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Abstract: High harmonic generation (HHG) driven by counter-rotating bicircular (CRB) pulses
excitation has been observed from several solid targets, where circularly polarized harmonics are
emitted. We study this process using time-dependent density functional theory (TDDFT) to calculate
the crystal orientation dependence of the circularly polarized high harmonics from a monolayer h-BN.
The resulted can be interpreted by the real space electron dynamics of electrons in polar chemical
bonds. The yield of circularly polarized high harmonics (CHHs) can be optimized by controlling
the direction of valence electron dynamics. Our findings pave the way for exploring the binding
potential from spectrum and all-optically processing information.

Keywords: circularly polarized high harmonics; counter-rotating bicircular; high harmonic generation;
h-BN crystal

1. Introduction

High harmonic generation (HHG) provides a coherent, bright, and tunable extreme
ultraviolet (EUV) light and soft X-rays in a tabletop scale [1]. Circularly polarized (CP)
radiation in EUV and soft X-rays spectral regions are of great importance in the application
of analyzing the structures and electromagnetic properties of atoms and molecules [2–6].
Circularly polarized high harmonics (CHHs) can be used to synthesize CP attosecond
pulse, which is an effective tool in probing the ultrafast electronic dynamics, attracting
much attention recently [7,8].

CHHs can be generated not only in gaseous medium [2,4,6] but also from crystalline
solids [9–12] by using counter-rotating bicircular (CRB) pulses. The CRB field is a special
double circular laser pulse consisting of counter-rotating fundamental waves and their
second harmonics, whose rotational symmetry is threefold. The produced HHG follows
the rule of angular momentum conservation. In solids, due to the symmetry of crystals,
CHHs can be used to probe surface chirality features [5].

In contrast to the bulk crystals, two-dimensional (2D) materials have special electronic
and optical properties and inspired intensive studies in nonlinear optical phenomenon, such
as HHG [10,13–22]. Experimental and theoretical studies have shown that the efficiency of
HHG of monolayer 2D materials is higher than that of bulks [13,21]. In recent years, h-BN,
as a two-dimensional transparent insulator with a wide indirect band gap, has attracted
wide attention [12,20,22,23]. Due to its thermal, chemical and mechanical stability, h-BN is
regarded as a potential candidate in deep ultraviolet optoelectronic devices [23]. Because
of its high damage threshold, h-BN is also an ideal material for studying solid HHG [20].

Moreover, when a laser pulse interacts with a matter, such as gas-phase atoms,
molecules, liquids, or dielectric solids, the electron density is driven by the periodic pulsed
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electric field, moving in the restoring forces of the atomic environment. Based on the com-
plexity of this interaction in nonlinear and strong field regions [14,24–27], researchers are
conducting research on electronic and information processing at optical frequencies [28–32]
by controlling electron motion over a range of optical field periods [33–35] and also work-
ing on reconstructing the band structure and potential of crystalline materials through
all-optical nonlinear spectroscopy [36–38].

In this paper, we calculated the HHG of a single-layer h-BN crystal pumped by the
CRB fields in the framework of time-dependent density functional theory (TDDFT). We
investigated the non-perturbative HHG in the CRB laser fields as a function of crystal
orientation. We found that the yield of HHG is threefold symmetry due to the special
electron motion of the interaction between the laser field and the crystal, and linked the
resulting electron motion to the direction and polarity of the chemical bond. We first
interpreted the result as electron dynamics from polar valence bonds. We demonstrated
that it is also possible to link information of chemical bonds and nonlinear optics using the
symmetries of pulse and material, which helps us to obtain and regulate the yield of CHHs.

2. Methods

We calculated the three-dimensional TDDFT by propagating the molecular wavefunc-
tion under the time-dependent Kohn-Sham (KS) Equation (1)

i
∂

∂x
ψn,k(r, t) =

[
−1

2
∇2 + Ve f f ,σ(r, t)

]
ψn,k(r, t), (1)

where ψnσ is the Bloch state, n is the band index, k is a point in the first Brillouin zone (BZ).
The time-dependent effective potential Ve f f ,σ(r, t) is a function of the electron spin-density
ρσ(r, t), and it is written as Equation (2)

Ve f f ,σ = Vn(r, t) + VH(r, t) + Vxc,k(r, t) + Vext(r, t), (2)

in which the first term Vn represents the ionic potential. The Hartree potential VH describes
the classical electron-electron interaction. The exchange-correlation potential Vxc is used to
treat all the correlations and nontrivial interactions between the electrons in the adiabatic
approximation. The last term Vext describes the interaction potential with laser fields.

In the calculation, the pump pulses are elliptically polarized in the x–y plane. The
counter-rotating fields of E1(t) and E2(t) are expressed as Equations (3) and (4)

E1(t) =

√
1

1 + ε2
1

E1 f (t)
[
ex cos(ωt) + ε1ey sin(ωt)

]
, (3)

E2(t) =

√
1

1 + ε2
2

E2 f (t)
[
ex cos(qωt)− ε2ey sin(qωt)

]
, (4)

where E1,0 and E2,0 stand for the amplitudes of the laser fields, and E1,0 = E2,0 = 1× 1012 W/cm2,
ex and ey are the unit vectors, ε1 and ε2 are the ellipticity of the two pulses respectively, ω
is the carrier frequency, q represents the frequency ratio of the two fields. The envelopes of
both pulses are taken to be Equation (5)

f (t) = sin2
(

πt
T

)
, (5)

with T being the pulse width. The pulse width is taken to be 10 cycles of T = 20π/ω. In the
CRB field of this paper, q equals to 2 unless otherwise specified. The laser wavelengths of
the first and second pulses are λ1 = 1600 nm and λ2 = 800 nm respectively.

The monolayer h-BN consists of a lattice unit containing one boron atom (B) and one
nitrogen atom (N) with a real-space spacing of 0.3 a.u. The B–N bond length was set to be
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1.445 Å, which equals the parameter in experiments [39]. A 66-Bohr simulation box was
used along the outgoing direction, and 3-Bohr absorption regions were added to each side
of the monolayer, which avoided the reflection error in the spectral region and improved
the spectral quality. The absorbing boundary was set as a complex absorbing potential [40],
and the cap height was taken as η = −1 a.u. We sampled the 2D BZ using a 42 × 42
Monkhorst–Pack k-point grid. The fully relativistic Hartwigsen, Goedecker, and Hutter
pseudopotentials [41] were used.

In this paper, adiabatic TDDFT was used to calculate the generation of harmonics
in monolayer h-BN under strong pump pulses. Although the exchange-correlation (XC)
functional LDA underestimates the band gap, many previous studies have proven that it
can mcorrectly describe the band dispersion of VBs and CBs [42], thus correctly describing
the inter-band and intra-band dynamics [12,43]. We calculated the HHG in the monolayer
h-BN crystal excited by the CRB field. The HHG spectrum is obtained from the total
time-dependent electronic current j(r,t) as Equation (6)

HHG(ω) =

∣∣∣∣FT
(

∂

∂t

∫
j(r, t)d3r

)∣∣∣∣2, (6)

where FT denotes the Fourier transform.

3. Results and Discussion

Our analysis of the interaction between the pump pulses and the monolayer h-BN is
based on the full electronic bands and the real crystal structure. Figure 1a shows the hexag-
onal honeycomb structure of a single-layer h-BN crystal in real space. Unlike graphene with
the zero-band gap, the two atoms in the h-BN lattice are unequal. The band structure of the
monolayer h-BN is shown in Figure 1b. The minimum direct band gap at K-point is 4.5 eV,
and the band gaps at Γ and M points are about 6.5 eV and 5.5 eV, respectively. The highest
VB and the lowest CB are shown in a blue solid line and a green solid line, respectively.
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zigzag (ZZ) direction and the armchair (AC) direction, respectively. Nitrogen atoms, orange-red 
spheres; boron atoms, blue spheres. The red arrow is the polarization direction of the linearly 
polarized pump laser at an angle θ with the B–N bond. (b) Calculated band structure of single-layer 
h-BN. The highest VB and lowest CB are in blue and green, respectively. 

Figure 2a shows the HHG spectrum of h-BN driven by linearly polarized pump 
pulse, as the laser pulse polarized along the Γ–M direction. We calculated the HHG in two 
orthogonal directions, the x and y-axis, respectively. The harmonic spectrum is the sum of 
the two orthogonal components. We can get linearly polarized HHG of all orders and the 
cutoff frequency can reach up to the 13th order, which agrees with the previous studies 
[12,22]. 

Figure 1. (a) Top-view of the crystal structure of h-BN. (The x-axis and y-axis are defined along
the zigzag (ZZ) direction and the armchair (AC) direction, respectively. Nitrogen atoms, orange-
red spheres; boron atoms, blue spheres. The red arrow is the polarization direction of the linearly
polarized pump laser at an angle θ with the B–N bond. (b) Calculated band structure of single-layer
h-BN. The highest VB and lowest CB are in blue and green, respectively.

Figure 2a shows the HHG spectrum of h-BN driven by linearly polarized pump
pulse, as the laser pulse polarized along the Γ–M direction. We calculated the HHG in
two orthogonal directions, the x and y-axis, respectively. The harmonic spectrum is the
sum of the two orthogonal components. We can get linearly polarized HHG of all orders
and the cutoff frequency can reach up to the 13th order, which agrees with the previous
studies [12,22].
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Figure 2. (a) HHG spectrum of h-BN in the linearly polarized pump pulse with θ = 60◦; (b) HHG
spectrum of h-BN in the CRB pump pulse with θ = 30◦.

HHG from h-BN, however, shows several distinctive features when driven by CRB
laser fields. As shown in Figure 1a, the angle θ is defined as the rotation angle of the B–N
bond toward the adjacent chemical bond. In the calculation, we fixed the direction of h-BN
and rotated the angle θ of the laser field. Figure 2b shows a typical HHG spectrum obtained
at θ = 30◦, only several harmonic peaks with a sequence of doublets appeared, such as
4th–5th and 7th–8th, while other orders like 3th and 6th are vanishing. According to the
law of conservation of energy and the law of conservation of orbital angular momentum,
the allowed harmonic orders of h-BN are only (3m + 1)th and (3m + 2)th harmonics. Their
helicity is opposite [4,6,11], the (3m + 1)th orders are right circularly polarized and the
(3m + 2)th orders are left circularly polarized.

In order to study the variation of the harmonic yield with the rotation angle, we first
calculated the harmonic intensities of h-BN crystals in linearly polarized pump pulses. The
changes in harmonic yield are obtained when the h-BN crystal is rotated about the z-axis
as the pump pulse polarization is fixed. Figure 3 shows the variation of harmonic yields
of different orders when the wavelength of the linearly polarized pump field is 1600 nm.
Since the rotational symmetry of the h-BN crystal is 120◦, we only extracted the harmonic
yield of each order as angle θ ranged from 0◦ to 120◦. We can see that the harmonic
yields of h-BN have two maxima within the 120◦ rotation. And it is centrally symmetric
with 60◦ in the range of 120◦. This indicates that the variation of the harmonic yield is
6-fold, which is consistent with the HHG from other kinds of crystals with hexagonal
structures [10,22,30]. In linear polarization field, the polarization direction of laser along
the B-N bond direction and N-B bond direction will produce nonlinear polarization with
different intensity. However, in the multi-period laser field, the polarization direction of
electrons in positive and negative periods is opposite due to the effect of the polarization
direction of electric field [33,44]. Therefore, the harmonic intensity is the same for every
60◦ rotation of the laser field in h-BN.

Figure 4 shows the variation of harmonic yields of each order of h-BN crystals in
the CRB field. There is only one maximum harmonic yield when the h-BN crystal is
rotated by 120◦, which is different from the result of the harmonic yield in Figure 3. This is
consistent with the result in [5,10]. In the CRB laser field, when a hexagonal crystal with
triple symmetry is rotated 360◦, the harmonic yield is triple symmetric. The results in
Figures 3 and 4 demonstrate the least common multiple (LCM) rule [10], i.e., the symmetry
of the harmonic yield maxima of the crystal rotating for one cycle determined by the least
common multiple of the symmetry of the material and the laser pulse. The symmetries
of the monolayer h-BN and CRB fields are both C3 symmetric, and their least common
multiple is 3. Thus, the harmonic yield variation for one rotation is C3 symmetric.

Furthermore, we find that the maximum harmonic yields of each order in Figure 4 all
occur at θ = 60◦ and the minimum at 0◦. Figure 5a shows the HHG spectra of h-BN crystal
rotating at θ = 0◦ and 60◦ in a single-cycle CRB laser field with a fundamental frequency of
1600 nm. We can see from Figure 5a that in the single-cycle field, the harmonic spectrum
still has an obvious peak shape. The reason can be attributed to the electrons are excitated
three times with different directions in the photoperiod in the CRB field. In addition, the
harmonic yield at θ = 0◦ is nearly an order of magnitude smaller than that at θ = 60◦.
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Figure 4. The harmonic yield variation of the CRB field is composed of a fundamental field of
1600 nm and a second harmonic field of 800 nm. (a–d) Are the changes in the yield of H4, H5, H7,
and H8, respectively. The harmonic yields are normalized respective to each order.

In order to further study the change of harmonic intensity near the minimum bandgap
energy, as shown in Figure 5b, we calculated the HHG spectra of h-BN crystal at θ = 0◦

and 60◦ in the single-cycle CRB laser field with the fundamental frequency of 3000 nm.
The phenomenon in Figure 5b is similar to that in Figure 5a, which proves that the LCM
rule is independent of the laser field wavelength. In the actual calculation, we use the
trapezoidal envelope, which includes the rising edge of half a cycle and the falling edge
of half a cycle. Because of the weak laser intensity, high harmonics are hardly generated.



Photonics 2022, 9, 731 6 of 11

The middle period keeps the peak intensity constant, which excites the electron during
the whole photoperiod, and corresponds to the generation of most of the HHG, which
simulates the generation of HHG in a single period laser field. Therefore, the enhancement
of the harmonic yield can be achieved simply by rotating the crystal or the laser field.
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Figure 5. (a) HHG harmonic spectra of the h-BN crystal with θ = 0◦ and 60◦ in the CRB laser field
with the fundamental frequency of 1600 nm, and the pulse duration is 6 fs (a single cycle of the
fundamental field). (b) HHG harmonic spectra of the m-BN crystal with θ = 0◦ and 60◦ in the CRB
laser field with the fundamental frequency of 3000 nm, and the pulse duration is 10 fs. (Insets:
Diagrams of CRB laser field of h-BN at 0◦ and 60◦ in real space). Schematic diagrams of the process
for generating high harmonics in a single layer h-BN crystal driven by the CRB laser field with
orientation angles (c) θ = 0◦ and (d) 60◦. Arrows indicate the direction of harmonics generated along
chemical bonds. Orange arrows represent harmonics generated by electrons near N atoms, and green
arrows represent harmonics generated by electrons near B atoms.

Figure 5c,d schematically depict the generation of high harmonics in a CRB laser field
by electron motion in a single-layer h-BN crystal. In solids, high harmonics are generated
along the direction of chemical bonds, although the overall direction of the total high
harmonics is not necessarily along the direction of chemical bonds [30,45].

As shown in Figure 5, the Lissajous figure of the CRB field in one optical cycle is a
clover shape. Each lobe is independent and equivalent, and the electrons are excited three
times in one optical cycle at different angles. However, for h-BN, when the laser field rotates
by any angle, the angle of each lobe with respect to the B–N bond is fixed, as shown in the
insets in Figure 5a,b. We can analysis about the generation of the high harmonics in just
one lobe, i.e., one-third of the period. When only one lobe of the laser field is considered,
the vector of the electric field is projected onto three adjacent chemical bonds, producing
HHG in the direction of the three bonds. The spatial directions of atomic bonds define the
preferred directions for electrons motion also in momentum space, which can twist the
polarization direction if the exciting field is not aligned with these preferred directions. But
this can be represented as a linear superposition of the bond directions [44]. As shown in
Figure 5c, at 0◦, two N-B bonds and another B-N bond are excited, and excited separately
in the direction of B-N bond. As shown in Figure 5d, at 60◦, two B-N bonds and another
N-B bond are excited, and excited separately in the direction of N-B bond.

The total yield of high harmonics EHH is defined as the vector sum of the harmonic
yields of x and y components. As shown in Figure 5b, θ = 60◦, EN is the HHG generated
when nonlinear polarization occurs along the N-B bond in this direction. Similarly, when
θ = 0◦, EB is the high-order harmonic generation generated when nonlinear polarization
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occurs along the B-N bond. The high harmonic generation (θ = 0◦) along each bond can be
calculated involving its component intensities in the x and y-axis as

EHH,0◦ =
(

cos2 60◦EN − cos3 60◦EN + cos2 60◦EB

)
ey +

(
sin 60◦ cos2 60◦EN + sin2 60◦EB

)
ex =

3
16

EN + EB (7)

where ex and ey are the direction vectors of the x and y-axis, respectively. When θ = 60◦

EHH,60◦ =
3
16

EB + EN . (8)

It is worth noting that no definite harmonic intensity can be given when the di-
rection of electron polarization is distorted. Therefore, Equations (7) and (8) are only
qualitative formulas.

Additionally, for any angle ranging from 0 to 120◦, EHH can also be represented as the
vector sum of the x and y components. In such a circumstance, because the polarization
direction of the laser field is not perpendicular to or opposite to the direction of the existing
chemical bond, the electrons will be nonlinear polarized on the same chemical bond.

The above-mentioned phenomenon is very similar to the suppression of harmonics
in single-cycle linearly polarized pulses [44]. In each period of the CRB field, the electron
motion can be regarded as three repeated motions, but in different directions. Then we
can focus on the electron’s dynamics in real space along one chemical bond under pulsed
excitation. In the restoring force of the asymmetric atomic potential, carrier dynamics along
the B–N bond direction can be described as moving in a single generalized coordinate
system. This generalized coordinate moves in one dimension on the effective potential U(x̃).

The effective potential U(x̃) =
∞
∑

n=2
cn x̃n, where the classical point charge –e (elementary

charge) and mass of m2 (electron rest mass), and the generalized coordinate x̃ is the
displacement from the equilibrium position. When n = 2, it is a linear optical response, and
when n > 2, it expresses the nonlinear motion of electrons and can describe the harmonic
intensity in Figure 5 [12]. The rotations of 0◦ and 60◦ in the CRB pulse correspond to
the movement of electrons from low-potential energy atoms to equilibrium positions and
from high-potential energy atoms to equilibrium positions, respectively. Electronic motion
starting from low potential energies suppresses the emission of harmonics [44]. Therefore,
we can obtain that the strength of EN is greater than that of EB, that is, EHH,60◦ > EHH,0◦ .

The TDDFT we used in our calculations is a quantum model using electron density. The
calculation results have demonstrated the difference in harmonic yield and waveform of the
harmonic spectrum when rotating h-BN, we can also use the electron density to intuitively
explain the generation of these phenomena in Figure 5a,b. The corresponding ground-state
electron densities are depicted in Figure 6a. The electrons are located around N atom,
where the potential is asymmetric and less steep towards the direction of the neighboring B
atom. It confirms that the results of the simulations are robust against substantial variations
of the parameters, as long as the system breaks the inversion symmetry and the electrons
are populated mostly around N atom. The results are also robust against the relaxation and
dephasing effects [44].

In the solid state, the electron density changes are fairly small under the action of
the laser field [12,21,43,44], which consistent with our calculation method using adiabatic
approximation [46]. Figure 6b,c show the electron densities at the peak position of the laser
field minus the electron density in the ground state when the h-BN rotates at 0◦ and 60◦,
respectively. When the rotation angle is 0◦, the electron density near the N atom increases,
and the electron density near the B atom decreases. When the rotation angle is 60◦, the
above-mentioned phenomenon is reversed. By comparing Figure 6b,c, it can be seen that
the electron density near the N atom changes larger than that near the B atom. This proves
that since the potential energy of the N atom is larger than that of the B atom, the generation
of high harmonics is mainly attributed to the electron motion and electron excitation near
the N atom. The above discussions prove that EN � EB, EHH,60◦ > EHH,0◦ .
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We conclude that the direction, orientation, and different electron affinities of the
chemical bonds determine the sign, magnitude, and shape of the nonlinear optical response
induced by a single primary electron motion. Nonlinear optics in complex materials is
influenced by the quantum mechanical motion of valence electrons in the potential formed
by the atomic environment and the bonding structure. In h-BN, N atoms have greater
potential energy and higher electron affinities than B atoms, and valence electrons motion
around N in a time-dependent nonlinear manner. When the CRB laser field rotates at
different angles, electrons are driven toward different atoms by the laser field, resulting
in different harmonic intensities. When the valence electrons are driven to the shallower
side of the potential (toward the B atom), their nonlinearity is enhanced, i.e., producing
higher harmonic intensities. When the valence electrons are driven to the steeper side
(away from the B atom), their nonlinearity is weaker, and the high harmonic intensities
produced are thus weaker. Therefore, the special symmetrical structure of the CRB field
affects the harmonic yield in different directions.

In the same way, we can interpret the LCM rules [10]. When we use the fundamental
frequency pulse and third harmonic pulse to construct the CRB pulse as shown in Figure 7,
the change of harmonic yield should be C12 rotational symmetry according to the LCM rule.
Figure 7a,b are schematic diagrams of the electronic motion at θ = 0◦ and 30◦, respectively.
Considering a complete cycle of pulse, EHH,0◦ = EHH,30◦ =

(
2 +
√

3
)
(EN + EB). Figure 7c

shows the HHG spectra of h-BN crystals at rotation angles of 0◦ and 30◦ in the CRB laser
field with fundamental frequency of 3000 nm and triple frequency of 1000 nm, the pulse
duration is ten cycles of the fundamental field. The harmonic intensities of the two angles
are comparable, proving the correctness of the LCM rule.

Next, two calculations are designed to further verify our analysis in theory. First, we
calculated HHG spectra at different angles when changing the peak intensity. Figure 8a
shows the HHG spectra at θ = 0◦ and 30◦ when the pulse peak intensity is changed to
5× 1011 W/cm2. Compared with Figure 5a,b, there is no difference in spectral shape except
that the harmonic intensity is two orders of magnitude smaller. If the field-driven electronic
motion along the chemical bonds is dictated by the potential and waveform, the shape of
spectra and the photon-order interferences should not strongly depend on the absolute
electric field strength.
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Figure 7. Control of electron dynamics in polar valence bonds by using both fundamental frequency
pulse and the third harmonic pulse. In the CRB field composed of the fundamental frequency pulse
and the third harmonic pulse, the electrons of h-BN move in the pulse oscillation. Schematic diagrams
when (a) θ = 0◦ and (b) 30◦. (c) The HHG spectra of h-BN crystals with rotation angles of θ = 0◦

and 30◦.
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Figure 8. HHG spectra of the CRB field consisting of a fundamental frequency optical pulse of
3000 nm and a second harmonic pulse of 1500 nm. (a) HHG spectra with a duration of nearly a single
cycle and a peak intensity of 5 ×1011 W/cm2. (b) The HHG spectra with a duration of 10 cycles and
a peak intensity of 1 ×1012 W/cm2. The blue solid line is the harmonic spectra for θ = 0◦, and the red
solid line is the harmonic spectra for θ = 60◦.

Finally, according to our demonstration, unlike [44], the shape of the harmonic spectra
can still be quite different when the pulse is multi-periodic. Figure 8b is the harmonic
spectra at θ = 0◦ and 60◦ when the pulse duration is changed to 10 cycles. The difference
and spectral pattern of the harmonic intensities do not change compared to the single cycle.
That is due to the positive and negative half-cycles of the linearly polarized pulse will
reverse the electron movement, and the direction of the electron movement in each cycle of
the CRB field is consistent with the chemical bond angle.

4. Conclusions

By studying the dependence of harmonic yield of h-BN in CRB laser field using TDDFT,
we proved the LCM rule of harmonic intensity and laser field symmetry, and we found
that the CHHs can be optimized by rotating the crystal. It is proved that the harmonic
spectral shapes and intensities are determined by field-driven valence electron dynamics
and, for heteronuclear materials, by the orientation, angle, and polarity of chemical bonds.
Similarly, this contributes to the generation of high intensity CP attosecond pulses and is
of great significance for the study of chiral-sensitive substances. This work also proves
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the modulation of high harmonics depending on both crystal and dynamical symmetries,
which can provide a reference for the study of solid HHG in the future.

Author Contributions: Conceptualization, H.L.; methodology, H.L.; validation, H.L. and F.L.; formal
analysis, H.L.; investigation, H.L.; data curation, H.L.; writing—original draft preparation, H.L.;
writing—review and editing, F.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (12174412,
11874373), Youth Innovation Promotion Association of the Chinese Academy of Sciences (2021241),
and the Scientific Instrument Developing Project of the Chinese Academy of Sciences (YJKYYQ20180023).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hentschel, M.; Kienberger, R.; Spielmann, C.; A Reider, G.; Milosevic, N.; Brabec, T.; Corkum, P.; Heinzmann, U.; Drescher, M.;

Krausz, F. Attosecond metrology. Nature 2001, 414, 509–513. [CrossRef] [PubMed]
2. Fan, T.; Grychtol, P.; Knut, R.; Hernández-García, C.; Hickstein, D.D.; Zusin, D.; Gentry, C.; Dollar, F.J.; Mancuso, C.A.; Hogle,

C.W.; et al. Bright circularly polarized soft X-ray high harmonics for X-ray magnetic circular dichroism. Proc. Natl. Acad. Sci. USA
2015, 112, 14206–14211. [CrossRef]

3. Ferré, A.; Handschin, C.; Dumergue, M.; Burgy, F.; Comby, A.; Descamps, D.; Fabre, B.; Garcia, G.; Géneaux, R.; Merceron, L.; et al.
A table-top ultrashort light source in the extreme ultraviolet for circular dichroism experiments. Nat. Photonics 2015, 9, 93–98.
[CrossRef]

4. Kfir, O.; Grychtol, P.; Turgut, E.; Knut, R.; Zusin, D.; Popmintchev, D.; Popmintchev, T.; Nembach, H.T.; Shaw, J.M.; Fleischer,
A.; et al. Generation of bright phase-matched circularly-polarized extreme ultraviolet high harmonics. Nat. Photonics 2015, 9,
99–105. [CrossRef]

5. Heinrich, T.; Taucer, M.; Kfir, O.; Corkum, P.B.; Staudte, A.; Ropers, C.; Sivis, M. Chiral high-harmonic generation and spectroscopy
on solid surfaces using polarization-tailored strong fields. Nat. Commun. 2021, 12, 1–7. [CrossRef] [PubMed]

6. Fleischer, A.; Kfir, O.; Diskin, T.; Sidorenko, P.; Cohen, O. Spin angular momentum and tunable polarization in high-harmonic
generation. Nat. Photonics 2014, 8, 543–549. [CrossRef]

7. Hernández-García, C.; Jaron-Becker, A.; Hickstein, D.D.; Becker, A.; Durfee, C.G. High-order-harmonic generation driven by
pulses with angular spatial chirp. Phys. Rev. A 2016, 93, 023825. [CrossRef]

8. Yuan, K.J.; Bandrauk, A.D. Single circularly polarized attosecond pulse generation by intense few cycle elliptically polarized laser
pulses and terahertz fields from molecular media. Phys. Rev. Lett. 2013, 110, 023003. [CrossRef] [PubMed]

9. Saito, N.; Xia, P.; Lu, F.; Kanai, T.; Itatani, J.; Ishii, N. Observation of selection rules for circularly polarized fields in high-harmonic
generation from a crystalline solid. Optica 2017, 4, 1333–1336. [CrossRef]

10. He, Y.L.; Guo, J.; Gao, F.Y.; Liu, X.S. Dynamical symmetry and valley-selective circularly polarized high-harmonic generation in
monolayer molybdenum disulfide. Phys. Rev. B 2022, 105, 024305. [CrossRef]

11. Mrudul, M.S.; Jiménez-Galán, Á.; Ivanov, M.; Dixit, G. Light-induced valleytronics in pristine graphene. Optica 2021, 8, 422–427.
[CrossRef]

12. Kong, X.S.; Liang, H.; Wu, X.Y.; Peng, L.Y. Symmetry analyses of high-order harmonic generation in monolayer hexagonal boron
nitride. J. Phys. B At. Mol. Opt. Phys. 2021, 54, 124004. [CrossRef]

13. Liu, H.; Li, Y.; You, Y.S.; Ghimire, S.; Heinz, T.F.; Reis, D.A. High-harmonic generation from an atomically thin semiconductor.
Nat. Phys. 2017, 13, 262–265. [CrossRef]

14. Yoshikawa, N.; Tamaya, T.; Tanaka, K. High-harmonic generation in graphene enhanced by elliptically polarized light excitation.
Science 2017, 356, 736–738. [CrossRef]

15. Taucer, M.; Hammond, T.J.; Corkum, P.B.; Vampa, G.; Couture, C.; Thiré, N.; Schmidt, B.E.; Légaré, F.; Selvi, H.; Unsuree,
N.; et al. Nonperturbative harmonic generation in graphene from intense midinfrared pulsed light. Phys. Rev. B 2017, 96, 195420.
[CrossRef]

16. Chen, Z.Y.; Qin, R. Circularly polarized extreme ultraviolet high harmonic generation in graphene. Opt. Express 2019, 27,
3761–3770. [CrossRef] [PubMed]

17. Zurrón-Cifuentes, Ó.; Boyero-García, R.; Hernández-García, C.; Picón, A.; Plaja, L. Optical anisotropy of non-perturbative
high-order harmonic generation in gapless graphene. Opt. Express 2019, 27, 7776–7786. [CrossRef] [PubMed]

18. Cao, J.; Li, F.; Bai, Y.; Liu, P.; Li, R. Inter-half-cycle spectral interference in high-order harmonic generation from monolayer MoS2.
Opt. Express 2021, 29, 4830–4841. [CrossRef] [PubMed]

http://doi.org/10.1038/35107000
http://www.ncbi.nlm.nih.gov/pubmed/11734845
http://doi.org/10.1073/pnas.1519666112
http://doi.org/10.1038/nphoton.2014.314
http://doi.org/10.1038/nphoton.2014.293
http://doi.org/10.1038/s41467-021-23999-9
http://www.ncbi.nlm.nih.gov/pubmed/34140484
http://doi.org/10.1038/nphoton.2014.108
http://doi.org/10.1103/PhysRevA.93.023825
http://doi.org/10.1103/PhysRevLett.110.023003
http://www.ncbi.nlm.nih.gov/pubmed/23383902
http://doi.org/10.1364/OPTICA.4.001333
http://doi.org/10.1103/PhysRevB.105.024305
http://doi.org/10.1364/OPTICA.418152
http://doi.org/10.1088/1361-6455/ac066f
http://doi.org/10.1038/nphys3946
http://doi.org/10.1126/science.aam8861
http://doi.org/10.1103/PhysRevB.96.195420
http://doi.org/10.1364/OE.27.003761
http://www.ncbi.nlm.nih.gov/pubmed/30732390
http://doi.org/10.1364/OE.27.007776
http://www.ncbi.nlm.nih.gov/pubmed/30876335
http://doi.org/10.1364/OE.416213
http://www.ncbi.nlm.nih.gov/pubmed/33726030


Photonics 2022, 9, 731 11 of 11

19. Wang, Z.; Jiang, S.; Yuan, G.; Wu, T.; Li, C.; Qian, C.; Jin, C.; Yu, C.; Hua, W.; Lu, R. Strain effect on the orientation-dependent
harmonic spectrum of monolayer aluminum nitride. Sci. China Phys. Mech. Astron. 2020, 63, 1–7. [CrossRef]

20. Tancogne-Dejean, N.; Rubio, A. Atomic-like high-harmonic generation from two-dimensional materials. Sci. Adv. 2018,
4, eaao5207. [CrossRef]

21. Le Breton, G.; Rubio, A.; Tancogne-Dejean, N. High-harmonic generation from few-layer hexagonal boron nitride: Evolution
from monolayer to bulk response. Phys. Rev. B 2018, 98, 165308. [CrossRef]

22. Yu, C.; Jiang, S.; Wu, T.; Yuan, G.; Wang, Z.; Jin, C.; Lu, R. Two-dimensional imaging of energy bands from crystal orientation
dependent higher-order harmonic spectra in h-BN. Phys. Rev. B 2018, 98, 085439. [CrossRef]

23. Watanabe, K.; Taniguchi, T.; Kanda, H. Direct-bandgap properties and evidence for ultraviolet lasing of hexagonal boron nitride
single crystal. Nat. Mater. 2004, 3, 404–409. [CrossRef] [PubMed]

24. Han, S.; Ortmann, L.; Kim, H.; Kim, Y.W.; Oka, T.; Chacon, A.; Doran, B.; Ciappina, M.; Lewenstein, M.; Kim, S.-W.; et al.
Extraction of higher-order nonlinear electronic response in solids using high harmonic generation. Nat. Commun. 2019, 10, 1–6.

25. Ghimire, S.; Reis, D.A. High-harmonic generation from solids. Nat. Phys. 2019, 15, 10–16. [CrossRef]
26. Vampa, G.; Hammond, T.J.; Thiré, N.; Schmidt, B.E.; Légaré, F.; McDonald, C.R.; Brabec, T.; Corkum, P.B. Linking high harmonics

from gases and solids. Nature 2015, 522, 462–464. [CrossRef]
27. Ndabashimiye, G.; Ghimire, S.; Wu, M.; Browne, D.A.; Schafer, K.J.; Gaarde, M.B.; Reis, D.A. Solid-state harmonics beyond the

atomic limit. Nature 2016, 534, 520–523. [CrossRef]
28. Higuchi, T.; Heide, C.; Ullmann, K.; Weber, H.B.; Hommelhoff, P. Light-field-driven currents in graphene. Nature 2017, 550,

224–228. [CrossRef]
29. Luu, T.T.; Garg, M.; Kruchinin, S.Y.; Moulet, A.; Hassan, M.T.; Goulielmakis, E. Extreme ultraviolet high-harmonic spectroscopy

of solids. Nature 2015, 521, 498–502. [CrossRef]
30. Langer, F.; Hohenleutner, M.; Huttner, U.; Koch, S.W.; Kira, M.; Huber, R. Symmetry-controlled temporal structure of high-

harmonic carrier fields from a bulk crystal. Nat. Photonics 2017, 11, 227–231. [CrossRef]
31. Hafez, H.A.; Kovalev, S.; Deinert, J.-C.; Mics, Z.; Green, B.; Awari, N.; Chen, M.; Germanskiy, S.; Lehnert, U.; Teichert, J.; et al.

Extremely efficient terahertz high-harmonic generation in graphene by hot Dirac fermions. Nature 2018, 561, 507–511. [CrossRef]
32. Hohenleutner, M.U.; Langer, F.; Schubert, O.; Knorr, M.; Huttner, U.; Koch, S.W.; Kira, M.; Huber, R. Real-time observation of

interfering crystal electrons in high-harmonic generation. Nature 2015, 523, 572–575. [CrossRef] [PubMed]
33. Lucchini, M.; Sato, S.A.; Ludwig, A.; Herrmann, J.; Volkov, M.; Kasmi, L.; Shinohara, Y.; Yabana, K.; Gallmann, L.; Keller, U.

Attosecond dynamical Franz-Keldysh effect in polycrystalline diamond. Science 2016, 353, 916–919. [CrossRef]
34. Mashiko, H.; Oguri, K.; Yamaguchi, T.; Suda, A.; Gotoh, H. Petahertz optical drive with wide-bandgap semiconductor. Nat. Phys.

2016, 12, 741–745. [CrossRef]
35. Volkov, M.; Sato, S.A.; Schlaepfer, F.; Kasmi, L.; Hartmann, N.; Lucchini, M.; Gallmann, L.; Rubio, A.; Keller, U. Attosecond

screening dynamics mediated by electron localization in transition metals. Nat. Phys. 2019, 15, 1145–1149. [CrossRef]
36. Vampa, G.; Hammond, T.J.; Thiré, N.; Schmidt, B.E.; Légaré, F.; McDonald, C.R.; Brabec, T.; Klug, D.D.; Corkum, P.B. All-optical

reconstruction of crystal band structure. Phys. Rev. Lett. 2015, 115, 193603. [CrossRef]
37. Lanin, A.A.; Stepanov, E.A.; Fedotov, A.B.; Zheltikov, A.M. Mapping the electron band structure by intraband high-harmonic

generation in solids. Optica 2017, 4, 516–519. [CrossRef]
38. Lakhotia, H.; Kim, H.Y.; Zhan, M.; Hu, S.; Meng, S.; Goulielmakis, E. Laser picoscopy of valence electrons in solids. Nature 2020,

583, 55–59. [CrossRef] [PubMed]
39. Pease, R.S. An X-ray study of boron nitride. Acta Crystallogr. 1952, 5, 356–361. [CrossRef]
40. De Giovannini, U.; Larsen, A.H.; Rubio, A. Modeling electron dynamics coupled to continuum states in finite volumes with

absorbing boundaries. Eur. Phys. J. B 2015, 88, 1–12. [CrossRef]
41. Hartwigsen, C.; Gœdecker, S.; Hutter, J. Relativistic separable dual-space Gaussian pseudopotentials from H to Rn. Phys. Rev. B

1998, 58, 3641. [CrossRef]
42. Waroquiers, D.; Lherbier, A.; Miglio, A.; Stankovski, M.; Poncé, S.; Oliveira, M.J.T.; Giantomassi, M.; Rignanese, G.-M.; Gonze, X.

Band widths and gaps from the Tran-Blaha functional: Comparison with many-body perturbation theory. Phys. Rev. B 2013,
87, 075121. [CrossRef]

43. Tancogne-Dejean, N.; Mücke, O.D.; Kärtner, F.X.; Rubio, A. Impact of the electronic band structure in high-harmonic generation
spectra of solids. Phys. Rev. Lett. 2017, 118, 087403. [CrossRef] [PubMed]

44. Morimoto, Y.; Shinohara, Y.; Tani, M.; Chen, B.H.; Ishikawa, K.L.; Baum, P. Asymmetric single-cycle control of valence electron
motion in polar chemical bonds. Optica 2021, 8, 382–387. [CrossRef]

45. Neufeld, O.; Podolsky, D.; Cohen, O. Floquet group theory and its application to selection rules in harmonic generation. Nat.
Commun. 2019, 10, 1–9. [CrossRef]

46. Marques, M.A.; Maitra, N.T.; Nogueira, F.M.; Gross, E.K.; Rubio, A. (Eds.) Fundamentals of Time-Dependent Density Functional
theory; Springer: Berlin/Heidelberg, Germany, 2012; Volume 837, p. 130.

http://doi.org/10.1007/s11433-019-1467-2
http://doi.org/10.1126/sciadv.aao5207
http://doi.org/10.1103/PhysRevB.98.165308
http://doi.org/10.1103/PhysRevB.98.085439
http://doi.org/10.1038/nmat1134
http://www.ncbi.nlm.nih.gov/pubmed/15156198
http://doi.org/10.1038/s41567-018-0315-5
http://doi.org/10.1038/nature14517
http://doi.org/10.1038/nature17660
http://doi.org/10.1038/nature23900
http://doi.org/10.1038/nature14456
http://doi.org/10.1038/nphoton.2017.29
http://doi.org/10.1038/s41586-018-0508-1
http://doi.org/10.1038/nature14652
http://www.ncbi.nlm.nih.gov/pubmed/26223624
http://doi.org/10.1126/science.aag1268
http://doi.org/10.1038/nphys3711
http://doi.org/10.1038/s41567-019-0602-9
http://doi.org/10.1103/PhysRevLett.115.193603
http://doi.org/10.1364/OPTICA.4.000516
http://doi.org/10.1038/s41586-020-2429-z
http://www.ncbi.nlm.nih.gov/pubmed/32612227
http://doi.org/10.1107/S0365110X52001064
http://doi.org/10.1140/epjb/e2015-50808-0
http://doi.org/10.1103/PhysRevB.58.3641
http://doi.org/10.1103/PhysRevB.87.075121
http://doi.org/10.1103/PhysRevLett.118.087403
http://www.ncbi.nlm.nih.gov/pubmed/28282201
http://doi.org/10.1364/OPTICA.414213
http://doi.org/10.1038/s41467-018-07935-y

	Introduction 
	Methods 
	Results and Discussion 
	Conclusions 
	References

