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High-harmonic generation in
graphene enhanced by elliptically
polarized light excitation

Naotaka Yoshikawa,">* Tomohiro Tamaya,'t Koichiro Tanaka’>*

The electronic properties of graphene can give rise to a range of nonlinear optical
responses. One of the most desirable nonlinear optical processes is high-harmonic
generation (HHG) originating from coherent electron motion induced by an intense light
field. Here, we report on the observation of up to ninth-order harmonics in graphene
excited by mid-infrared laser pulses at room temperature. The HHG in graphene is enhanced
by an elliptically polarized laser excitation, and the resultant harmonic radiation has a
particular polarization. The observed ellipticity dependence is reproduced by a fully
quantum mechanical treatment of HHG in solids. The zero-gap nature causes the unique
properties of HHG in graphene, and our findings open up the possibility of investigating
strong-field and ultrafast dynamics and nonlinear behavior of massless Dirac fermions.

igh-harmonic generation (HHG) has been

intensely investigated in atomic gases for

its application to the generation of coher-

ent attosecond radiation in the extreme

ultraviolet and soft x-ray regions (I, 2).
HHG has been reported in various crystalline
solids (3-1I) and described as a probing method
of the electronic properties of solids. The mech-
anism of HHG in solids is fundamentally dif-
ferent from that in atomic gases because of the
higher density of the atoms and their periodic
structure. In particular, recent reports have re-
vealed that HHG is sensitive to the orientation of
the electric field relative to the crystal axis (9-1I).
HHG has been demonstrated as a good tool for
exploring the nature of the electron systems in
crystals in terms of the symmetry of the elec-
tronic band structure (9), interatomic bonding
(10), and the material’s Berry curvature (II).
Although this property of HHG clearly reflects
the diversity of solids, the diversity it affords may
obscure the universal nature of HHG in solids.
Several theoretical models have been proposed
for solid-state HHG (3-14), such as interband
polarization combined with dynamical Bloch
oscillations (4, 7, 9), intraband electron dynamics
(10, 11), and time-dependent diabatic process
(12); however, a unified predictive theory that
captures the essential feature of HHG in solids
remains elusive.

In bulk crystals, the essential feature of solid-
state HHG may be swept out due to the propa-
gation effects, such as phase matching conditions.
It is therefore important to gain an understand-
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ing of HHG in simple, two-dimensional material.
Graphene is a monolayer of carbon atoms packed
in a two-dimensional honeycomb lattice, and it
exhibits a unique band structure with a zero en-
ergy gap and linear energy dispersion, the Dirac
cone (15, 16). The important characteristic here is
that the band structure of graphene relevant to
HHG is isotropic even in the visible region. An
HHG experiment in graphene should capture the
universal properties of HHG in solids indepen-
dently of the crystal angle and provide a standard
test case for checking the validity of proposed
theories.

The band structure of graphene gives rise to
several remarkable properties, including univer-
sal conductivity (7-19). Linear energy dispersion
also gives a fixed group velocity that is only de-
pendent on the direction of the k vector, leading
to a strongly nonlinear electromagnetic response.
Although the semiclassical model (20) and quan-
tum mechanical theory (21) each predict HHG,
there has been no report of observation of HHG

in monolayer graphene. Fifth-harmonic genera-
tion in the terahertz (THz) region was demon-
strated in 45-layer graphene (22); however, its
efficiency of third-harmonic generation was quite
low in contrast with the theoretical prediction
(23). The low efficiency should come from the ex-
traordinarily fast relaxation of electrons (24-28)
that prohibits coherent optical processes in the
THz frequency region. Because of this problem,
attention has shifted to devising an HHG exper-
iment with mid-infrared light.

A typical high-harmonic (HH) spectrum is
shown (Fig. 1B) of monolayer graphene excited
by linearly polarized mid-infrared (0.26 eV) pulses
(Fig. 1A) (29). The peak power of the pump pulse
was 1.7 TW/cm?, which corresponds to an electric
field 30 MV/cm inside the graphene, taking into
account the reflectivity of the substrate. All ex-
periments were performed at room temperature.
Odd-order harmonics can be seen up to ninth or-
der. We subtracted the background broad lumi-
nescence from impurities or defects insensitive to
the photon energy and polarization of the excita-
tion light (fig. S4) (29). The intensity of fifth-harmonic
radiation as a function of the peak power of the
excitation pulse I, (red circles, Fig. 1C) shows a
saturation-like behavior, whereas it should show
an I° dependence (dashed red line) in the pertur-
bative limit. It scales as 1%, (gray line) at the
highest pump intensity in this study. The power
dependence clearly shows the nonperturbative
nature of the HHG process in graphene (4, I11).

Figure 2 shows HH spectra for various polar-
izations of the pump laser as characterized by
ellipticity, defined as € = E,/E,. The peak power of
the laser was 0.8 TW/cm®. The orientation of the
variable retarder was fixed, and we controlled the
laser ellipticity by changing the retardance in order
to keep the major axis of the elliptical polarization
fixed. All harmonics vanish when the graphene
is pumped by circular polarized light (e = 1).
However, with the elliptically polarized pump
(e = 0.32), the seventh and ninth harmonics are
enhanced compared with those having a linearly
polarized pump (e = 0). This is notably different
from gas-phase HHG, where the yield of HHG
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Fig. 1. HHG from graphene. (A) The spectrum of the excitation pulse. The full width at half maximum is
~60 meV. (B) HH radiation spectrum of graphene (red curve) and spectrum of excitation pulse (blue
dotted curve). (C) Pump power dependence of intensity of fifth-harmonic radiation.
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Fig. 2. HH spectra for various laser elliptici-
ties. HH radiation spectra for different ellipticities
of the pump laser € = O (red curve), e = 0.32
(green curve), and £ = 1 (blue curve).

monotonically decreases as the pump ellipticity
increases (30).

We also investigated the polarization of the
HH radiation. Figure 3, A and B, shows simu-
lated polar plots of the laser intensity for the
linear polarization (e = 0) and elliptical polariza-
tion (e = 0.32), respectively, with the major axis
of the excitation laser set to the angle 0, that is,
the horizontal axis. The normalized polar plots
from the experiment confirm that with a linearly
polarized pump, the fifth and seventh harmonics
also show a linear polarization whose orientation
coincides with that of the pump laser. The po-
larizations of the HH radiation under an ellip-
tically polarized pump are rotated with respect to
the major axis of the pump laser and are almost
perpendicular to it.

Figure 4B illustrates the detailed ellipticity de-
pendence of the intensity of the seventh-harmonic
radiation, where the experimental configuration

of polarizations is illustrated in Fig. 4A. The har-
monic radiation is divided into two polarization
components parallel to the major axis (Z,, red
circles) and minor axis (f,, blue squares) of the
laser polarization. The plotted intensities are
normalized by I, at € = 0. I, decreases gradually
as the ellipticity of the laser increases. I, is great-
ly enhanced with elliptically polarized excitations
and reaches a maximum value at a finite elliptic-
ity. These results are consistent with the elliptic-
ity dependence of the HH yields in Fig. 2 and the
polarization in Fig. 3. The HHG in graphene and
its ellipticity dependence are unchanged when
the crystal axis is rotated with respect to the major
axis of laser polarization, as expected due to the
isotropic nature of the Dirac cone.

We found that HHG in graphene is enhanced
at a finite laser ellipticity and that its polarization
axis is rotated from the major axis of the elliptical
polarization. This ellipticity dependence is an
essential feature of HHG in graphene. Recent
work reported an enhancement of HHG in MgO
under elliptical or circular polarized pumps (10),
in which it was claimed that harmonic efficiency
is enhanced for semiclassical electron trajecto-
ries that connect neighboring atomic sites in the
crystal. In monolayer MoS,, even-order harmon-
ics were polarized perpendicular to the linearly
polarized pump, which was also explained by the
semiclassical model, including the anomalous
transverse intraband current arising from the
material’s Berry curvature (17). In the case of
graphene, however, a fully quantum mechanical
model should be used because one-photon reso-
nant excitation can occur at any photon energy
of the fundamental light. We investigated the
characteristics of HHG in graphene within the
framework of the fully quantum mechanical
theory that we developed (12, 31). Our theoretical

framework uses an external electric field in the
form of a vector potential rather than a scalar
one; thus, the justification of using Bloch’s theo-
rem is ensured even in a high-intensity electric
field, where a temporally changing band struc-
ture induces motion of the wave packet of the
polarization in k space and gives rise to HHG and
its polarization dependence. In (12), we suggested
that the mechanism of HHG in solids can be
classified into three regimes: (i) the multiphoton
absorption regime, (ii) the ac Zener regime, and
(iii) the semimetal regime. It is characterized by
the ratio between the Rabi frequency Qg, and the
bandgap E,, and we found that in the semimetal
regime (Eg/2h < Qgy), the yields of the HH ra-
diation reach a maximum value at a certain finite
pump field ellipticity and that the perpendic-
ular polarization components with respect to the
major axis of the laser are strongly enhanced (31).
Figure 3B shows I, and I, calculated by applying
our theory to the linear energy dispersion of
electrons in graphene (29). The resultant curves
reproduce the experimental data, including the
intensity ratio of I, and I,, and the ellipticity at
which 7, takes a maximum value. The ellipticity
dependence of the intensity and polarization indi-
cates that the HHG process in graphene is in the
semimetal regime.

Furthermore, our theory explains the polar-
ization of the HH radiation represented in Fig. 3,
C and D. Figure 3, E and F, shows polar plots
obtained from the calculation, which describe
the polarization of the fifth and seventh harmon-
ics with € = 0 and € = 0.3. The calculation repro-
duces the experimental finding in which the
orientation of the HH radiation is rotated under
excitation by elliptically polarized light. We also
examined the semiclassical model of the HHG
in graphene based on the acceleration theorem,

Fig. 3. Polarizations of HH radiation. (A and B) Simulated polar plots of intensities of the excitation laser with e = 0 and £ = 0.32. (C and D) Normalized
intensities of the measured fifth and seventh harmonics with € = 0 and € = 0.32. Green curves are eye guides. (E and F) Similar set to (C) and (D) for the

theoretical calculation with e = 0 and € = 0.3.
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Fig. 4. Ellipticity dependence of HH radiation from graphene and monolayer MoS. (A) lllustration
of polarization configuration of the pump beam and HH radiation. (B) Normalized intensities of

the seventh-harmonic radiation from graphene as a function of laser ellipticity. (C) Theoretical
results reproducing the experimental data in (B). (D and E) The same data set as (B) and (C) for

monolayer MoS,.

but it cannot explain the experimental data (fig.
S5) (29).

The mechanism of the HHG should depend on
the ratio between the Rabi frequency and the
bandgap. Because graphene is a gapless material
(Eg = 0), the condition of the semimetal regime
(Eg/2h < Qgo) can be achieved even with a weak
field excitation. As a control study, we performed
an HHG experiment and theoretical calculation
on monolayer MoS, (fig. S6) (29), which is an
atomically thin material with honeycomb lattice
structure like graphene but with a finite bandgap
(exciton resonance ~1.85 eV). We set the excita-
tion photon energy and intensity to be the same
as those used in the experiments and calcula-
tions for graphene. The intensity of the seventh-
harmonic radiation monotonically decreases with
increasing ellipticity of the laser, and the perpen-
dicular component to the major axis (Z,) is small
(Fig. 4D). The calculated curves in Fig. 4E for
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E, = 1.85 eV, which corresponds to E,/2h > Qg,
reproduce the experimental data for monolayer
MoS,. This indicates that at the current excita-
tion strength, the mechanism of HHG in mono-
layer MoS, is not in the semimetal regime. The
calculation for monolayer MoS, assumes the
band structure with a bandgap of 1.85 eV and
parabolic dispersions of the valence and conduc-
tion bands with the same form factor as graphene
(29). The comparative study of HHG in monolayer
graphene and monolayer MoS, reveals that the
mechanism of HHG in solids depends on the
bandgap of the material. In the limit of a small
bandgap or large Rabi frequency, the mechanism
is in the semimetal regime, and the unique el-
lipticity dependence of HHG appears. We also
showed the universality of the ellipticity depen-
dence of HHG for different order harmonics.
The HH spectra in Fig. 2 show that not only the
seventh but also the ninth harmonic is enhanced

19 May 2017

with elliptically polarized excitation. The ellip-
ticity dependence for the fifth harmonic is shown
in fig. S7 (29). It should be noted that not the
linear energy dispersion but the zero-gap prop-
erty of graphene plays an important role in HHG,
because we found that the unique ellipticity
dependence appears in the calculation even when
a parabolic band structure is assumed. The sim-
ilar nature is expected to appear in narrow bandgap
semiconductors such as InSb. Our experimen-
tal findings and good agreement with the theo-
retical calculation strongly suggest that the fully
quantum mechanical model that we have devel-
oped provides an appropriate model of HHG in
solids.
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Editor's Summary

Graphenetakeslight to a higher level

High harmonic generation is a useful nonlinear effect in which the light-matter interaction within
amaterial resultsin the conversion of one wavelength to a shorter one. Typically performed in atomic
gases, thereis now interest in extending such a process to the solid state. Y oshikawa et al. pumped
single-layer graphene with intense polarized pulses of infrared light to generate ultraviolet light, up to
the ninth harmonic. Theoretical analysis of the process suggests that the effect could be transferred to
other solid-state systems, providing a possible route to develop coherent light sources across the
spectrum.
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