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Gapless Dirac fermions in monolayer graphene give rise
to an abundance of peculiar physical properties, includ-
ing exceptional broadband nonlinear optical responses. By
tuning the chemical potential, stacking order, and photonic
structures, the effective modulation of nonlinear optical phe-
nomena in graphene has been demonstrated in recent years.
Here, we demonstrate that optical helicity can be used as an
extra tuning knob for four-wave mixing in gated graphene.
Our results reveal the helicity selection rule for four-wave
mixing in monolayer graphene, revealing nearly perfect
circular polarization. Corresponding theoretical interpre-
tations of the helicity selection rule that are also applicable
to other nonlinear optical processes and materials are pre-
sented. © 2022 Optica Publishing Group

https://doi.org/10.1364/0L.443600

Introduction. Graphene, the first two-dimensional (2D) mate-
rial to be discovered, has been investigated for over a decade
[1,2]. The uniqueness of graphene mainly lies in its linear and
gapless band structure at the corner of the hexagonal Brillouin
zone (K point). In combination with other widely used tuning
knobs for 2D materials, e.g., doping level, external field, strain,
stacking orders, and twist angles, the massless Dirac fermions in
graphene provide a platform with multiple degrees of freedom
for the investigation of an abundance of physics, such as Klein
tunneling in monolayer graphene and strong correlation physics
in magic-angle twisted bilayer graphene.

The linear band structure in monolayer graphene induces
strong optical nonlinearity, as first proposed in 2007 [3]. In
brief, due to the constant Fermi velocity of carriers (vg ~ ¢/300)
at low energies, the “square-wave” optical current driven by a
sinusoidal optical field naturally contains higher-order harmonic
terms. While even-order nonlinear processes are forbidden in
pristine monolayer graphene due to its inversion symmetry,

0146-9592/22/020234-04 Journal © 2022 Optica Publishing Group

various odd-order nonlinear optical processes, including third-
harmonic generation (THG) [4-7], four-wave mixing (FWM)
[6,8,9], self-phase modulation [10], saturable absorption [11],
and high harmonic generation (HHG) [12], have been reported in
recent years. Furthermore, modulations of the third-order non-
linear optical processes in graphene have been demonstrated
by means of carrier doping [6,7], external photonic/plasmonic
structures [13—15], stacking orders [16], and symmetry breaking
[17]. Tt is noteworthy that the third-order nonlinear suscep-
tibility was found to span several orders of magnitude upon
varying the photon energy and doping level, and that the
doping dependence of sum-frequency FWM contrasts sharply
with that of difference-frequency FWM [6]. The synergy of
these two aspects leaves plenty of room for the application
of graphene nonlinear optics in regimes such as optoelec-
tronics [18], all-optical signal processing [19], photonics, and
optomechanics [20].

Although it is an essential tuning knob in optics, polariza-
tion is yet to be explored in graphene nonlinear optics. This is
partially due to the isotropic response of third-harmonic gen-
eration, which shows the same polarization as the fundamental
beam under linearly polarized excitation in normal incidence
[4,6]. However, we cannot directly apply this perception to the
circular polarization case, given that the underlying selection
rule in nonlinear optics may be significantly modified during
excitation with circularly polarized light [12,21,22]. In this
paper, we report an investigation of the helicity selection of
two-color FWM in ion-gel-gated monolayer graphene devices.
The results showed that, when two beams that were circularly
polarized with frequencies w; and w, and the same helicity
were used along with monolayer graphene at a low doping
level, only difference-frequency FWM signals at frequencies of
2w, — w, and 2w, — w; that had the same helicity as the exci-
tation beams were observed. When the two excitation beams
had opposite helicities and monolayer graphene with a high
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Fig. 1. Experimental setup. (a) Illustration of helicity-selective
FWM in an ion-gel-gated graphene device. D: drain electrode,
S: source electrode, TG: top gate electrode. (b) Illustration of the
experimental setup for two-color four-wave mixing measurement.
GP: Glan-Thompson polarizer, LCR: liquid-crystal retarder, BS:
beam splitter, OB: objective, FT: filter, APD: avalanche photodiode.
Q;: 1.192eV, w, : 0.954 eV.

doping level was used, sum-frequency FWM signals at the fre-
quencies 2w; + w, and 2w, + w,; were solely observed, and
the two branches showed a clear circular dichroism. Therefore,
by combining optical helicity and electrical modulation, the
selective excitation and pickup of a certain FWM branch was
realized in graphene. We theoretically interpret the selection
rule in graphene nonlinear optics with circularly polarized exci-
tation light from the viewpoint of crystal symmetry and further
discuss the selection rule for more general cases. Our results
demonstrate that optical helicity is an important tuning knob for
graphene nonlinear optics that has potential applications includ-
ing, but not limited to, polarized light sources, polarized optical
detection [23], all-optical signal processing [24], plasmonics
[15], and the manipulation of spin state [25].

Methods. The experiment was done on ion-gel-gated
graphene devices, as shown schematically in Fig. 1(a). The
single-crystalline monolayer graphene was CVD grown by the
method described in Ref. [26]. The devices were fabricated
on fused silica substrate by the same protocol as reported in
Ref. [6]. Source, drain, and top gate electrodes were patterned
on graphene and substrate to form the graphene field-effect
transistor. To maximize the tunability of the chemical poten-
tial of graphene while maintaining the optical transparency of
the device, ion gel was chosen as the top gate dielectric mate-
rial. The characterization of the chemical potential of graphene
at a certain gate voltage was realized using transmittance spec-
tra and ultrafast broadband photoluminescence, as described
in Refs. [6,27]. Experimental measurements of the fabricated
devices were conducted with a sample-scanning optical micro-
scope at room temperature, a femtosecond laser system, and an
electrical transport setup. During the experiment, the graphene
device was protected by a dry nitrogen atmosphere to avoid
humidity-induced degradation of device performance.

To realize the two-color FWM experiment, we used a dual-
wavelength femtosecond laser system with a repetition rate of
80MHz and a ~100 fs pulse duration (Insight Deepsee, Spectra
Physics), which was capable of providing one tunable beam
ranging from 680nm (1.824¢eV) to 1300nm (0.954eV) and
another beam that was fixed at 1040nm (1.192¢eV). In our
experiment, we chose photon energies of 1.192 eV (denoted the
w; beam) and 0.954 eV (denoted the w, beam) to ensure that
both the sum-frequency and difference-frequency FWM signals
could be efficiently detected by our setup. A delay stage was
placed in the light path of the w; beam to find the time zero
between the two beams. As shown in Fig. 1(b), a dedicated
Glan-Thompson polarizer and a liquid-crystal retarder were
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used to generate nearly perfect circularly polarized light for each
beam. The two beams were combined by a beam splitter and then
sent collinearly into a sample-scanning optical microscope. To
avoid any possible disturbance of the polarization by the beam
splitter, we collected the signal in a transmission geometry. The
polarization of the nonlinear optical signal was directly ana-
lyzed by a combination of a Fresnel-rhomb quarter-wave plate
and a polarization analyzer followed by a liquid-nitrogen-cooled
spectrometer.

Results and discussion. The helicity selection of two-color
FWM in monolayer graphene was explored in four cases: both
the w; and w, beams exhibited left-handed circular polarization
(0™); both the w, and w, beams exhibited right-handed circular
polarization (o7); the w; beam exhibited o* polarization and the
w, beam exhibited o~ polarization; and the w; beam exhibited
o~ polarization and the w, beam exhibited o* polarization. We
started our investigation by focusing on difference-frequency
FWM, which is known to have a larger third-order susceptibil-
ity at a low doping level [6]. When w, and w, had the same
helicity, a two-color FWM signal centered at 2w, — w, with the
same helicity as the excitation beams was observed, while the
signal with the opposite helicity was negligible, as illustrated
in Figs. 2(a) and 2(b). On the other hand, when the w, and w,
beams had opposite helicities, no obvious difference-frequency
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Fig. 2. Difference-frequency FWM signal in graphene with circu-
larly polarized excitation light. (a)—(d) Difference-frequency FWM
signal excited with 1040nm (w;,1.192eV) and 1300nm (w;,,
0.954 eV) input beams in various polarization configurations [(a),
(b) both the w; and w, beams exhibit c* (0~) polarization; (c) the
w; beam exhibits o* polarization, and the w, beam exhibits o~
polarization; (d) the w; beam exhibits o~ polarization and the w,
beam exhibits o* polarization]. The purple/dark gray (orange/light
gray) lines indicate the analyzed signal with o* (07) polarization.
Background ultrafast broadband photoluminescence was subtracted
from all the spectra presented in (a)—(d). (e), (f) Energy diagrams
illustrating the optical transitions of the difference-frequency FWM
signals in (a) and (b), respectively. (g) Polarization patterns of the
FWM signals in (a) and (b) (squares and circles, respectively)
and the broadband ultrafast PL (triangles) after passing through
a quarter-wave plate. The horizontal/vertical axis in the pattern
indicates 0*/0~ polarization.
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Fig. 3. Sum-frequency FWM signal in graphene with circu-
larly polarized excitation light. (a)—(d) Sum-frequency FWM signal
excited with 1040 nm (wy, 1.192eV) and 1300 nm (w,, 0.954 eV)
beams in various polarization configurations [(a), (b) both the w;
and w, beams exhibit " (07) polarization; (c) the w; beam exhibits
o* polarization and the w, beam exhibits o~ polarization; (d) the
w; beam exhibits o~ polarization and the w, beam exhibits o*
polarization]. As in Fig. 2, the purple/dark gray (orange/light gray)
lines indicate the analyzed signal with o* (07~) polarization. Inset:
Zoom of the 3.346eV (2w, + w;) sum-frequency FWM signal.
The sum-frequency FWM signal was taken with a graphene chem-
ical potential |2u| =1.6eV to block one-photon resonance, which
greatly enhances the sum-frequency FWM signal. (e), (f) Energy
diagrams illustrating the generation of the sum-frequency FWM
signals 2w; + w; and w; + 2w, in (c) and (d), respectively.

FWM was observed [Figs. 2(c) and 2(d)]. The optical transi-
tions that occur with circularly polarized photons to generate
the difference-frequency FWM signals are summarized in the
energy diagrams shown in Figs. 2(e) and 2(f). Calculation of the
degree of circular polarization p = |I(o™)-I(c*)|/[1(c7) + I(c")],
in which I(0*)/I(07) stands for the intensity of the FWM signal
with o*/0~ helicity, respectively, showed that p is higher than
0.95 in our experiment, which contrasts sharply with depolar-
ized broadband ultrafast photoluminescence (PL), as depicted in
Fig. 2(g) [27]. In our experiment, only the upconversion branch
at 1.434 eV (i.e.,, 2w, — w,) involving two 1.192 €V photons and
one 0.954 eV photon was observed; the downconversion branch
at 0.716 eV involving two 0.954 eV photons and one 1.192 eV
photon (i.e., 2w, — w;) was not observed due to the limited
spectral range of our silicon detector. However, considering that
the downconversion branch is the counterpart of the upconver-
sion branch and is obtained by simply permuting the 1.192eV
and 0.954 eV photons in optical transitions, the downconversion
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Table 1. Helicity Selection Rule for Two-Color FWM?

o /o~ o /ot ot/o~ ot/o*
2w + wy - o ot -
wi + 2w, - ot o -
3w, - - - -
2w, — Wy o - - ot
2w, — w9 o - - ot

“Helicities of excitation beams w,/w, are shown in the table header.
Dashes (—) in the table indicate forbidden nonlinear optical processes.

branch is expected to follow the same helicity selection rule as
the upconversion branch.

We then turned to study the sum-frequency two-color FWM
signals. In the case of linear polarization, four signal branches
centered at 3w, (THG), 2w, + w,, w, + 2w,, and 3w, (THG)
are expected [6]. Due to the intrinsically low susceptibility
of sum-frequency FWM in pristine graphene, we enhanced
the FWM signals by tuning the chemical potential p of the
monolayer graphene to 2|u| ~ 1.6 €V, which simultaneously
suppressed the difference-frequency FWM [6]. When both the
w; and w, beams had the same helicity o* or ¢~, no obvi-
ous sum-frequency FWM signal was observed, as shown in
Figs. 3(a) and 3(b), in contrast to the difference-frequency FWM
signal discussed above. Intriguingly, when the w, and w, beams
had opposite helicities, as shown in Figs. 3(c) and 3(d), sum-
frequency FWM signals were observed, but THG signals were
still missing. By comparing Figs. 3(c) and 3(d), we found that
the high-energy branch at 3.346 eV (2w, + w,) showed the same
helicity as the w, beam while the low-energy branch at 3.107 eV
(w; + 2w,) showed the same helicity as the w, beam. Similar to
the difference-frequency case, the p of the sum-frequency FWM
signal was greater than 0.95. Moreover, there was no THG sig-
nal in any of the excitation cases. The helicity-allowed optical
transitions for sum-frequency two-color FWM are depicted in
the energy diagrams of Figs. 3(e) and 3(f). To facilitate under-
standing, we summarize the helicity selection rule for two-color
FWM in Table 1.

We used two different theoretical approaches to interpret the
helicity selection rule for two-color FWM we described above.
Briefly, from the viewpoint of crystalline structure, monolayer
graphene belongs to centrosymmetric point group Dg,, which
has one Cg axis passing through the centrosymmetric point and
perpendicular to the crystalline plane and six C, axes lying in
the crystalline plane. Assuming that the graphene lies in the xy
plane, if we consider a normally incident photon with respect
to the crystalline plane, all the nonzero tensor elements of the
third-order susceptibility (x*®) of graphene are

B 0 —10 (3) (3)
X)cx)cx - nyyy - Xxxy)' + Xxy)'x + Xx)'x)"

3 3
Xeoy = X
. 3 3
with xfn)w = X.g'xly
3 3
X(Yy)x,v = X;x;‘x

Given the isotropy of x® in graphene [6,28,29], we can set
the in-plane coordinates to be in any direction and obtain the
same result. A calculation based on these nonvanishing tensor
elements reproduced the experimentally observed helicity selec-
tion rule for two-color FWM well. For more details about the
calculation, please refer to Section 1 of Supplement 1.
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Our results can be interpreted from the straightforward per-
spective of photon spin angular momentum conservation during
the FWM process. The spin angular momentum carried by a
single photon is /i (for o*) or —h (for 0~) along the axis of
propagation [30]. Due to the degenerate valley, the absence of
excitonic effects in the linear dispersion regime, and the six-
fold rotational symmetry of graphene, the conservation of the
out-of-plane angular momentum should follow mh = 6NA + A
(m, N are integers) [31-33], where m# is the total spin angu-
lar momentum of the fundamental photons and 6N# is the
angular momentum provided by the crystal lattice [22]. For
a third-order nonlinear optical process, the possible values of
mh are +3h when the three fundamental photons contribute
the same spin angular momentum, or +/ when one photon
contributes the opposite angular momentum to the other two.
The conservation of angular momentum can be fulfilled only
when N =0 and m# = +h (N =0 indicates that the total angular
momentum transferred to the graphene lattice is zero). There-
fore, the conservation of photon spin angular momentum in
third-order nonlinear processes in graphene leads to an absence
of third-harmonic generation signal in this case, and the helic-
ity selection rule in two-color FWM. This photon spin angular
momentum conservation was also derived in a general and
strict way starting from the viewpoint of crystal symmetry
and group theory, as discussed in Section 2 of Supplement 1.
Following a similar derivation, we predicted the helicity selec-
tion rules for more general nonlinear optical processes, such
as three-color FWM, as shown in Section 4 and Table S1 of
Supplement 1.

Conclusion. In summary, we have presented and then theo-
retically explained the helicity-selective FWM signal in gated
graphene. When exciting with different combinations of helic-
ity, the selective excitation and circular dichroism of FWM
signal was realized with the help of electrical doping, which
shows p > 0.95 even at room temperature. Subsequent theo-
retical analysis of the experimental data further unveiled the
working principle for controlling graphene FWM using helicity.
Our results provide an ideal platform to realize graphene-
based polarization-controlled nonlinear optical devices such as
frequency converters [34] and shed light on the control of higher-
order nonlinear optical processes. The theoretical derivations of
the selection rule could easily be adapted to a broader range of
nonlinear processes and materials.
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