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Second-harmonic generation (SHG) from hyper-Rayleigh
scattering (HRS) in a hybrid strong coupling microcavity
waveguide (HSCMW) was demonstrated, which indicates
a possible method using continuous-wave (cw) incident
light. The cw light was coupled into the waveguide with
high coupling efficiency by free space coupling technology,
and then the electric field intensity of the fundamental wave
was enhanced due to local oscillation. HRS occurred by
lithium niobite (LN) powder inside the waveguide, resulting
in the direct observation of SHG in the transverse direction,
with relatively high conversion efficiency measured to be
0.032%/W. This work suggests progress on frequency con-
version and is also applicable to other nonlinear processes in
awaveguide. © 2021 Optical Society of America

https://doi.org/10.1364/0L.411384

Second-harmonic generation (SHG) has found wide use in fre-
quency conversion and makes hard-to-reach frequency domains
more accessible. Many applications, such as bioimaging [1,2],
quantum information [3], optical switching [4], and surface
magnetism [5], can be realized through SHG. In general, effi-
cient SHG requires the phase-matching (PM) condition, which
is usually obtained through the birefringent crystal. However,
the PM condition limits the wavelength region and polarizing
angle of SHG processes strictly. In order to achieve SHG in a
broad bandwidth, quasi-phase-matching (QPM) [6] and meta-
surfaces [7] are proposed. The QPM can be applied because the
optical axis of poled material has a periodical alternation in ori-
entation, which provides a reversed periodically susceptibility to
compensate the phase mismatching. By modifying the grating
period to satisfy wave vector matching, efficient SHG can be
achieved [8—11]. Alternatively, the metasurface which consists
of metallic and dielectric nanostructures is another option. For
applications, researchers prefer to control the geometry and
chemical composition of “artificial atoms” within a very thin
metasurface to control the phase, amplitude, and polarization of
light that is transmitted, reflected, or scattered, rather than the
traditional method of controlling light on the propagation path.
The metasurface can provide a new degree of freedom to control
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the wavefront [12—14]. However, due to some basic shortcom-
ings with the traditional way to SHG, the current application
is still limited. For example, the excessive power of the funda-
mental frequency wave (FW) will cause crystal breakdown, and
SHG also suffers from low efficiency [8], which hinders prac-
tical application. Actually, the direct observation of localized
SHG in metal nanostructures has been reported [15-17] which
relaxes the stringent phase-matching condition, providing a
way to enhance SHG by a metal nanostructure or material. The
efficiency of the frequency conversion is proportional to the
intensity of the FW [18], so it is possible to realize SHG through
the FW localization. The hyper-Rayleigh scattering (HRS) in a
solution provides a method to determine the hyperpolarization
of nonlinear molecules via SHG scattering light [19]. In the
theory of HRS, the power of SHG is proportional to the 4th
power of the electric field [20]. Therefore, it can be inferred
that the highly efficient SHG from HRS can be achieved in the
strong electric field of FW.

In this Letter, we present a type of hybrid strong coupling
microcavity waveguide (HSCMW) [21] to achieve a strong
enhancement of the electric field of the FW (Efy), and effi-
cient SHG can be realized from HRS. The HSCMW excites
ultrahigh-order modes (UOMs) and localizes energy of the
FW in a capillary [21]. Hence, the superfine lithium niobite
(LN) particles in the suspension injected into the capillary of the
HSCMW are induced to generate 2nd-order polarization and
generate efficient SHG during the HRS process in the capillary.
The SHG light beam can be directly visualized utilizing the
HSCMW structure with low-power continuous-wave (cw) inci-
dence. Within the electric dipole approximation, the action of a
single scattering particle is described by the hyperpolarizability.

We starc with a description on the physical picture of the SHG
process in our experiments by theoretical analysis. When FW
incidents on capillary, the particle experiences two different scat-
terings simultaneously. As Fig. 1(a) shows, one is linear Rayleigh
scattering (RS) with the same frequency as FW (marked in
red), and the other is 2nd-order nonlinear HRS with double
frequency (marked in green), which is the source of SHG. Every
polarized particle radiates SHG, and the total detected SHG is
their incoherent superposition. For further understanding the
physics behind the analysis mentioned above, we numerically
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Fig. 1.  (a) Principle of SHG from HRS. Inset: the LN powder as
scattering particles of which the average diameter is around 100 nm
under SEM. (b) Structure of HSCMW. (c) 1064 nm cw incidents
nearly vertical and generating the SHG horizontally. (d) Distribution
of E. (e) High energy density field and dense particles increase the
intensity of SHG. (f) Attenuated total reflectance (ATR) peaks
detected, representing reflected intensity of the modes with scan at
incident angle.

calculated the intensity of SHG (/spg). Based on the theory
of nonlinear optics, the relationship between the electric field
(E) and the light intensity (/) is [=2n«/80/M0|E|2 [22].
According to the theory of electric dipole radiation [23], the
polarization () from one particle can be obtained,

?=¢cox? By, P = Vp, (1)
where Epy is the electric field of FW, V' is the volume of a parti-
cle,and x @ is the nonlinear susceptibility of LN.

Then the electric field of SHG (Esyg) can be derived from
P and finally a simple formula of /sy from one particle can be
obtained:
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where w and # are the angular frequency and wave vector of the

FW, respectively, and S is the cross-section area of the capillary.

For details of the theoretical calculation, see Supplement 1.
Notably, there is an obvious consequence:
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where D is the diameter of particle, 4 is the nonlinear coeffi-
cient, and 4 = 1/2x. A is a constant coefficient depending on
S. Finally, the intensity of SHG from all particles (/a11.) can be
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deduced by using the incoherent superposition theory:
Iy = g x N=ANDCA?E4 /)%, (7)

where V is the number of LN particles in the capillary.
Equation (7) indicates that high Ispg can be obtained by
enhancing the electric field of the FW.

Aswe calculated above, Isyg is proportional to the 4th power
of Epw : Isyg Eéw Thus, the HSCMW is proposed aiming
to enhance Epy greatly. As shown in Fig. 1(b), the HSCMW
comprises a slab metal-cladded waveguide (14 x 14 x 1 mm)
and a hollow-core capillary with a 0.3 mm internal diameter
and an 18 mm length. The metal-cladded waveguide includes
a thin silver film as the coupling layer (43 nm thick) on the
top, a glass slab as the guiding layer (1 mm thick) in the middle
with a hollow capillary together, and a thicker silver film as the
substrate layer (300 nm thick) at the bottom. The parallelism
of the upper and lower surfaces of the glass slab is less than 4”.
As Fig. 1(c) shows, when the incident light (1064 nm, 30 mW,
cw, FWHM is 0.56 nm) irradiates on the top of the structure ata
very small incident angle (9), which matches with the coupling
angle, the incident light can be coupled into the waveguide layer
of HSCMW by resonating with the eigenmode of the cavity,
emphasizing that the waveguide layer includes a slab glass and
hollow-core capillary. Then the UOMs [21] will be excited
under the matching condition by free-space coupling tech-
nology [24], resulting in a high-density power standing wave
field localized in the capillary, as shown in Fig. 1(d). Because
the UOMS’ standing wave field oscillates between the top and
bottom layer at a very small incident angle [25], there are many
unique features of the UOMs, such as high sensitivity, high
power density, and high quality factor, compared to low-order
modes like the surface plasmon polaritons mode.

The UOMs propagate in the y direction and induce a
standing wave field in the z direction. When the LN pow-
der suspension is injected into the hollow-core capillary, the
high energy density oscillating field generates strong HRS
which generates a second-harmonic wave. Moreover, the SHG
accumulates through the incoherent superposition in the y
direction, as shown in Fig. 1(e). At the coupling point, the SHG
is weak initially in the middle of the capillary and enhances with
the increase of the propagating distance because of the continu-
ous accumulation from every particle. Ultimately, the generated
SHG can be visualized at the end of capillary.

In our HSCMW, the enhancement of Epw can be explained
by two facts. First, Epw in the guiding layer is enhanced by
8 times that in the air before coupling into the slab metal-
cladded waveguide [26]. Then the energy of the UOM:s excited
in the guiding layer can be coupled into the capillary almost
100%, because the coupling efficiency is quite large; this is
inversely proportional to the effective refractive index [27],
see Supplement 1. To draw an analogy, the FW is enhanced
by 8 times from the air to the guiding layer, because of a one-
dimensional constraint in the guiding layer on Epyw and the
high coupling efficiency. As a result, we can infer that the UOMs
are enhanced in the same way from the guiding layer to the
capillary because of the two-dimensional constraints in the
capillary and the high coupling efficiency. Therefore, Epy in
the capillary is approximately enhanced by 64 times that in the
air before coupling, which means we can obtain relatively high
Ispg in our HSCMW by ew FW incidence theoretically. The

measured coupling efficiency of our microwaveguide from the
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Fig. 2. (a) Experiment systems and equipment. (b) Coupling
efficiency of FW is equal to ~0.9959.

air to the capillary is higher than 99%, owing to mature coating
technology, as shown in Figs. 1(f) and 2(b).

In our experiment, the value of quality factor Q ~ 10* by
measurement [21]. According to the theory of cavity Q [28],
Irw in the guiding layer is enhanced by 66 times that in air
before coupling into the slab metal-cladded waveguide, which
is extremely close to the theoretical valuation 64 times, see
Supplement 1.

In Fig. 2(a), a computer-controlled 6/26 goniometer is
applied for the accurate angular scanning of the incidence to
ensure efficient energy coupling. The spectrograph (Andor
Shamrock 500i) and photoelectric detector (PD) are used to
detect the spectroscopy and intensity of the SHG, respectively.

LN is an artificial synthetic material with excellent nonlin-
ear performance and a high refractive index (2~ 2.2). In our
experiments, we use the superfine LN powder as the scattering
medium, which is prepared by the crystal growth method using
niobium pentoxide (Nb;Os) and lithium acetate dihydrate
(C,H30,Li-2H,0) as the reactants, ground into powder, and
then suspended in absolute ethyl alcohol (99.5%). The average
diameter of LN powder particles is ~100 nm under a scanning
electron microscope (SEM), as shown in the rightmost part of
Fig. 1(a). The concentrations of the LN powder suspension are
from 107> to 107" g/ml. The LN suspension is injected into
the hollow-core capillary using a microsyringe. To avoid the LN
particles depositing, it is necessary to vibrate in an ultrasonic
machine before injection.

The SHG green spot which can be directly visualized and its
spectroscopy are shown in Fig. 3(a). As Figs. 3(b)-3(e) show,
the SHG beam increases gradually along the capillary in four
images, which are captured from experimental video at differ-
ent times. The video shows that the SHG beam keeps relative
stability all the time when the FW illuminating. There is a small
fluctuation due to Brownian movement and the instability of
the pump light. Meanwhile, the spectrograph and power meter
detect the average power of the SHG.

O

Intensity of second-harmonic generation

1400

1200

(arb. units)
® 2
g8 8

2
g
g

s
£
g

200
528 530 532 534 536

wavelength (nm)

00:00:07  ~__/ [

Fig. 3.  Experimental detected spectrum and SHG light.
(a) Accurate incident FW central wavelength is ~1064 nm, and
the central wavelength of SHG is ~532 nm. (b)—(e) Captured four

images at different times from experimental video (see Visualization 1).
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Fig.4. (a) Intensity of SHG emitted by LN powder versus the exci-
tation intensity of FW. (b) Large SHG peak is observed demonstrating
the superiority of the HSCMW. (c) Only noise is observed.

Figure 4(a) shows the emission SHG intensity as a function
of the excitation FW intensity. The cw FW intensity is from 2
to 16 mW/mm?, and the generated SHG intensity is from 0.1
to 0.45 WW/mm?. According to the theory we had before, the
functional relationship of /pw and Zsyg is quadratic. Therefore
a quadratic function is used to fit the experiment data with
the expression of Ispg :A]FZW (marked in red), where A is
a constant coefficient. As the fitted curve shows, it can give a
good description for the situation of a lower /pyw. However,
when Ipyw increases, Isyi reaches saturation gradually, so we
use another fitted curve S curve (marked in blue) to describe the
general trend. The observation results of our experiment showed
different /sy with different concentrations of LN suspension.
We found when the concentration of LN suspension increases,
Isiic shows a Gaussian-like distribution, and the highest
Isnc peak appears at the concentration of 107'% g/ml, see
Supplement 1. There is a reasonable explanation for the phe-
nomenon: a competition between scattering and cluster exists in
LN particle suspension [29]. When the LN particles absorb heat
under a higher /py, the Brownian motion among particles will
intensify which increases the chance of particle collisions. The
100 nm particles form clusters easier at the higher probability of
collisions, and then Mie scattering or geometric scattering will
be more suitable instead of HRS [23]. That is why spig reaches
saturation gradually. It is the same situation when the concentra-
tion of the suspension changes. At a low LN concentration, the
low probability of cluster due to rare collisions among particles
results in high g, and as the concentration increases colli-
sions aggravate leading to more clusters which hinders SHG.
Moreover, the conversion efficiency of SHG y = Psug/ Prw
can be calculated by the experimental data measured, where
Psii and Pry are the power of the SHG and FW, respectively.
As shown in Fig. 4(a), we can achieve the conversion efficiency
of SHG y = (37nW/11.6 mW) x 100% = 3.2 x 10~4%,
which means the normalized conversion efficiency of SHG
y = 0.032%/W if the power of the FWis 1 W.

To verify the unique features of the UOMs and the HSCM W,
a comparison experiment has been presented in Figs. 4(b)
and 4(c). One is hollow-core capillary only, and another is
the HSCMW. Only noise is observed for the capillary struc-
ture without any signal peak detected as shown in Fig. 4(c),

which demonstrates forcefully the superior performance of our
HSCMW.
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Substituting the experimental results into Eq. (7), we find
the theoretical result showing good agreements with the exper-
imental result. A set of experimental data from Fig. 4(a) is
chosen: fpyw = 11.6 mW/mm?, Ipg =370 nW/mm?, and
N = 1046 for the concentration of 1077 g/ml, see Supplement
1. If we calculate /a1 using Epw of the experimental inci-
dent light, Iy =3.68 x 1078 W/m?. Actually, Egy in the
capillary is enhanced by 64 times that in air before coupling,
which has been discussed above, resulting in the theoretical
value 7;;; =0.617 W/m?. In our experiments, the exper-
imental value we detected is 0.370 W/m?. Unavoidably,
there are some experimental errors such as absorption and loss
which makes the theoretical result bigger than the calculation
result. According to Eq. (7), we can obtain the relationship
between effective nonlinear coefficient 4.4 and theoretical

nonlinear coefficient 4: 0.617/34.45220.307/513“, where

0.370 W/m?* and 0.617 W/m? are the experimental value
and the theoretical value obtained above, respectively. We
can deduce d.g=24.30 pmV_l, and the value is between
dy3 = 34.45 pmV_1 and 4, = 3.07 pmV_l [22] because of the
anisotropy of LN.

In conclusion, we have theoretically analyzed and experimen-
tally demonstrated the efficient SHG occurred in a HSCMW
through HRS by LN particles. We achieve the normalized
conversion efficiency of SHG by a cw FW. The experimental
data demonstrate that our design is a significant progress on
nonlinear frequency conversion. SHG combining HRS with a
HSCMW vastly simplifies the machining process and complex
structure compared to the traditional way to SHG. Also, it
shows a potential approach in nonlinear frequency conversion
with relatively high conversion efficiency. For further research,
we will consider the chemical surface modification on particles
which can prevent particles from clustering to obtain higher
conversion efficiency.
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