Arie Light: Science & Applications (2021)10:202
https://doi.org/10.1038/s41377-021-00631-5

Official journal of the CIOMP 2047-7538
www.nature.com/Isa

NEWS & VIEWS Open Access

Storing and retrieving multiple images in 3D
nonlinear photonic crystals
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Abstract

A nonlinear hologram enables to record the amplitude and phase of a waveform by spatially modulating the second
order nonlinear coefficient, so that when a pump laser illuminates it, this waveform is reconstructed at the second
harmonic frequency. The concept was now extended to enable the generation of multiple waveforms from a single
hologram, with potential applications in high density storage, quantum optics, and optical microscopy.

Quasi phase matching and nonlinear photonic
crystals

Three wave mixing processes in quadratic nonlinear
crystals are traditionally used for the generation of coherent
light at new wavelengths, that are often hard to reach by
direct lasing. Specifically, up-conversion process such as
second harmonic generation and sum frequency generation
are used for generation of visible and ultraviolet radiation
from red or near-infrared lasers, whereas down-conversion
processes, such as difference frequency generation and
optical parametric oscillation are used to convert near-
infrared light into the mid-infrared. In order to achieve an
efficient process, it is necessary to conserve energy and
momentum between the interacting photons. Let us con-
sider for example the case of second harmonic generation,
where two identical pump photons, each having energy 7w,
and momentum /k;, are converted into a new photon with
energy /iw, and momentum /ik,. Energy conservation dic-
tates that w, = 2w; and momentum conservation, also
known as phase matching, means that k, = 2k; + Ak. The
last term, Ak, is the crystal quasi momentum, that originates
from spatial modulation of the quadratic nonlinear coeffi-
cient of the crystal. The concept of modulating the nonlinear
coefficient to satisfy momentum conservation was proposed
by Nobel Laureate Nicolaas Bloembergen and co-workers in
a seminal paper they published in 1962, and is called quasi
phase matching. It is important to emphasize that without
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this modulation, the momentum is not conserved in most
cases, and the efficiency of the process is negligible. Quasi
phase matching was first explored in the case of periodic one
dimensional modulation with a period of 2m/Ak, but in
1998 Vincent Berger” proposed to modulate the nonlinear
coefficient in two or three dimensions. He referred to these
structures with modulated nonlinear susceptibilities as
nonlinear photonic crystals, in analogy to the linear photonic
crystals’, in which the linear susceptibility is a periodic
function of space. The concept of nonlinear photonic crystal
is not limited only to periodic modulation. Other modula-
tion schemes, based on quasiperiodic™ or even random
modulation® were proposed and realized as well. These
methods enable to simultaneously phase match several dif-
ferent processes, i.e., for different input pump frequencies or
different propagation directions’.

How to modulate the nonlinear coefficient?

The realization of nonlinear photonic crystals requires a
method that will enable to modulate the nonlinear coeffi-
cient with micron-scale resolution. The main method used
nowadays for that is electric field poling of ferroelectrics®: A
patterned electrode with the desired modulation function is
defined on one side of the crystal, usually by photo-
lithography, and a planar electrode is sputtered on the other
side. The ferroelectric crystal is mono-domain at start, i.e., its
electrical dipoles are all oriented at the same direction.
When a high voltage pulse is applied through the electrodes,
it can invert the direction of the electric dipoles, throughout
the entire thickness of the crystal, in the regions in which the
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Fig. 1 Retrieving two images from a multiplexed nonlinear hologram. The hologram is fabricated by erasing (or reversing the sign of) the
nonlinearity in selected regions of a nonlinear crystal using a focused femtosecond laser. Each one of the two pump lasers will generate a different
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patterned electrode was in contact with the crystal. This
domain inversion also inverts the sign of the nonlinear
coefficient. This method, therefore, enables binary modula-
tion of the nonlinear coefficient, but it is based on planar
configuration, hence it is only suitable for one-dimensional
or two dimensional modulation patterns. For example, in
LiNbO; and LiTaOs, electric field poling enables to mod-
ulate the nonlinear coefficient in the plane of the X and Y
crystallography axes, but it does not enable to modulate
along the Z axis.

In 2018, two groups have demonstrated new methods
for modulating the nonlinear coefficient in all three
dimensions. These methods are based on tightly focusing
a strong laser beam to selected points in the crystal. In
one method, that was demonstrated for LiNb039, the
laser locally heats the focal point so that the crystal
becomes amorphous and the nonlinear coefficient is
locally erased, whereas in the second method, that was
demonstrated for barium calcium titanate'®, the focusing
creates a local temperature gradient which locally inverts
the spontaneous polarization of the crystal, with corre-
sponding inversion of the nonlinear coefficient.

Nonlinear holography and nonlinear beam
shaping

The ability to modulate the nonlinear coefficient in two or
three dimensions'' opens new possibilities for nonlinear
photonic crystals, in addition to frequency conversion.
Specifically, it enables to borrow concepts that were ori-
ginally developed in the field of computer generated holo-
graphy, such as off-axis Fourier holography, and binary
coding schemes based on the detour phase method'* and on
discrete Fourier transform' for shaping the spatial and
spectral shape of the generated light in a nonlinear process.
As a reminder, the hologram enables to record the ampli-
tude and phase of a certain desired beam, so that when it is
illuminated by a reference laser, this beam can be

reconstructed. In a nonlinear hologram, the information is
encoded by modulating the nonlinear coefficient, so that
when a pump (reference) laser illuminates it, the desired
beam is reconstructed at the second harmonic frequency. It
is important to remember that one also needs to maintain
phase matching in order to obtain an efficient generation of
the desired beam.

These concepts were first employed, using electric-field
poling, for the generation of beams that were structured in
one transverse dimension, such as focused beam'*, one-
dimensional Airy beam'® and Hermite-Gaussian beams of
the HGy,, family'®. In that case, one of the crystal axis (the X
axis) was employed for quasi phase matching while one
transverse axis (the Y axis) was used for modulation. Later,
another scheme was proposed, in which two transverse axes
(X and Y) were used for modulation, and partial phase
matching, based on the nonlinear Raman-Nath effect'”, was
employed. This enabled to nonlinearly generate and mix
vortex beams'®, HG,,, beams®’, etc. However, the partial
Raman-Nath scheme means that the conversion efficiency of
these holograms is relatively low. With the recent intro-
duction of laser-based 3D modulation®'’, this efficiency
problem was finally resolved—the hologram can be designed
to satisfy phase matching in the propagation direction, and
to shape the beam in the two transverse directions®>*'.

Holographic multiplexing: storing and retrieving
multiple images in a single nonlinear hologram
So far we assumed that there is only one pattern that we
would like to store and retrieve in the nonlinear hologram.
However, a nice feature of holography is the ability to store
and retrieve multiple patterns in the same hologram,
whereby each pattern is associated with its own reference
beam, as illustrated in Fig. 1. In the recent paper of Chen
et al.”?, this concept was demonstrated. Two design exam-
ples were used—in one of them, three different images, of a
heart, a moon, and musical note were stored, by 3D
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nonlinear modulation—achieved by local point by point
laser erasing of the LiNbOj; nonlinear coefficient. The
selection of the different patterns was achieved by tuning the
pump frequency. The second harmonic process was phase
matched each time only for one of these wavelengths. The
authors have also shown another example of storing and
retrieving six different patterns, each one consisting of a
series of dots. The authors also estimate that with further
improvements in the poling technology, up to 100 different
patterns can be stored, provided that the pump can be tuned
over 250 nm. In addition to the pump wavelength, other
degrees of freedom such as the pump’s direction of propa-
gation and the crystal temperature may enable to further
increase the number of stored patterns.

Potential applications

The ability to multiplex different patterns in a single
nonlinear hologram may enable new and interesting
applications. A straightforward application is high density
storage of optical information in a compact single crystal.
An added benefit is the security of the storage, since a
specific reference beam is needed to retrieve a desired
waveform. These nonlinear holograms may be useful for
generation of shaped quantum light by spontaneous para-
metric down conversion®®. Another potential application is
in microscopy, where the short wavelengths that can be
reached by second harmonic generation, can now be gen-
erated in a nonlinear hologram. This is useful for super
resolved structured illumination microscopy, where the
sample can be illuminated by different patterns that are
generated by the multiplexed nonlinear hologram. Whereas
the present demonstration®® was based on far field off-axis
hologram, the multiplexing capability may also be relevant
for other types of nonlinear holograms, that operate on axis
and in the near field**. In order to enable efficient realiza-
tions of these exciting applications, it is still needed to
increase the length and overall volume of the crystals that
can be modulated using the laser poling method.
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