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ABSTRACT: The control of all of light’s degrees of freedom and its harnessing for applications is captured by the emergent field of
structured light. The modern toolkit includes external modulation of light with devices such as metasurfaces and spatial light modulators,
their intra-cavity insertion for structured light directly at the source, and their deployment to engineer quantum structured light at the
single photon and entangled state regimes. Historically, this control has involved linear optical elements, with nonlinear optics only
recently coming to the fore. This has opened unprecedented functionality while revealing new paradigms for nonlinear optics beyond
plane waves. In this review, we look at the recent progress in structured light with nonlinear optics, covering the fundamentals and the
powerful applications they are facilitating in both the classical and quantum domains.

1. INTRODUCTION

tructured light [1] with linear optics elements is now
Scommon-place, allowing control of multi-dimensional and
high-dimensional light in both space and time [2]. Recent
trends have seen the emergence of a versatile digital toolkit [3],
such as spatial light modulators and digital micro-mirror
devices, modern design principles based on artificial atoms to
build metasurfaces and metamaterials [4] as well as control of
quantum states [5, 6]. Using this platform, new forms of light
have emerged, allowing us to see smaller [7], focus tighter [8],
communicate faster [9], and fuel new applications [10—12].
While nonlinearity is implicit in the design of structured light
lasers [13], the structuring itself rarely depends directly on
this. In bulk lasers, it is the deployment of intracavity linear
elements that shapes the output, while on-chip structured
light lasers have been largely restricted to orbital angular
momentum and its derivatives, which can be achieved by a
variety of symmetry breaking mechanisms [14].

Recently, nonlinear optics has been revisited in the context
of structured light [15], offering a fresh perspective on nonlin-
ear processes and their selection rules. This in turn has seen the
emergence of a new toolkit with which to create, control and
detect structured light, for what we term ‘nonlinear structured
light’. Nonlinear structured light offers not only a new toolkit
but also a new way to addressing pressing challenges in the
structured light community. For instance, accessing new wave-
length regimes with structured light that would not otherwise
be possible, e.g., through High-Harmonic Generation (HHG)
and advancing ultrafast processes with structured light 16, 17],
and moving structured light towards more extreme applications
that demand high powers and intensities [18, 19]. At the other
extreme, nonlinear rather than linear processes with quantum
structured light are essential to overcome fundamental barri-
ers [20], such as removing the need for ancillary photons in
quantum networks, allowing interaction-free imaging at exotic
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wavelengths and facilitating novel sensors. In this review, we
first cover the basics for the benefit of the reader before high-
lighting the recent progress in this field, from fundamentals to
applications, from classical to quantum, and give our perspec-
tive on the future outlook.

1.1. Back to Basics

We observe a variety of light-matter interactions in daily life,
such as diffused scattering from rough walls, reflection from
water surfaces, and refraction through glass. These phenomena
typically result from the linear optical response of materials,
where the induced polarization P is proportional to the electric
field E, following

P =cxVE, M
where ¢ is the vacuum permittivity, and (") ~ 1 is the lin-
ear susceptibility, and corresponds to electrons oscillating in an
approximately harmonic potential. As the intensity of the inci-
dent light increases, the material response becomes nonlinear,
making P a nonlinear function of the electric field,

P=€o(x(”E+x<2)E2+x<3)E3+--~), @)

where x(") are the nonlinear susceptibilities. These higher-
order terms generate new frequency components resulting from
anharmonic motion of bound electrons [21,22]. Among these,
the second-order nonlinearity (n = 2) is typically the most
prominent, giving rise to effects such as second harmonic gen-
eration (SHG), although its magnitude is extremely small (e.g.,
x® ~ 10~2 m/V for quartz), making it difficult to observe at
low light intensities.

In what follows we will outline the connection between struc-
tured light and nonlinear optics using second-order processes as
an example, referring the reader to key texts to generalise the
theory beyond this.
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FIGURE 1. Second-order nonlinear processes. (a) Frequency doubling by a nonlinear crystal called second-harmonic generation (SHG). (b) The
sum of input frequencies or sum frequency generation (SFG). (c) The difference of input frequencies or difference frequency generation (DFG).

1.2. Second-Order Nonlinear Optics

The second-order nonlinear processes are primarily governed
by the quadratic polarization term, i.e.,

P(ws) = eox' P E?. (3)
Say we have two input fields, £'; and F-, with different fre-
quencies wy and we incident on a nonlinear optical crystal. The

resultant electric field can be written as a superposition of indi-
vidual fields such as

E(t) = Bre™ ™" 4 Eye™™2! 1 c.c.

The complex conjugate (c.c.) of each term is included to en-
sure that the resulting electric field E remains a real, physically
meaningful quantity. After substitution for F in Eq. (3) we find,

P = €OX(2) E%e—inlt+E§e—2iw2t+2E1E2€—i(w1+w2)t
—_—— ———

1 i 11T
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As illustrated in Fig. 1, terms I and I are responsible for second-
harmonic generation, resulting in frequency doubling for w; &
wy respectively [Fig. 1(a)]. Term III results in sum-frequency
generation (SFG) where the output frequency is the sum of the
input frequencies [Fig. 1(b)], while term IV gives rise to differ-
ence frequency generation (DFG), where the output frequency
is the difference of the input frequencies [Fig. 1(c)]. Finally,
optical rectification (which we will not consider here) is given
by term V.

1.3. Phase-Matching

The efficiency of the second-order process is typically decided
by the phase-matching between the polarization wave and the
new frequency wave. Depending upon the NLC type (0, I, II)
and the material, phase matching can be achieved using a vari-
ety of approaches [23,24]. Since quasi-phase matching (QPM)
is more efficient and allows all the waves to carry the same po-
larization, we present a phase matching example for this type
based on periodically poled crystals, as shown in Fig. 2. A car-
toon representation of the domains for a periodically poled crys-
tal phase matched for DFG is shown in Fig. 2(a). Imagine two
input laser beams to a crystal that produces DFG output, where
all are polarized in the same direction. Since the medium re-
fractive index varies with the wavelength, the phase velocities
ofthe pump, signal, and DFG will differ from each other, result-
ing in a natural mismatch (Ak) among the momentum wave-
vectors such that Ak = Kpump — Ksignat — kpFG, as shown in

Fig. 2(b). Physically, it introduces a phase difference between
the polarization wave and DFG wave as they propagate along
the crystal. This limits the gain in output intensity to a certain
crystal length (£.) known as the coherence length, highlighted
at the bottom of Fig. 2(c) for Ak # 0. To bring these waves
back in phase, the sign of the nonlinear coefficient is flipped
after every coherence length, shown as alternating stripes (each
of opposite nonlinearity) [Fig. 2(d)], compensating the phase-
mismatch with a crystal momentum vector (kcrysial). Since the
sign of nonlinearity is the same for every two consecutive co-
herence lengths, the poling period (A) then becomes twice of /.,
or in other words, A = 2/, which is typically of the order of mi-
crometers depending upon the Sellmeir coefficients used [25].
Recently, the poling of domains of the order of 100 nm has been
achieved, compensating for the largest phase-mismatch possi-
ble [26]. For perfect phase-matching, i.e., Ak = 0 as shown in
Fig. 2(c), the rise in output intensity is exponential; however,
the alteration of the sign of x(?) leads to a repetitive growth and
decay of intensity when Ak = Kerystal-

1.4. Structured Light Through Second-Order Nonlinear Crystals

The nonlinear polarization wave term for DFG is proportional
to the product of the input pump (F1) and signal wave (E>),
such that

P(ws) = eox P ELE}.

This suggests a product relationship between the complex
amplitudes of the input beam structure [15]. For a paraxial
nonlinear DFG system under no pump depletion and optimum
phase matching, the expression for DFG wave F5 and signal
wave Fj is given as

@)y
Ey = Ey(0)coshkz, K= X waws| B |

\/k2k362
1/2
. NaWs E1 .
Es =i —— FE5(0)sinh kz,
’ <n3w2> |E| (0)

where we assume that the source planes of the two input beams
fall at the center of the nonlinear crystal, z = 0. Thus, at the
interaction plane under the limit z — 0 and using the approxi-
mation sinh Kz = Kz, the equations become,

1/2 (2)
. [ mows By X' waws| Ey | >
E3~i — FE5(0) | ¥—F—7=7 ) 2,
’ <n3w2> | :(0) ( Vhaksc?
and the complex amplitude E3 at the crystal interaction plane
can be simplified as,

@
By ~nE E3(0), n=iX—2; )
ngc
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FIGURE 2. Quasi-phase matching and periodic poling. (a) A periodically poled nonlinear crystal (NLC) for type-0 collinear phase matching with
poling period A generating an output beam (DFG) with a frequency of difference of input frequencies. (b) The phase-mismatched NLC with pump
(Kpump) momentum vector equal to the sum of signal (ksigna), DFG (kprc) and phase mismatch-parameter Ak. (c) shows the conversion efficiency
for ideal (Ak = 0), with quasi-phase matching (Ak = Kcrystat), and without phase-matching (Ak # 0). (d) The structured crystal wave-vector
Kerystat compensates for the phase mismatch among pump, signal, and DFG, resulting in higher conversion efficiency.
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FIGURE 3. Nonlinear control of spatial structure. The new frequency beam is proportional to the product of input spatial modes, with each beam’s
source plane lying at z = 0. For DFG, the beam with a lower frequency undergoes phase conjugation upon frequency conversion, such that the

output frequency is the difference of the input frequencies.

where * represents the conjugate on the beam with the longer
wavelength and n a function of physical constants including
propagation distance, z. This relationship has been pictorially
depicted in Fig. 3, where a Laguerre-Gauss (LG) mode at fre-
quency w; combines with an Hermite-Gauss (HG) mode at fre-
quency ws to generate a structured output mode at DFG fre-
quency wj — we. Beyond the wavelength change, the output is
a new mode that is the product of the two input electric fields.
Since the product feature is common to SHG, SFG, and DFG,
any second-order nonlinear process can be utilized to control
light’s structure [27]. Also, a similar expression to Eq. (4) has

been obtained recently for stimPDC — a quantum analogue of
DFG [28].

A good example of the product rule is for orbital angular
momentum (OAM) structured light, such as Laguerre-Gauss,
Bessel-Gauss, etc. Suppose each of the three modes (F;) car-
ries transverse amplitude A; (r) and phase ¢;(r), fori = 1,2, 3.
If two input wavelengths carry different topological charges, ¢;
and /5, for OAM of ¢1 i and /5 /1 per photon, respectively, it can
be seen from Eq. (4) that real amplitudes multiply, and the com-
plex phases subtract at the interaction plane,

Az(r) =nAi(r)Aa(r), ¢3(r) = ¢1(r) — ¢a(r),
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FIGURE 4. Nonlinear control for multiple degrees of freedom of structured light. (a) Two time-delayed pulses introduce a time-dependent
nonlinear interaction, generating time varying orbital angular momentum (OAM) structured light. (b) When a nonlinear crystal interacts with a
circularly polarized beam, it introduces spin-orbit coupling, which is further strengthened when the incoming beam is focused into the crystal. (c)
New selection rules for frequency conversion of OAM (orbital angular momentum) structured light emerge when two input beams without net
OAM interact nonlinearly to generate a new beam with a non-zero OAM. (d) But for upconversion of higher-order polarization topologies, isotropic
nonlinearity is necessary, realizing the frequency conversion of both spin and OAM degrees of freedom of a Mdbius strip. (e) Such spatial degrees
of freedom (DoFs) can be combined with frequency, realizing spatio-spectral structured light represented on a multi-DoF Poincaré sphere. Figure
reproduced with permission from: (a) Ref. [60], © AAAS; (b) Ref. [72], © Springer Nature Limited; (c) Ref. [75], © APS; (d) Ref. [78], © AAAS;
(e) Ref. [58], © APS.

such that the nonlinear selection rule for OAM beams be- digital solutions to exotic metasurfaces, while the latter is pos-
comes [29] sible through domain engineering [31], novel resonant [32] and
by =01 — 0. structured [33, 34] matter. Of course, these approaches are not

mutually exclusive [35], where combining the shaping func-
tionalities opens the possibility for rewrittable nonlinearity with
exciting future prospects [36, 37].

The output mode equal to the product of input modes is equally
true for SFG under the limit z — 0 [30], where sinh k2 is re-
placed by sinxz [21]. The 2 = 0 can be an arbitrary plane at
the NLC, meaning that the source plane of all three structured
beams should overlap at the same position inside the NLC. 2. CLASSICAL NONLINEAR STRUCTURED LIGHT

Equation (4) makes clear that the outcome from the process
is the product of the structuring of the light (¥; and E») and the
medium, in this example, x(?). Structuring the former is pos-
sible through a wealth of tools (see Introduction), from cheap

Recently, nonlinear optics has emerged as a useful tool
controlling various degrees of freedom (DoF) of structured
light [15], be it individual shaping [38] or mixing ampli-
tude [39], phase [40], polarization [41], time [42], wavelength
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or frequency [43] together. This nonlinear control of light
with light [44-47], has enabled new mechanisms to harness
light’s structure, initially demonstrated for OAM structured
light three decades ago [48], now extended to vectorial
light [49], quantum light [50] and multimode photonics [51].
A typical nonlinear extension to structured light is combining
spatial DoFs with the wavelength or frequency via frequency
conversion, be it for exploring new selection rules [52, 53] or
changing the colour of structured light [54, 55], with a recent
trend towards intermixing of DoFs whether to reveal new
phenomenon [56,57] or creating new forms of light [42, 58].
For instance, a time-dependent nonlinear interaction generates
a time-varying orbital angular momentum when a non-
perturbative high-harmonic process is driven by two pulses
with a relative time delay, as depicted in Fig. 4(a). Ideally, for
the qth harmonic order, two vortex beams with charges ¢; and
{5 should upconvert to OAM of gq¢; and g2 [59]. However,
when a relative delay is introduced between the two pulses,
the harmonic OAM is no longer restricted to discrete values,
but instead evolves smoothly from qf; to qfs, introducing
self-torque of light. This continuous, time-dependent variation
of orbital angular momentum can alternatively be viewed as
if light is spiraling in time [60]. High-harmonic processes
become accessible when the driving electric field reaches the
strong-field regime, with amplitudes on the order of 0.1-1 V/A,
typically provided by few-cycle femtosecond pulses focused
into noble gases such as Ar, Xe, or Kr [61]. More recently, this
has been extended to air-lasing driven by a superfluorescence
pump [62], introducing a cavity-free UV structured light
source, albeit in a relatively bulky configuration. In contrast,
combining a gain medium with a nonlinear crystal offers a
more compact route to UV structured light via intracavity
frequency doubling [63].

However, low-order nonlinear processes can be easily ac-
cessed with typical pump laser intensities (108 W cm™2), re-
alizing tunable structured light by pump shaping [64]. Further,
by exploiting the birefringence of a nonlinear medium [65] or
by tight focusing into the NLC [66], the polarization degree
of freedom can be coupled with OAM DoF, whether to pre-
serve it [67] or mix it with spatial DoFs [68]. For instance,
in the linear regime, a crystal can act as a space-variant re-
tarder producing spin-orbit coupled states at the fundamental
frequency [69, 70]. These states are then upconverted through
nonlinear processes, giving rise to multiple second-harmonic
components with diverse spin-orbit content [71]. The propaga-
tion of the spin-orbit fields through the crystal strengthens the
linear spin-orbit coupling before emerging as a cascade of non-
linear spin-orbit states as depicted in Fig. 4(b). By contrast, a
collimated beam yielded only a single spin-orbit state follow-
ing the typical OAM conservation selection rules [72]. Despite
the change of frequency, the output beam OAM is equal to the
sum [73] or difference of the input beams OAMs [74], a signa-
ture of parametric nonlinear processes. However, this may not
seem to hold when an HG beam is upconverted with an astig-
matic pump, as the new wavelength will carry an OAM mode
while input modes carry none, as highlighted in Fig. 4(c). This
anomaly has been attributed to the fact that the unconverted
pump also carries a structure, which has not been accounted

for the net OAM calculation [75]. It was observed that the lost
OAM is hidden in the residual pump that maintains the OAM
conservation. However, an anisotropic nonlinear medium, like
an NLC, is not sufficient to preserve the polarization structure
of the beam [76,77]. Recently, an isotropic gaseous medium
was used to demonstrate the conservation of generalized angu-
lar momentum (both spin and OAM) by driving high-harmonic
generation with vector beams [78], realizing up-conversion of
polarization topologies (Fig. 4(d)). Furthermore, such nonlin-
ear control of spatial DoFs has recently been extended to the
frequency domain by inducing a polarization-dependent tem-
poral splitting of a laser pulse in a BBO crystal, which gen-
erates nonseparable states in space and frequency [58]. Sub-
sequent spatial modulation of such states then gives rise to
spatio-spectral Poincaré beams, introducing a multi-degree-of-
freedom Poincaré sphere to represent light structured simul-
taneously in space, frequency, and polarization, as shown in
Fig. 4(e).

Although we have predominantly focused on nonlinear pro-
cesses as if they have little in common, recent work has revealed
new mechanisms at play that brings these domains closer to-
gether, demonstrated with OAM modes in a FWM degenerated
process in a Rb vapor cell [79]. The output could be understood
as a two-channel three-wave mixing process, where the spatial
structures for the output fields were simply the square of one
input field times the conjugate of the other. Further, when one
input was a Gaussian mode, the spatial structure of each con-
version channel was equivalent to SHG and parametric down-
conversion for the other two fields. The situation becomes more
intricate when polarization is added into the mix, as has been re-
vealed using vectorial OAM light under FWM, also in an Rb va-
por cell [80]. Multiple “pathways” for the FWM output appear
due to the interaction of spin-orbit coupling between the light
and the atomic system, enriched by the many Zeeman sublevels
coupling with circularly polarized light components. Intrigu-
ingly, the explanation of the final output requires a quantum
interference perspective, where the possible “pathways” inter-
fere to produce the structured output. These works highlight
how structured light opens new perspectives that not only en-
rich nonlinear processes, but also reveal the hidden connections
yet to be unleashed, and exciting applications already appear-
ing [81-83].

3. QUANTUM NONLINEAR STRUCTURED LIGHT

Quantum structured light [5, 6] is attractive for its large Hilbert
space and tailoring the properties of the state itself. Nonlinear
optics has a long history in the context of quantum light and in-
deed is the workhorse for the creation of entangled photons by
spontaneous parametric downconversion (SPDC), where con-
servation is exploited for correlation. The functionality can be
enhanced by shaping of the SPDC or FWM pump light, which
in turn alters the spatial correlations of the output [84-86], as
well as structuring both the light and the crystal [87] [Fig. 5(a)].
The SPDC crystals can be cascaded in user-defined paths to
produce high-dimensional OAM entanglement [88] with cor-
relations not restricted to the SPDC process itself [Fig. 5(b)].
Beyond natural nonlinear materials at the creation step, a mod-
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frequency generation (SFG) based nonlinear Bell state analyzer for faithful quantum teleportation. Figure reproduced with permission from: (a)
Ref. [87], © Optica; (b) Ref. [88], © PNAS; (c) Ref. [96], © APS; (d) Ref. [97], © APS; (e) Ref. [101], © Springer Nature; (f) Ref. [104], © APS.

ern trend is to engineer structured second-order nonlinearity in
bulk [89] or using metamaterials [90], already used to structure
the correlations in many DoFs. All these approaches allow for
customised quantum light at the source.

Nonlinear optics also has an important role to play in the de-
tection of quantum states, leveraging off the preservation of en-
tanglement and coherence in nonlinear processes [91]. It has
become a common use for efficient photon detection [92], par-
ticularly for measurement of telecom wavelength photons [93].
While a quantum state tomography (QST) is often done by
linear projective measurements, dispersion-engineered sum-
frequency generation can do the same in the time-frequency
domain [94] using so-called quantum pulse gates [95]. This
has allowed a d = 7 dimensional tomography [96] [Fig. 5(¢)],
recently extended to d = 5 dimensional deterministic projec-
tions [97,98], the latter made possible by domain engineer-
ing the nonlinear crystal [Fig. 5(d)]. These time domain tools
have also allowed for the efficient demultiplexing of temporal
modes [99] and multiplexing by difference frequency genera-
tion [100].

Nonlinear optics can overcome a major obstacle to many
high dimensional quantum protocols: the need for ancillary
photons, whose number increases with dimension. These pho-
tons require ever more SPDC sources of entanglement, mak-
ing the multiphoton detection step prohibitive. For this reason,
the state of the art in teleportation remains at d = 3 dimen-
sional states. Recent progress has seen sum frequency gener-
ation (SFG) used for spatial mode transport in d = 15 using

OAM [101] (Fig. 5(e)), and image transport in the pixel ba-
sis [102]. Both these experiments used a SPDC crystal and two
entangled photons as a quantum resource, with the information
from a bright classical beam “teleported” to one of the single
photons. While the experiments had all the hallmarks of tele-
portation, the need for a bright beam to overcome efficiency
issues meant no entanglement swapping was involved, so far
achieved only in polarization DoF [103]. True teleportation has
recently been shown in d = 3 dimensions using time-bin states,
facilitated by enhanced SFG efficiency in a nanophotonic cav-

ity [104] (Fig. 5(f)).

4. APPLICATIONS

The control discussed in the prior sections has been harnessed
for new applications. The concept of 2D nonlinear hologra-
phy has emerged as a useful tool for controlling the transverse
degrees of freedom of structured light both digitally [105] or
by physically embedding a hologram into the crystal struc-
ture [106, 107] or in thin metasurfaces [33]. While thin meta-
surfaces provide a phase-matching free route to mix different
degrees of freedom of structured light [108—111], bulk crys-
tals allow generation of 3D structured light, by engineering
ferroelectric-domains [112, 113]. By tailoring the x(?) profile,
one can customize the output structure to carry the desired or-
bital angular momentum (OAM) and radial order directly from
the NLC [112]; on the other hand, replacing the traditional
striped poling with a dotted pattern improves the fidelity of the
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structured-light generation at the new frequency [113]. This 3D
control has been further extended to shape the quantum corre-
lations at the source, with a minimal toolkit requiring only a
structured crystal and a laser source [114], the resulting crys-
tal structure is highlighted in Fig. 6(a). Furthermore, recently a
structured light source generating EPR-like correlations, called
a random hologram was introduced [115], where the role of the
nonlinear kernel x(?)(r) E,(r) in SPDC is effectively played by
the squared pump field Eg (r) inside the second-order correla-
tion integral, replacing the need for inefficient nonlinear fre-
quency conversion. These quantum-like correlations are then
exploited to demonstrate nonlocal image recognition and sen-
sitive phase metrology with bright classical light, emulating the
functionality of a high-flux SPDC source [116].

While spontaneous parametric down conversion enables the
generation of two photons out of a single photon [5], however,

its reverse process, namely SFG, can be used to decode the pho-
ton information in the spectral degree of freedom [117]. Re-
cently, its analog has been achieved in the spatial degree of
freedom by encoding an image with a structured phase mask,
which can only be recovered when a conjugate phase mask is
used by the receiver [118]. The authors leveraged the natu-
ral phase conjugation provided by nonlinear DFG process to
decode the image, which allows them to cancel the unwanted
aberrations from the signal [Fig. 6(b)]. Furthermore, this natu-
ral wavefront reversal by coupling either light with sound [119]
or light with light [120] has recently demonstrated for auto-
matic turbulence mitigation in optical communications [121]
and wavelength-adaptive modal decomposition with structured
light [122], an example for OAM structured light has been
highlighted in Fig. 6(c). This recent realization that nonlin-
ear structured light can serve as an in-vivo guide star may
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FIGURE 7. Emerging platforms and applications of nonlinear structured light. (a) Nonlinear holography is useful for imprinting holograms onto
the meta-atoms themselves, allowing to encode topology both into the fundamental and the third harmonic generation. (b) The 3D structure of the
nonlinear crystal (NLC) can be shaped to guide light within the NLC, emulating the spin-transport of electrons in magnetic materials. (c) Monolayer
van der waals NLCs can be exploited to circumvent phase-matching, allowing both X(Z) and X(3) processes within a single NLC. (d) Four-wave
mixing with a simple planar glass slab can also be utilized to shape light useful for tuning the focal spot of the new beam. (e) Nonlinear metasurfaces
are useful for broadband control of the quantum correlations, enabling efficient and tunable spontaneous parametric downconversion. (f) The x(?
domains can be programmed using structured illumination and can be updated in real time, allowing control over both spatial and spectral degrees
of freedom of nonlinear structured light. (g) The subwavelength structure of nonlinear metasurfaces can be utilized for efficient second harmonic
generation for very short UV wavelengths, which can be very useful for designing optical elements (lenses) for the deep-UV (< 200 nm) spectral
regime. Figure reproduced with permission from: (a) Ref. [152], © AAAS; (b) Ref. [154], © Springer Nature Limited; (c) Ref. [156], © ACS; (d)

Ref. [159], © Springer Nature Limited; (e) Ref. [161], © AAAS; (f) Ref. [37], © Springer Nature Limited; (g) Ref. [168], © AAAS.

be very useful for deep tissue imaging with fluoroscence mi-
croscopy [123, 124].

Most of the commonly used nonlinear crystals are birefrin-
gent, e.g., LINbO3, BBO, PPKTP, LBO, allowing easy switch-
ing of the polarization of the input mode and making them a
useful potential tool for controlling the polarization degree of
freedom [105, 125]. Now, depending upon the type of crystal,
the orthogonal/same components of the input polarization mode
will be multiplied to generate a new frequency mode [126, 127].
However, for spatially varying polarization patterns, such as in
vector beams, the output polarization pattern will depend upon
the type of crystal used [126, 128]. To preserve the polarization,
one can introduce a type-0 NLC in a Sagnac geometry with a
half-wave plate placed asymmetrically in the loop (Fig. 6(d)).
This allowed the authors to preserve the vector beam polariza-

tion pattern through the frequency conversion, very useful for
nonlinear applications in vectorial structured light [129].

In linear optics, two coherent sources of light add to generate
a new structure; in contrast, nonlinear optics allows multiplica-
tion of two sources [27]. But with type-1I SHG, a single source
is enough for frequency conversion, where the signal structure
gets multiplied by unmodulated Gaussian in orthogonal polar-
ization, useful for applications with high-fidelity upconversion
of structured light [105]. This multiplication of light with light
allows the creation of new patterns of light, for example, light
can be made to diffract off light using a virtual triangular object
created entirely out of light, as depicted in Fig. 6(e), adding a
new nonlinear tool for detecting OAM structured light [128].

Such nonlinear structuring of light can also be achieved by
third-harmonic generation (THG). Recently, by exploiting the
rotational symmetry of an isotropic Si metasurface, the to-
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TABLE 1. Reported absolute conversion efficiencies (ratio of output harmonic power to pump power) for representative nonlinear crystals and
metasurfaces at common pump wavelengths for SHG (unless otherwise specified). OPG — optical parametric generation. Bracketed numbers

correspond to bibliography entries.

Pump — SHG Nonlinear Nonlinear
w — 2w crystal 7 (abs.) metasurface 7 (abs.)
(wavelength) material material

532 — 266 nm CLBO/KDP ~60% [169, 170] ZnO ~1078 [167, 168]
800-900 — 400—450nm  BBO/BIBO ~40%—~50% [171,172]  LiNbOs, GaAs, Aw/ZnO  ~1073-107% [173-176]

1064 — 532 nm KTP/LBO >55% [177-179] Ag [180]

1550 — 775 nm PPLN ~70% (waveguide) [181] LiNbO3, AlGaAs ~1078-1072 [182-185]

2.4 um (OPG) ZnGeP2 ~22% [186] - -

tal angular momentum selection rule ms,, = 3m,, has been
demonstrated. When a circularly polarized beam is tightly fo-
cused in a x(®) thin film, induces three spin-orbit coupled pump
photons to combine into one third-harmonic photon, enforc-
ing the nonlinear addition of non-paraxial light [130]. So far,
we shave only discussed applications of 2D holography; how-
ever, the full structure of the crystal can be shaped to encode
3D holograms [131]. Recently, it has been utilized for multi-
wavelength phase matching, enabling pattern creation in 6 dif-
ferent channels, as shown in Fig. 6(f), opening up new avenues
for optical storage applications [132].

Moving away from synthetic crystals to biological processes,
the extension of nonlinear structured light to natural nonlin-
ear processes in biological samples is pushing the boundaries
of nonlinear microscopy. Structured excitation beams such as
Gaussian, Bessel and Airy profiles have been shown to tai-
lor contrast and field of view in linear and nonlinear light-
sheet and fluorescence microscopy, enabling fast volumetric
two-photon tomography in complex tissues [133—135]. More
generally, structured illumination microscopy (SIM) exploits
patterned light to achieve super-resolution with high tempo-
ral bandwidth [136], and recent work combining adaptive op-
tics, multifocal excitation, and nonlinear SIM has delivered
deep-tissue super-resolution imaging with improved robustness
to aberrations [137]. Recently, a new approach to achieve
super-resolution SIM when combined with Raman microscopy,
where instead of using conventional Moiré patterns, Lee et
al. randomize the k-space using random distribution of gold
nanoparicles, effectively achieving 2 times image resolution
over the diffraction limit [ 138]. Parallel advances in NIR-II flu-
orescence and light-sheet platforms further enhance penetration
depth and image contrast [139], while recent i>PIE-compressed
supercontinuum implementation exemplifies how optimal non-
linear pulse compression directly improves contrast in nonlin-
ear light-sheet microscopy [140].

Spatial degrees of freedom have long been exploited for non-
linear imaging, beginning with photorefractive crystals, where
two-wave mixing enabled early demonstrations of nonlinear
image formation [141, 142]. This was later followed by three-
wave mixing approaches, such as nonlinear negative refraction
in thin BBO slices, which bend an infrared signal into a visible

idler at a tunable negative angle and provide nonlinear focus-
ing for enhanced image resolution [143]. With the advent of
advanced holographic techniques, nonlinear structuring of light
has expanded significantly, enabling improvements to the field
of view [144] and increasing the information capacity of imag-
ing systems through domain-engineered lithium-niobate non-
linear holograms [144, 145]. While material engineering offers
powerful routes for integrated and on-chip applications, digi-
tal modulation tools provide complementary, highly dynamic
control for biomedical imaging [146] and high-contrast image
recognition [83]. These digital approaches naturally extend
many linear imaging techniques, such as spiral phase contrast
imaging, spiral interferometry, and spatial differential imaging,
into the nonlinear regime. Most recently, by placing a spi-
ral phase plate at the rear focal plane of an imaging system,
nonlinear spiral-phase interferometry has been demonstrated,
enabling high-contrast imaging of domain structures through
nonlinear interference of spiral phase and point spread func-
tion [147].

5. EMERGING TRENDS

While NLCs excel in delivering higher conversion efficiencies,
thin nonlinear metasurfaces are particularly attractive for reduc-
ing the footprint of integrated devices, since their thickness is
on the order of the wavelength of light [148, 149]. However,
their efficiency is limited by strong pump absorption loss as
seen in chalcogenide metasurfaces [150]. Recently, this strong
pump absorption is customized, achieving near-IR to mid-IR
upconversion in an amorphous-Si metasurface by combining
high-@ resonant pump with broadband FWM signal [151]. Fur-
thermore, by engineering metasurfaces to operate within the
pump’s low absorption spectral band, the ability to encode
and transfer the wavefront topology of the fundamental field
has been demonstrated via a structured x(3) third-harmonic as
shown in Fig. 7(a), while the x() linear response controlled by
the same geometry simultaneously [152].

Though nonlinear metasurfaces are effective platforms for
generating two-dimensional structured light [153], their effi-
ciencies are typically lower than bulk crystals. To make this
distinction quantitative, a side-by-side comparison of reported
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SHG conversion efficiencies for commonly cited material plat-
forms is presented at the end of this section (Table 1). By con-
trast, NLCs can exploit all spatial degrees of freedom, owing
to their three-dimensional volume, opening opportunities be-
yond 2D shaping. This capability was recently demonstrated
by Yesharim et al., by guiding light at different frequencies us-
ing narrow structured domain walls inside an NLC, analogous
to spin-dependent potentials for electrons in magnetized mate-
rials (Fig. 7(b)). As a result, they directly mapped the physics
of spintronics into nonlinear optics [154].

While conventional phase-matching requirements often limit
a crystal to a specific nonlinear process, atomically thin materi-
als can relax these stringent conditions, opening new degrees of
freedom [155]. For example, by tuning the pump wavelength
and spectrally filtering the output, authors have demonstrated
frequency conversion with both () and x(®) nonlinearities in
the same 2D crystal, enabling multiwavelength processes such
as DFG, SFG, and four-wave mixing (FWM) [156], as depicted
in Fig. 7(c).

Although second-order nonlinear (x(?)) crystals such as
LiNbO3, KTP, and BBO remain the workhorses of nonlinear
optics, but most usable x(?) crystals are synthetically fabri-
cated [157]. In contrast, x(*) materials like silicon are naturally
abundant and can be used directly to shape light [158]. As an
example, recently, a silica-based glass slab (SiOs) has been
demonstrated for shaping light using FWM [159], where the
new frequency beam was easily moved in and out of the focal
plane by simply tailoring the pump’s momentum vectors, in
Fig. 7(d).

Beyond classical nonlinear mixing, metasurfaces can also
serve as compact sources of quantum light, (Fig. 7(e)). Their
sub-wavelength thickness relaxes phase-matching constraints,
enabling broadband frequency conversion with enhanced lo-
cal fields [160]. For instance, it is possible to achieve effi-
cient and tunable SPDC with an enhancement factor of 10%-10*
using resonant metasurfaces supporting high @ factors [161].
However, traditional frequency conversion platforms are static,
strictly designed for a chosen set of wavelengths. A solution
to this is wavelength-adaptable nonlinear platforms, recently
demonstrated with bimodal-shaping with an adjustable liquid
crystal spin-orbit device [162] and tunable phase-matching in
polarization-maintaining optical fibers [163]. An analogous ap-
proach achieved dynamic poling by electric field-induced shap-
ing of x(®) domains in a x®) medium, achieving reconfigurable
control of spectral, spatial, and spatio-spectral degrees of free-
dom in real time [37], with an example shown in Fig. 7(f).

Finally, material transparency plays a crucial role. While
LiNbO3, KTP, and BBO are transparent from visible to mid-
IR spectrum, they strongly absorb in the UV bands, limiting
their use for frequency conversion in this band. Yet UV appli-
cations — particularly in spectroscopy, imaging, and biology
— are highly desirable [164—-166]. Here, recently, metasurfaces
have emerged as a potential platform for efficient UV frequency
conversion achieved by exploiting strong confinement within
low-loss meta-atoms [167], allowing access to bulk nonlinear-
ities and enabling compact optical elements such as deep-UV
lenses [168], an example shown in Fig. 7(g).

10

6. FUTURE OUTLOOK

Revisiting nonlinear optics in the context of structured light
has shifted the perspective both theoretically and experimen-
tally. Theoretically, the introduction of structured waves rather
than plane waves has given rise to new selection rules and
paradigms. Light can diffract off light to create new radial
modes, and OAM can be added or subtracted depending on
the process. The introduction of mixed DoFs such as vectorial
light has shown how both linear and nonlinear processes mix
for new effects. What has made this possible is to challenge
the paradigm of plane waves or Gaussian beams in the theoret-
ical analysis, and we anticipate that as more assumptions are
challenged, so will old processes be given a fresh perspective.

Experimentally, the shift has been away from wavelength
conversion and the constraint of efficiency, instead of towards
a new toolkit for the creation, control, and detection of multi-
degree-of-freedom structured light. Extreme classical light has
been used to open new regimes with structured light, from HHG
to light with a self-torque. Power and intensity levels of struc-
tured light have also benefited from this revolution, now push-
ing Tera-watt levels. The new paradigms have enabled novel
detection of structured light, ultra-fast correction of unwanted
structure in structured light, and new creation tools. The intro-
duction of structured nonlinearity together with structured light
is a very exciting domain to watch, likely to compactify devices
and improve functionality, e.g., tailoring the crystal for the light
it will receive and the operation envisaged.

Yet there remain many open challenges. Most studies have
remained at low power levels, not yet exploring control in new
intensity regimes. This might be addressed by new bulk crystals
and nonlinear resonant metasurfaces that can manage the power
levels. At the opposite scale, quantum control is still limited by
efficiency issues, prohibiting many quantum applications and
protocols. This may be overcome with higher efficiencies from
on-chip light confinement, and structured nonlinear matter to
enhance particular state control. Applications have been im-
pressive, but to make an impact, we need to speed up the de-
ployment of nonlinear structured light from proof-of-principle
demonstrations to real-world applications.

In this review, we have captured the recent progress in non-
linear structured light, illustrating with examples the exciting
new trends and advances. In just a few years, we have wit-
nessed advances in the field across many domains, pointing to
a bright future where structured light and nonlinear structured
materials combine to drive multi-dimensional light forward.
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