditions, the enhancement at a spacing of 2.4 A reaches two
orders of magnitude for lower (<8th) harmonic orders and even
three orders of magnitude for higher (>10th) harmonic orders. In
addition to intensity enhancement, the cutoff energy of high
harmonics is also improved under compression.

To understand the effect of pressure on HHG, we investigate
how the electronic structures of the bilayer can be altered with
different interlayer coupling strengths. Fig. 5(a)-(f) show
the band structure and density of state (DOS) of the G/hBN
with different interlayer spacings. Without pressure, i.e., at an

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Modification of electronic structures under pressure. (a, c and e) Band structure, (b, d and f) density of states, and (g, h and i) Berry curvature of the
G/hBN bilayer with three different interlayer spacings. The inset of panel (g) shows the Brillouin zone, high symmetry points, and Berry curvature along
the K-K’ line, indicating the Berry curvature at K and K’ is equal in amplitude but opposite in sign.

interlayer spacing of 3.2 A, the band structure is similar to that
of monolayer graphene around the Dirac point albeit with a
small bandgap, i.e., quasi-linear band dispersion and nearly
vanishing DOS at the Fermi level. With the decrease of inter-
layer spacing, evidently large bandgap opening can be seen that
increases with pressure. At a spacing of 2.4 A, the top of valence
band maximum exhibits a much flatter band dispersion that
leads to a large DOS at the Fermi level. However, the effects of
increasing both bandgap and DOS near the Fermi level tend to
cancel each other out with respect to carrier excitation. More-
over, it is seen that the band shape of the conduction band
minimum (CBM) changes little with pressure. Now that the
band shape of CBM and the number of carriers being excited to
CBM change little with pressure, the dependence of intraband
current on pressure is weak. Since the parallel harmonics (Z,)
are mainly generated by an intraband mechanism, this may
explain the results that the parallel harmonics also show little
change with pressure, as shown in Fig. 4(b).

As the generation mechanisms of perpendicular harmonics
(L) are related with Berry curvatures, we calculate the Berry
curvature Q, along the K-K' line and show the results in
Fig. 5(g)-(i). Note the Berry curvature in the conduction band
is opposite to that in the valence band. Under low pressure, Q,
mainly peaks around the K (K’) point, where the DOS near the
Fermi level is very small. The amplitude of @, decays rapidly
away from the K (K’) point. As pressure increases, although the
peak amplitude of 2, decreases, 2, becomes broader in the
momentum space and is smeared to areas away from the K (K’)
point. Thus @, enhances in more areas in the momentum
space. With a decreasing interlayer spacing, a wider region of
carriers in the Brillouin zone experiences the enhanced Berry
curvature. Combined with the enhanced DOS, it is favorable for

This journal is © The Royal Society of Chemistry 2020

the formation of a larger intraband anomalous current perpendi-
cular to the driving field. Consequently, the perpendicular high
harmonics also enhances under pressure.

4 Conclusion

In conclusion, we have investigated HHG in bilayer G/hBN
heterostructures using an ab initio approach. G/hBN extends
the high harmonic properties of its building blocks, ie.,
graphene and hBN monolayers. Harmonic intensity can be
significantly enhanced up to three orders of magnitude by
controllably tuning the interlayer spacing of the heterostructure
using high pressure. A similar HHG can also be expected in
other heterostructures that exhibit broken inversion symmetry
and nonzero Berry curvature. It can lead to many potential
applications such as the development of a solid-state attose-
cond photonic source and compact high pressure sensing.
Though maintaining the system under high pressure is chal-
lenging at present, further development of novel advanced
technology may allow better implementation. Even if the excep-
tional properties under high pressure are not preservable under
ambient conditions, the knowledge gained at high pressure is
very useful for guiding the search and synthesis of materials
exhibiting similar structures and properties with alternative
approaches. Our findings demonstrate that van der Waals
heterostructures provide a new platform to study the strong-
field ultrafast physical properties in 2D materials. It is of great
interest to explore the possibilities to control the strong-field
properties in heterostructures with many novel degrees of
freedom, such as stacking pattern, valley, and lattice twisting
in particular, which may lead to many unexpected new results.
As revealed by previous studies, at a small relative twist angle,
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the band structures can be profoundly altered by the resulting
moiré superlattice. Unusual electronic properties can emerge,
which will certainly have a significant influence on the HHG
properties. Beyond this, the HHG properties of other novel 2D
materials, such as MXenes®” and 2D perovskite,”® are also of
high interest to investigate due to their unique structures.
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