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ABSTRACT

The coherent superposition of two vortex beams with opposite topological charges gives rise to the formation of petal-like beams
with unique intensity profiles and azimuthal phase structures, offering great potential for various applications. Here, the genera-
tion of anisotropic second-harmonic petal-like beams is demonstrated using ultrathin niobium oxide dibromide (NbOBr,) holo-

grams. The polarization-dependent Raman measurements are conducted on the NbOBr, flake to reveal the anisotropic properties

of the crystal. By imprinting the beam profile information of the superposed vortex beams on the designed NbOBr, holograms,

highly anisotropic second-harmonic petal-like beams with different combinations of the topological charges of vortex beams are
produced. The results demonstrated here provide a pathway toward the development of chip-scale polarization-sensitive func-
tional optical devices for applications in optical communication, optical trapping, and quantum optics.

1 | Introduction

The Laguerre-Gaussian (LG) beam is often known as a vortex
beam characterized by an integer value of the topological charge
I, carrying the associated orbital angular momentum (OAM) of IA
per photon. Generally, LG beams can be represented with two
integers of p and [ as LGy, where p (> 0) and [ are the radial
and azimuthal indices, respectively. For p = 0, the LG beam
has a characteristic intensity profile of single-ringed donut shape
and a helical phase front with the azimuthal phase dependence
of exp (ilgp). LG beams form a complete set of orthogonal modes
which are solutions to the paraxial wave equation. The OAM pro-
vides an additional degree of freedom, making vortex beams
promising candidates for significantly boosting the informa-
tion-carrying capacity in optical communication [1-3]. Besides,
the generation of vortex beams has attracted significant interests
in a wide range of applications including optical trapping and
manipulation [4-7], quantum entanglement [8, 9], vortex lasing
[10, 11], and optical imaging [12, 13]. Most widely used methods
for generating vortex beams, such as spatial light modulators and

spiral phase plates, are bulky and not compatible with on-chip
integration. The generation of vortex beams has been demon-
strated in integrated photonic platforms such as metasurfaces
and holography-based devices [14-18]. The coherent superposi-
tion of two vortex beams with different radial and azimuthal indi-
ces results in the so-called petal-like beams featuring distinctive
intensity profile and azimuthal phase dependence due to the two-
beam interference effects in the azimuthal direction, which offer
great potential for utilization in optical trapping of particles, cold
atoms, and Bose-Einstein condensates [19-24]. The spatial inten-
sity variation in the petal-like beam produces periodic energy
potential wells, so that the target objects can be trapped in either
high- or low-intensity regions. In addition, these composite petal-
like beams have been utilized in other applications such as
tighter focusing of light [24], ultrasensitive angular measurement
[25], and spinning object detection [26]. Meanwhile, the genera-
tion of the petal-like beam or other structured beams in the non-
linear regime offers advantages over the beam generation in the
linear regime for the realization of all-optical switching and
wavelength conversion for wavelength division multiplexing
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based on nonlinear optical processes such as harmonic genera-
tion and spontaneous parametric down-conversion [27-29].
Frequency conversion of structured beams using second-
harmonic generation (SHG) allows optical trapping of certain
atoms with transition energies not directly accessible by the laser
frequencies [30]. The second-order nonlinear optical process is
also essential for entangled photon pair generation used for
quantum information processing with the photons being
entangled in various degrees of freedom including polarization
and spatial mode [8, 25, 31].

On the other hand, two-dimensional (2D) van der Waals materi-
als have garnered tremendous research interest due to their ver-
satile optical, electrical, thermal, and mechanical properties. In
the context of nonlinear optics, different families of 2D materials
have been extensively studied for their strong and tailorable
responses in harmonic generation, wave mixing process, and
nonlinear absorption, paving the way for building functional
optical devices in diverse applications such as optical communi-
cation [32, 33], optical sensing [34], ultrafast photonics [35, 36],
and quantum information technologies [37, 38]. Highly aniso-
tropic linear and nonlinear optical properties of different kinds
of 2D materials due to low in-plane crystal symmetry have been
reported, which hold great potential for realizing ultracompact
polarization-sensitive optical devices [39-41]. In this context, fer-
roelectric niobium oxide dihalides (NbOX,, X =Cl, Br, I) are a
new group of materials that have gained significant attention
due to their strong, anisotropic, and tunable SHG responses
[42-44]. In the case of NbOBr, crystal, an ultrathin flake is
observed to generate the SHG power with the same order of mag-
nitude as a monolayer MoS,, while the SHG power in NbOBr,
crystal scales quadratically with the flake thickness which pro-
vides a large SHG tunability range useful for practical device
applications [44]. The strong SHG response of NbOX, crystals
can be associated with the ferroelectricity of these materials, with
the generated spontaneous polarization along the polar axis of
the crystal and the simultaneous breaking of the inversion sym-
metry. The SHG response of NbOX, crystals can also be tuned by
external stimuli such as temperature, pressure, and strain, which
offer significant promise for the realization of optical sensing and
switching devices [42, 45-49].

In this work, we demonstrate the generation of anisotropic
second-harmonic petal-like beams using the grating holograms
patterned on NbOBr, thin flakes. First, the NbOBr, crystal is
characterized to study the polarization-dependent Raman and
SHG responses for revealing strong anisotropic optical properties
of the crystal. Next, the designed grating holograms are patterned
on ultrathin NbOBr, flakes which imprint the beam profile infor-
mation of the superposed vortex beams with opposite topological
charges. The second-harmonic petal-like beams with two differ-
ent combinations of topological charges |ll = 2 and Ill = 4 are pro-
duced in the Fourier plane at the first diffraction order. Highly
anisotropic responses in the SHG intensities of the generated
petal-like beams are observed, which are attributed to the unique
anisotropic crystal structure of the NbOBr, lattice. Furthermore,
the relative magnitudes of the second-order nonlinear suscepti-
bility tensor elements of the NbOBr, crystal are extracted from
the polarization-dependent SHG measurements. These results
provide new opportunities for the development of future nonlin-
ear integrated photonic devices, which will enable many

promising applications including optical communication, optical
trapping, optical sensing, and quantum optics.

2 | Results and Discussion

The crystal structure of NbOBr, is illustrated in Figure la. The
crystal has a monoclinic structure belonging to C2 space group,
exhibiting a 1D Peierls distortion with the unequal spacings
between two Nb atoms (L, # L,) along the c-axis and the unequal
spacings of an Nb atom from two O atoms (D, # D,) along the b-
axis. This breaks the crystal’s inversion symmetry and creates a
spontaneous polarization along the b-axis also known as the
polar axis. The NbOBr, crystal exhibits strong anisotropic optical
properties due to its low in-plane symmetry. First, polarization-
resolved Raman measurements are conducted to understand the
anisotropic Raman response behavior of the NbOBr, crystal.
Figure 1b,c present the optical microscope image and the atomic
force microscopy (AFM) image of one exfoliated NbOBr, flake on
a glass substrate. According to the line scan of the AFM image
shown in Figure Ic, the thickness of the flake is estimated to be
~102nm. The parallel and perpendicular components of the
Raman spectra are shown as contour plots in Figure 1d,e when
the linear polarization angle of the excitation beam is rotated. A
total of six distinct Raman modes are observed, with all the
modes displaying pronounced anisotropic behavior. To better
understand the polarization-dependent Raman intensities, the
parallel and perpendicular components for each Raman mode
are presented as polar plots in Figure 2. The Raman modes at
125, 131, 239, 274, and 649 cm™* plotted in Figure 2a-e are attrib-
uted to the A, modes, while the Raman mode at 201 cm™! plotted
in Figure 2f corresponds to the B, mode. The parallel components
of the Raman modes at 125, 131, and 649 cm™! have their max-
ima along the crystallographic b-axis with secondary maxima
occurring along the c-axis, whereas the Raman modes at
239cm™' and 274cm™ have their maxima along the c-axis
and secondary maxima along the b-axis. The perpendicular com-
ponents of all the A, modes have four-lobe profiles with maxima
occurring approximately along 45° with respect to the b- and c-
axes. Both the parallel and perpendicular components of the B,
mode at 201 cm™" have four-lobe profiles, with the parallel com-
ponent having maxima along 45° to the b- and c-axes and the
perpendicular component exhibiting maxima along the b- and
c-axes. For NbOBr, belonging to monoclinic C2 crystal structure,
the parallel and perpendicular components of the Raman inten-
sities for the A, and B, modes can be written as:

|allb|

I (Ag) o |al*cos*0 + |b|*sin*6 + Tcos¢absin229, @
1

I, (Ay) 2 (|al? + |bJ?> — 2|al|b|cos ) sin?26, )

I (By) o |f|?sin26), 3

I, (B,) o |f|?cos20, €]

where a, b, and fare the elements of the Raman tensor, and ¢, is
the phase difference between a and b. The excitation polarization
angle 0 is defined relative to the crystallographic c-axis. The the-
oretical fits are plotted in Figure 2 as red solid lines, showing
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FIGURE1 | (a)Schematic illustration of the crystal structure of NbOBr,. (b) Optical microscope image of the 102 nm-thick NbOBr, flake on a glass
substrate. Crystallographic b- and c-axes of the flake are labeled. (c) AFM image of the flake with the line scan plotted in the inset. All scale bars are
20 pm. Contour plots of (d) parallel component, and (e) perpendicular component of the polarization-resolved Raman intensities.

good agreement with the experimental results shown as
blue dots.

The anisotropic optical properties of the NbOBr, crystal are fur-
ther studied with simultaneous polarization-resolved measure-
ments of Raman and SHG intensities. Figure 3a, b display the
optical microscope image and the AFM image of an exfoliated
flake, with the thickness of 82 nm determined from the line scan
of the AFM image. The parallel component of the polarization-
resolved Raman intensity for the A, mode at 649 cm™" is plotted
in Figure 3c, showing that the maximum intensity occurs along
the b-axis which is consistent with the measurements presented
in Figure 2e for the flake displayed in Figure 1. The theoretical fit
is also shown in Figure 3c giving good agreement with the exper-
imental data. Next, polarization-resolved SHG response of the
NbOBr, flake is characterized at the excitation wavelength of
1560 nm. Figure 3d shows the measured nonlinear signal
depending on the excitation power, giving a slope of 1.99 in
the power law fit which is the evidence of the SHG process.
Figure 3e shows the SHG spectrum depicting a peak at
780 nm which is half of the excitation wavelength, further con-
firming the SHG process. The polarization-dependent SHG
responses for the parallel and perpendicular components and
the total SHG intensity are shown in Figure 3f, as the excitation
linear polarization angle is rotated in the crystallographic bc-
plane with the propagation of the excitation beam along the
direction perpendicular to the bc-plane. Both the parallel and
perpendicular components have two-lobe profiles, where the

parallel component has the maximum SHG intensity along
the b-axis and the perpendicular component has the maximum
intensity along the c-axis. The perpendicular component is sig-
nificantly weaker than the parallel component, which leads to
the total SHG intensity having a two-lobe profile with the maxi-
mum intensity occurring along the b-axis. For NbOBr, crystal
belonging to monoclinic C2 crystal structure, the parallel and
perpendicular components of SHG intensity can be expressed as:

1, o |37 ) cos?0sing + y 1) sin®6)?, )
&, o [y cos30 — 22 sin20cos0 + 42} sin20cos0]2, (6)

where ;(ﬁ)b and ;(l(fcl are the elements of the second-order nonlin-

ear susceptibility tensor, and @ is the polarization angle of the
excitation beam with respect to the crystallographic c-axis.
The theoretical fits are plotted in Figure 3f as solid lines showing

good agreement with the measurements. It is noted that ;(,(j);, has

a larger value compared to )(l()?c at the excitation wavelength, lead-
ing to a strong anisotropic SHG response with the maximum
intensity occurring along the b-axis. From the above results, it
is demonstrated that both polarization-resolved Raman and
SHG measurements are effective tools to identify the crystallo-
graphic orientations of NbOBr, thin flakes.

The grating holograms are designed to produce second-harmonic
petal-like beams by imprinting the beam structure information of
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FIGURE2 | Polar plots of the polarization-resolved Raman intensities of the parallel and perpendicular components from the 102 nm-thick NbOBr,

flake for (a—e) the A, modes at 125, 131, 239, 274, and 649 cm™, and (f) the Bg; mode at 201 cm™!. Red solid lines are theoretical fits to the experimental
data shown as blue dots. The crystallographic b-axis is aligned along the vertical direction.
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FIGURE 3 | (a) Optical microscope image of the 82 nm-thick NbOBr, flake with the crystallographic b- and c-axes labeled. (b) AFM image of the
flake with the line scan plotted in the inset. All scale bars are 20 pm. (c) Parallel component of the polarization-resolved Raman intensity for the A; mode
at 649 cm™". Red solid line is the theoretical fit to the experimental data shown as blue dots. (d) SHG intensity as a function of the excitation power in
log-log plot. (e) SHG spectrum measured from the flake. (f) Parallel component, perpendicular component, and total intensity of the polarization-
resolved SHG signal shown as red, green, and blue dots, respectively, with the theoretical fits depicted as solid lines.
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the superposed vortex beams with opposite topological charges
on the NbOBr, crystal. Here, the equally weighted superposition
of two LG beams of LGy, and LG,_; with the same radial index of
p = 0 and the opposite topological charges of [ and —I is consid-
ered to generate the composite petal-like beam carrying no net
OAM and forming 2lll intensity lobes or petals along the azi-
muthal direction. The binary amplitude modulation of the
second-order nonlinear susceptibility required in the NbOBr,
crystal to generate a second-harmonic vortex beam with topolog-
ical charge I can be expressed as:

1=+ b2 )
—cos{sm‘lA (x,y) H @)

with the following phase profile:

_ [l tan™'(y/x) 20
$xy)= {l-[?ann‘l(y/);)+7r] <0 ®

and the amplitude profile A(x, y)=1. A is the grating period
which is selected as 3 pm in the design. To generate the petal-like
beam from the coherent superposition of two vortex beams with
the opposite topological charges of [ and —I, the product of binary

amplitude modulation functions of the two vortex beams is con-
sidered as:

2
)(ée)tal (X,y) =

)22 ). )
The generated second-harmonic petal-like beams will appear
in the first diffraction order. Using the grating equation Ogys =

in~1(Asgg/N), the diffraction angle gy is calculated as ~15.1°
based on the SHG wavelength Agyc of 780 nm and the grating
period A of 3 pm. The designed grating holograms are patterned
on the NbOBr, flakes using focused ion beam (FIB) milling.
Figure 4a,b show the scanning electron microscopy (SEM) image
and the optical microscope image of the fabricated hologram
with the grating lines oriented along the crystallographic c-axis
for producing the petal-like beam with the combination of topo-
logical charges |ll = 2. Before the FIB milling, the AFM measure-
ment is performed on the NbOBr, flake to determine the
thickness of the flake as 60 nm, as shown in the line scan plot
of the AFM image depicted in the inset of Figure 4b.
Figure 4c displays the SHG image of the grating hologram in
the real plane with the excitation beam at the wavelength of
1560 nm. Figure 4d shows the corresponding SHG image in
the Fourier plane, which demonstrates the production of the
second-harmonic petal-like beams in the first diffraction order.
The generated petal-like beams in the+1 and —1 diffraction

+1 order -1 order

90°
g1 120° 60°
305 150° 30°
z
A —beam __
§ 0 180 —flake 0
E
o5
» 210° 330°
1t 240° 300°
270°

FIGURE 4 | Generation of second-harmonic petal-like beam with lll = 2 using NbOBr, grating hologram. (a) SEM image of the hologram with the
crystallographic b- and c-axes labeled. (b) Optical microscope image of the hologram with the line scan plot of the AFM image in the inset. (c) SHG image

of the hologram in the real plane. All scale bars are 10 pm. (d) SHG image in the Fourier plane demonstrating the generation of the petal-like beams in
the first diffraction order. (e and f) The individual petal-like beams in the +1 diffraction order and the —1 diffraction order, respectively. (g) Polarization-
dependent SHG intensities of the petal-like beam and the bare flake plotted as red and black dots, respectively. Solid lines are the theoretical fits to the

experimental data.
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orders are further plotted separately in Figure 4e, f. Both beams
exhibit the four-lobe intensity profiles with four intensity max-
ima and four intensity minima alternatively occurring along
the azimuthal direction, which is a consequence of the two-beam
interference effects from the superposed vortex modes. By
considering the superposition of two vortex modes with equal
amplitudes and different topological charges of ; and l,, the com-
plex amplitude function can be expressed as U = exp (il;¢) +
exp (il,¢p) where ¢ is the azimuthal angle. The superposed field
can be written as U = 2 cos (% @) -exp (i % ¢). By considering
the opposite topological charges of [; =1 and I, = — 1, the trans-
verse intensity profile of the superposed beam follows a depen-
dence of cos? (I¢p) along the azimuthal direction, exhibiting 2llI
intensity petals separated by 2lil zero crossings of the intensity
due to the interference between the two vortex modes. The phase
term indicates that there is no net angular momentum carried by
the superposed beam, but the azimuthal phase structure of the
beam exhibits the phase of 0 or = at the intensity peaks while the
phase at the zero-intensity regions between the petals switches
between 0 and z. Next, the polarization angle-dependent SHG
measurements are performed on the petal-like beam to study
its anisotropic response, which is plotted in Figure 4g as red dots.
A two-lobe profile is observed with the maximum SHG intensity
occurring along the b-axis of the crystal. For comparison, the
polarization angle-dependent SHG response for the bare flake
is included in Figure 4g as black dots. The theoretical fits

obtained using Equations (5), (6) are also plotted in Figure 4g
depicted as solid red and black lines for the petal-like beam
and the bare flake, respectively, showing a good agreement with
the measurements. The measured SHG anisotropy ratios
described by the ratio between the maximum and minimum
intensities are 8.98 and 7.93 for the bare flake and the petal-like
beam, respectively. The variations in the SHG anisotropy ratios of
the hologram compared to the flake may be attributed to the fab-
rication-induced defects in the NbOBr, crystal during the FIB
milling process with gallium ions. The gallium ion contamina-
tion can change the NbOBr; lattice structure and electronic prop-
erties, which will alter the second-order nonlinear susceptibility
tensor elements and thus the SHG anisotropy ratio [49].

The grating hologram is further designed to generate the second-
harmonic petal-like beam with the combination of higher topolog-
ical charges Ill = 4. Figure 5a,b show the SEM image and the opti-
cal microscope image of the patterned hologram with the grating
lines oriented along the crystallographic b-axis. According to the
line scan plot of the AFM image shown in the inset of Figure 5b,
the thickness of the NbOBr, flake is estimated as 58 nm. The SHG
images obtained in the real plane and the Fourier plane are pre-
sented in Figure 5c,d, demonstrating the generation of the petal-
like beams in the first diffraction order. The individual petal-like
beams in the+1 and -1 diffraction orders are displayed in
Figure 5e,f, showing eight well-defined intensity petals due to

+1 order -1 order

90°
g1 120° 60°
gO.S' 150° 30°
>
‘@ | o —beam _
§ 0 [180 —flake 0
£
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« 210° 330°
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FIGURES5 | Generation of second-harmonic petal-like beam with |ll = 4 using NbOBr, grating hologram. (a) SEM image of the hologram. (b) Optical
microscope image of the hologram with the line scan plot of the AFM image in the inset. (c) SHG image of the hologram in the real plane. All scale bars

are 10 pm. (d) SHG image in the Fourier plane showing the generation of the petal-like beam in the first diffraction order. (e and f) The individual petal-

like beams in the +1 and —1 diffraction orders. (g) Polarization-dependent SHG intensities of the petal-like beam and the bare flake plotted as red and
black dots, respectively. Solid lines are the theoretical fits to the experimental data.
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the unique azimuthal phase structure of the superposed vortex
modes with topological charges |ll = 4. Subsequently, the measured
polarization-dependent SHG response of the petal-like beam is
plotted in Figure 5g as red dots, showing highly anisotropic
response with the maximum SHG intensity occurring along the
b-axis of the crystal. The polarization-dependent SHG response
of the bare flake is also plotted in Figure 5g as black dots. The
measured SHG anisotropy ratios for the bare flake and the
petal-like beam are 8.33 and 7.45, respectively. The theoretical fits
are also plotted in Figure 5g as solid lines, giving a good agreement
with the experimental data.

In addition, the SHG conversion efficiencies of the generated
petal-like beams are determined. The excitation polarization is
aligned with the crystallographic b-axis for achieving the maxi-
mum SHG intensity. An average excitation power of 60 mW is
used for the SHG measurements with a laser spot diameter of
45 um, giving a peak excitation irradiance of 0.52 GW/cm? on
the hologram. The SHG conversion efficiency of the petal-like
beam is defined as 5cg = #suc . 1o, Where yspg is the SHG con-
version efficiency of the hologram, and 5pg, is the diffraction effi-
ciency of the petal-like beam in the +1 diffraction order. 7spg is
determined by the ratio of the total SHG power generated from
the hologram to the excitation power of the fundamental beam,
and the calculated conversion efficiencies of the holograms are
1.20x 107" and 9.63 x 10" for producing the petal-like beams
with |l = 2 and lll = 4, respectively. npg is calculated as the frac-
tion of total SHG power directed toward the +1 diffraction order.
The diffraction efficiencies of the petal-like beams with lll = 2 and
Il = 4 are calculated as 49.57% and 55.48%, respectively. The SHG
conversion efficiencies of the generated petal-like beams with Il|
= 2 and Il = 4 are then determined as 5.95x 10" and
5.34 x 1074, respectively. It is noteworthy that the SHG conver-
sion efficiencies of the NbOBr,, NbOI,, and NbOCI, thin crystals
have the same order of magnitude in 107! to 107'° at the peak
excitation irradiance of ~1 GW/cm? [49, 50], which is much
higher than the SHG conversion efficiency of a monolayer
MoS, [51]. Moreover, the relative magnitudes of the independent
second-order nonlinear susceptibility tensor elements are
retrieved from the theoretical fits of the polarization-dependent
SHG measurements using Equations (5), (6), as listed in Table 1
()

bee Value is

found to be in the range of 0.33-0.36 relative to the ;(ﬁ)b value

which is set to unity. The theoretical SHG anisotropy ratio

for the bare flakes and the petal-like beams. The y

can be calculated as \;(ﬁ)b /)(ﬁ“z, which varies from 7.72 to
9.18 for the samples. It shows that the theoretical SHG anisotropy

TABLE 1 | Summary of the retrieved second-order nonlinear
susceptibility tensor elements of NbOBr, crystal as well as the
theoretical and measured SHG anisotropy ratios for the flakes and the
holograms.

Measured
Sample xl(,zb)b ;(fc)c l;(fb)b / xﬁ)c\z anisotropy ratio
Flake 1 1 0.33 9.18 8.98
=2 1 0.35 8.16 7.93
Flake 2 1 0.34 8.65 8.33
=4 1 0.36 7.72 7.45

ratio is consistent with the measured SHG anisotropy ratio, rang-
ing from 7.45 to 8.98, as summarized in Table 1.

3 | Conclusion

In summary, we have demonstrated the generation of highly ani-
sotropic second-harmonic petal-like beams using the designed
grating holograms patterned on NbOBr, thin flakes. The
NbOBr, crystal is characterized by the polarization-resolved
Raman and SHG measurements to reveal the strong anisotropic
optical responses of the crystal, which can also be utilized as
effective tools to identify the crystallographic orientations of
NbOBr, thin flakes. The highly anisotropic second-harmonic
petal-like beams with different combinations of topological
charges for the superposed vortex modes are generated from
the designed NbOBr, grating holograms. Distinct intensity pro-
files with well-defined intensity petals and high SHG anisotropy
ratios for the generated second-harmonic petal-like beams are
observed. The results presented here can be extended to the gen-
eration of other types of superposed optical beams based on
coherent interference, which makes the 2D material-based holo-
grams a versatile platform capable of producing anisotropic non-
linear optical beams with complex spatial intensity profiles and
unique phase structures suitable for a wide range of emerging
applications. Our demonstrated results hold promise for the
development of future multifunctional polarization-sensitive
optical devices used for applications in integrated photonics, opti-
cal communication, optical trapping, and quantum optics.

4 | Experimental Section
4.1 | Sample Preparation

NbOBr, flakes are mechanically exfoliated from bulk crystal
(Nanjing MKNANO Tech. Co., Ltd.) to polydimethylsiloxane
layers using scotch tape and then transferred to glass substrates.
The substrates are cleaned using acetone and isopropyl alcohol
before the transfer. The holograms are patterned using FIB (FEI
Helios Nanolab 600) with the patterned area of 40 X 40 um?. A
conductive polymer layer is spin coated on top of the flake for
surface charge dissipation during the FIB milling. The sample
is then rinsed with deionized water to remove the conductive
polymer layer and blown dry with nitrogen gas.

4.2 | Optical Setup

The Raman measurements are performed using a 632.8 nm
He-Ne laser, and the laser beam is focused on the sample using
a 60x objective lens (NA =0.85). The back-reflected signal is
directed to an optical spectrometer (Horiba, iHR550) after pass-
ing through a 633 nm ultrasteep longpass edge filter (Semrock,
LP02-633RE-25). For polarization-resolved measurements, the
excitation and detection polarizations are simultaneously
rotated by using a half-wave plate and a linear polarization ana-
lyzer, respectively. For SHG measurements, the linearly polar-
ized 1560 nm pump laser beam (Calmer fiber laser, pulse width
90 fs, repetition rate 80 MHz) is focused on the sample using a
4x objective lens (NA = 0.12). A half-wave plate is used to rotate
the linear polarization of the excitation beam. The transmitted
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signal is collected by a 20x objective lens (NA =0.42) and
passed through a set of 900 nm shortpass filter and 780 nm
bandpass filter to selectively detect the SHG signal. The SHG
images of the hologram in the real plane and the Fourier plane
are then recorded using a color charge-coupled device camera.
The SHG spectrum is acquired using the optical spectrometer.
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