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Abstract

Since quasi-phase-matching of nonlinear optics was proposed in 1962, nonlinear photonic crystals were rapidly
developed by ferroelectric domain inversion induced by electric or light poling. The three-dimensional (3D)
periodical rotation of ferroelectric domains may add feasible modulation to the nonlinear coefficients and break the
rigid requirements for the incident light and polarization direction in traditional quasi-phase-matching media.
However, 3D rotating ferroelectric domains are difficult to fabricate by the direct external poling technique. Here,
we show a natural potassium-tantalate-niobate (KTN) perovskite nonlinear photonic crystal with spontaneous
Rubik’s cube-like domain structures near the Curie temperature of 40 °C. The KTN crystal contains 3D ferroelectric
polarization distributions corresponding to the reconfigured second-order susceptibilities, which can provide rich
reciprocal vectors to compensate for the phase mismatch along an arbitrary direction and polarization of incident
light. Bragg diffraction and broadband second-harmonic generation are also presented. This natural nonlinear
photonic crystal directly meets the 3D quasi-phase-matching condition without external poling and establishes a

perovskite ferroelectrics.

promising platform for all-optical nonlinear beam shaping and enables new optoelectronic applications for

Introduction

The macroscopic physical properties of condensed
matter are associated with constituent functional groups,
concentration gradients, as well as their hierarchical spa-
tial arrangement'™>. An example of a counterintuitive
mesoscopic phase that naturally mimics standard solid-
state structures but on scales that are thousands of times
larger is a supercell®. In perovskite ferroelectrics, micro-
scopic metal-centered octahedrons are the main con-
tributor to nonvolatile polarization, and mesoscopic
ferroelectric domains are the most attractive regulation
factor for the design of ferroelectric supercells, including
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the domain size, poling direction, and flexible nanodo-
mains”'°. As a paradigm, periodic and quasi-periodic
ferroelectric domains with inverse polarization have been
designed to make meta-materials'’, especially for photonic
and phononic crystals'*~'*. By employing the interference
of light or acoustic waves in designed submicrometer and
micrometer regions, various intriguing properties for the
incident photons or lattice vibrations emerge in these
artificial super-crystals'>'®, such as harmonic generation,
dielectric abnormality, and polariton excitation. In non-
linear photonic ferroelectrics, the laser spectral range is
widely extended by quasi-phase-matching due to periodic
domain inversion that corresponds to a change in the
signs of the nonlinear susceptibility and supplies the
reciprocal vectors G to compensate for the phase-
mismatch Ak. To date, the distribution of reciprocal vec-
tors in one, two, and three dimensions (1D, 2D, and 3D,
respectively) have been demonstrated in several ferro-
electric nonlinear crystals™'”~"°.
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The ferroelectric polarization direction determines the
quasi-phase-matching condition. Regardless of the pre-
vious 1D, 2D, or 3D quasi-phase-matching examples,
the Ak =0 condition has strict limitations for the crystal
cutting direction and incident light polarization for
efficient nonlinear energy conversion. For example, in
periodic poled LiNbOj; crystals with up—down ferro-
electric domains, the incident light direction should be
along the x-cut crystal to take advantage of its largest
nonlinear susceptibility ds3, and the polarization of
fundamental and second harmonic light is also limited
in the z direction'®. Therefore, breaking such con-
straints has a profound impact on nonlinear photonics.
The present predicament could be addressed by the
spatial rotation of ferroelectric domains since these
composite rotated domains could be useful for different
types of phase matching with additional 3D reciprocal
vectors along with arbitrary directions. However, due to
the limitations of traditional poling techniques, a non-
linear optical medium with 3D rotated ferroelectric
domains is not feasible and has not been fabricated to
our knowledge.

The Curie temperature is a crucial factor for regulating
the internal polarization of ferroelectric domains, and
discrete domains are reconfigured near the Curie tem-
perature®. Perovskite potassium tantalite niobate,
KTa,Nb;_,O3 (KTN), crystals feature a continuous solid
solution with an adjustable Ta/Nb ratio (Fig. 1la).
Impressively, their Curie temperature varies with a fluc-
tuating Ta/Nb ratio®®. The phase transition from the
ferroelectric orthorhombic to tetragonal phase occurs at
approximately 300 K for x ~0.5 with the Curie tempera-
ture; the phase transition from the ferroelectric tetragonal
to paraelectric cubic phase occurs at 400 K. Therefore,
composite ferroelectric domains are formed at room
temperature with a suitable Ta/Nb ratio, and the polar-
ization directions are distributed in the three dimensions
inherited from the cubic symmetry. Then, new physical
properties emerge, including a large quadratic electro-
optic coefficient®’, large broadband refraction®?, and dif-
fractionless light waves®®, Inspired by this point, we show
an exotic addition to a KTN crystal by selecting a suitable
Ta/Nb ratio and produce the first natural three-
dimensional nonlinear photonic crystal with spatially
rotated ferroelectric domains and modulated quadratic
susceptibility. Both linear and nonlinear optics are stu-
died, and broadband second-harmonic generation from
450 to 600 nm is presented on the KTN crystal.

Results
Crystal growth and basic characterization

The KTN crystal herein with a tetragonal phase (P4mm
space group) at room temperature was grown by the
Czochralski method™ (see Supplementary Materials). X-
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ray photoelectron spectroscopy (XPS) measurements
show a semiquantitative Ta/Nb ratio of 0.56:0.44 (Fig. S1),
suggesting a chemical formula of KTags6Nbg4403. The
hysteresis P—E loop (Fig. S2) displays standard ferro-
electric behavior, where the positive and negative satu-
rated polarizations are 16.98 and —16.69 uC/cm?
respectively, and the positive and negative coercive fields
are 3.68 and —244kV/cm, respectively. Differential
scanning calorimetry (DSC) measurements (Fig. S3)
depict a near room-temperature Curie temperature of
approximately 40 °C, which is much lower than that of
LiNbO; (~1140°C) and Bag;7Cago5TiOs (~107 °C). This
relatively low Curie temperature in KTN could be
attributed to the small B site off-center distance in the
oxygen octahedrons. Accordingly, the discrete ferro-
electric domains in the KTN crystal would compete
energetically, thereby reconstructing to form a 3D ferro-
electric supercell with spatially distributed polarization.

Ferroelectric domains in the as-grown KTN crystal
were observed by polarizing microscopy. As recorded in
Fig. 1b, 90° domain walls (red dotted line) and 180°
domain walls (green dotted line) can be clearly observed,
which indicates the in-plane polarization direction in the
horizontal and vertical domains. The statistical domain
structure with a length of approximately 5 pum accounts
for the most. This composite ferroelectric domain struc-
ture in the super cell is composed of 90° and 180°
domains with different polarization directions. The
spontaneous polarization of the KTN crystal, a typical
perovskite ferroelectric crystal, is along the fourfold axis
of the primitive cell with six possible directions, which
makes the ferroelectric comprising KTN have 180°
domains and 90° domains in different directions at the
same time. Near the Curie point, 180° domains and 90°
domains are recombined into a new periodic structure in
the 3D space of the KTN crystal, where the domains are
inlaid with each other to form a supercell. The supercells
are periodically arranged in crystals with Rubik’s cube
pattern (Fig. 1c), so the ferroelectric domains in the
supercell can form a new type of three-dimensional
structure. As shown in Fig. 1d, e, there is up—down fer-
roelectric polarization along the x, y, and z directions
simultaneously. In other words, this polarization dis-
tribution allows quasi-phase-matching of the polarized
incident light along with three directions. This natural 3D
ferroelectric supercell is different from the previously
reported artificial 3D nonlinear photonic crystals com-
prising LiNbOj3 and Bag 77Cag23TiO3. To our knowledge,
this is the first spontaneous 3D nonlinear photonic crystal
without any electric and light poling fabrication.

The piezo-response force microscopy results also
support our statement. Figure 1f, g reveals the investi-
gations of the domain structure of KTN (also see
Fig. S4), and the data show the polarization distributions
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Fig. 1 Crystal structure and ferroelectric domain distribution of KTN. a Crystal structure of tetragonal KTN. b Polarizing microscope image of the
KTN crystal along the x-y plane; the scale bar is 25um. The red dotted line represents the 90° domain wall, and the green dotted line represents
the 180° domain wall. The blue arrows represent the spontaneous polarization direction. ¢ Diagram of natural Rubik’s cube-like domain structures in
the KTN crystal. d Structural model of the ferroelectric domain (out-of-plane) in the KTN x—y plane. The solid forks and points represent inside and
outside polarization. e Structural model of the ferroelectric domain (in-plane) in the KTN x—y plane. f Vertical PFM amplitude and g lateral PFM phase

for both the vertical (out-of-plane) and lateral (in-plane)
components. The bright and dark contrasts in the
amplitude image reflect the relative magnitude (phase)
of the piezoelectric response for each domain. Clearly,
there are periodic domain structures in vertical and
lateral images at the same time. The dark green regions
in Fig. 1d represent the bright spot in Fig. 1f, and the
green blocks in Fig. le are related to the bright spot in
Fig. 1g. The out-of-plane polarization exhibits an
hourglass-shaped configuration, while the in-plane
polarization enables quasi-square alignment in the
KTN x-y plane. Therefore, this demonstrates the exis-
tence of periodic out-of-plane and in-plane polarization
spontaneously. This exotic and stable ferroelectric
domain arrangement provides an attractive optical
response in the KTN crystal.

Bragg diffraction and second-harmonic images

Next, the linear and nonlinear optical responses of the
KTN photonic crystals with different cutting directions
were evaluated. According to Fresnel-Kirchhoff diffrac-
tion theory, the distribution of the Fraunhofer diffraction
field observed in the far-field can be regarded as the
intensity distribution of the inverted lattice vector space
of the diffraction grating. Figure 2a, b shows the diffrac-
tion spots from the laser light passing through the x-cut
and z-cut KTN samples, respectively. The 632.8 nm laser
generates strong anisotropic diffraction through the
crystal in the far-field. They appear as an optical analog of
X-ray diffraction in low-temperature solids. The diffrac-
tion pattern clearly shows first- and second-order Bragg
diffraction, suggesting that the internal structure of the
KTN crystal has multiple dimensions in both the x-cut
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Fig. 2 Linear and nonlinear optical response of the KTN crystal. a,
b The Bragg diffraction spots from the x-cut and z-cut KTN samples
(the scale bar is 2cm). ¢, d The second harmonic (SH) microscopic
pattern of the x-cut KTN sample and z-cut KTN sample (the scale bar is
25um)

and z-cut samples simultaneously. As stated in Fig. 1, the
KTN crystal has a multi-dimensional periodic structure,
including in the 45°, 90°, 135°, and 180° directions and in
the x—y and y—z planes. According to ferroelectric crys-
tallography, the walls of 90° domains in ferroelectric
crystals are 45° from the direction of the crystallographic
main axis, while the domain walls of 180° domains are
either parallel or perpendicular to the crystallographic
main axis. The KTN crystal can have periodic ferroelectric
domain structures in six directions simultaneously in the
crystallographic plane only when the 90° and 180° domains
exist simultaneously in the ferroelectric supercell. These
ferroelectric volume microstructures cause an index of
refraction periodic oscillation, which can diffract light
linearly. Therefore, the observed Bragg diffraction is con-
sistent with multiple periodic structures in the KTN
crystal. The cell constant for this kind of super-crystal is
scaled to the wavelength of the visible laser and corre-
sponds to 10* times the primitive cell constant. According
to Bragg diffraction theory, the angle formed by the scat-
tered light from the first Bragg diffracted spot to the
incident wave vector fulfils the diffraction condition 24 sin
6= A. Considering that the first-order diffraction spots are
extended into a long strip, the available supercell constant
d is calculated to be from 3.3 to 7.3 um. This is consistent
with a previous report for Li:KTN® with a periodic
dielectric volume microstructure of 5.5 um that was able
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to diffract light linearly. Therefore, the fabrication of
three-dimensional supercells in the KTN crystal was
proven by the diffraction spots from the reciprocal
vector space.

In ferroelectric crystals, the positive and negative non-
linear coefficients of crystals change with the polarization
direction of the ferroelectric domain. The 180° periodic
ferroelectric domain pattern provides an effective reci-
procal vector to compensate for the phase mismatch
caused by refractive index dispersion, thus enabling the
effective growth of the second harmonic intensity. How-
ever, 90° ferroelectric domains cannot provide nonlinear
coefficient modulation to compensate for a phase mis-
match. Therefore, the domain structure of a supercell can
be clearly observed through an SHG microscope in the
near field. By applying a femtosecond laser (1030 nm,
2 MHz repetition rate, and 250 fs pulse width) incident to
the KTN crystal, the SH light is captured by the micro-
scope. As shown in Fig. 2¢, d, the inverted periodic 180°
ferroelectric domains can provide RLVs along two
orthogonal directions, which leads to effective SH light
(green spot). However, the boundary of the orthogonal
ferroelectric domain region along the 45° direction is the
90° domain walls, which provide no significant reciprocal
lattice to produce a high SH intensity, thereby resulting in
a dark region (Fig. S5). Therefore, the green spot in the
SH image represents the 180° domain region, while the
dark region represents the 90° domain region. Similar to
that for Bragg diffraction, the SH image also has a multi-
dimensional periodic structure in the x—y and y—z planes
(45°, 90°, 135°, and 180° directions), which is consistent
with the ferroelectric domain analysis in Fig. 1. Statistical
calculations (Fig. S6) show that the narrowest and widest
supercells have widths of 3.4 and 9.6 um, basically cov-
ering the result calculated by Bragg diffraction. Therefore,
the mesoscopic structure of the KTN crystal in real lattice
space was again demonstrated by SH microscopy.

3D quasi-phase-matching in KTN crystals

The KTN crystal structure belongs to the tetragonal
4 mm point group, and the nonlinear optical coefficient
tensor under Kleiman symmetry can be shown as

0 0 0 0 dys O
dji= 0 0 0ds 0 0 (1)
d31 d31 d33 0 0 0

where the nonlinear optical coefficient®® is d;5 = 25 pm/V,
d31 =20 pm/V, and ds3 =84 pm/V. Because of the mod-
ulation of the ferroelectric domain to the nonlinear
coefficient and the three-dimensional distribution of the
ferroelectric domain, the nonlinear susceptibility coefficient
is also distributed periodically in three-dimensional space
in the KTN crystal. Using the exponential representation
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Fig. 3 SHG spots from a 3D KTN crystal generated experimentally and by simulation. a Schematic of the 3D RLVs in the KTN crystal. b SHG
spots produced by Raman-Nash diffraction of the 2D QPM. ¢ SHG spots produced by collinear QPM. d, e SHG spots from the QPM produced by the
interaction between the fundamental diffraction wave and 2D RLVs in the y-z plane. f-h SHG spots from the QPM produced by the interaction
between the fundamental diffraction wave and RLV along the x-axis. i Comparison between the simulated and experimental results

for rotations, the rotation matrix R; can be shown as
R;=¢% and 6; is expressed as

0 -6, 6,
9,’ - Hz 0 _ex (2)
-0, 6, 0

where 6,, 6,, and 6, are rotating angles along the x, y,
and z principle axes, respectively. Then, the transformed
nonlinear optical coefficient tensor d/; = RidiniT, where
RT is the transpose matrix of R,. For the KTN crystal,
the rotation angles are 90°, 180°, and 270°, and the
transformed d/; is depicted in the Supplementary
Materials.

In addition to spatially modulated nonlinear suscept-
ibility, the three-dimensional ferroelectric polarization
distribution also supplies a rich three-dimensional reci-
procal lattice vector (RLV) to meet phase-matching
conditions in second-harmonic generation. As shown in

Fig. 3a. The available RLVs can be expressed as

(3)

\l)here I, m, and n are integral numbers. 6100, 5010, and
Goo1 represent different RLVs, where the vector direc-
tions are along the x-axis, y-axis, and z-axis, respectively.
Thus, the KTN crystal provides the capacity to produce
3D quasi-phase-matching without any artificial poling.
The double-frequency phenomenon is completely differ-
ent from ordinary nonlinear Raman—Nash diffraction and
Bragg diffraction and resembles the superposition of
multiple quasi-phase-matching.

In theory, we first consider the SHG spot distribution of
the KTN crystal only under nonlinear conditions. Sup-
posing that the fundamental laser beam with a wave-
length of 1064nm has a Gaussian distribution, the
theoretical SHG pattern can be calculated. The compu-
tational details are depicted in Supplementary Materials.

— — — —
Glimn = G100 + mGo1o +nGoor
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Figure 3b illustrates the SHG spot generated by the quasi-
phase-matching effect of Raman—Nash diffraction when
the fundamental wave vector is not collinear with the
superlattice RLVs. The QPM condition is expressed as

Ak = Ky — 2k — Gix =0 (4)

wherg G« is the linear superposition of basic vectors 6010
and G and compensates for the phase mismatch along
with different directions. Figure 3c shows the quasi-
phase-matching situation when the fundamental and
doubling frequency light is collinear with the superlattice
RVLs. In addition, the KTN supercell also provides
periodic grating in the 45°, 90°, 135°, 180°, and directions
as well as superlattice RLVs in the 3D space of the KTN
crystal. Considering the three-dimensional periodic
structure of the KTN crystal and the obvious diffraction
effect, the fundamental frequency light produces a variety
of diffracted light when it is incident on the crystal. The
fundamental frequency diffracted light also achieves
quasi-phase-matching associated with the super lattice
RLVs in different directions and generates the second
harmonic light. Figure 3d-h shows the SHG spot
generated by the interaction between the diffracted
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fundamental frequency light and the superlattice RLVs
in different directions. The simulated angles for Fig. 3b—h
are listed in Table S1. To summarize the above situation,
the total SH spot obtained by 3D quasi-phase-matching in
the KTN crystal is a fourfold pattern, which is in good
agreement with the experimental results (see Fig. 3i). This
also supports the existence of 3D ferroelectric supercells
in the KTN crystal.

Finally, the 3D quasi-phase-matched SHG pattern and
intensity were measured for various polarizing states. The
experimental apparatus is displayed in Fig. 4a. P1 and P2
are the polarizer and analyzer before and after the KTN
sample, respectively. The SH spot images are shown in
Fig. 4b, c, with the polarization of the incident laser along
the y-axis and z-axis, respectively. In our KTN nonlinear
photonic crystal, the limitation on incident light polar-
ization in the QPM condition is broken. For the x-cut
KTN crystal, there are periodic up-and-down ferroelectric
polarizations along the y and z directions at the same time
(see Fig. 1d, e). Therefore, the SHG spots with a multi-
polarized SH wave are the same when the fundamental
light is polarized along the y and z directions. This reveals
that the 3D rotating ferroelectric supercells provide spa-
tial nonlinear coefficient modulation, which breaks the

a P1 b
1
~
KTN
~
1
c
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Fig. 4 SH intensity distribution image for different polarizations. a Experimental apparatus for the 3D QPM SHG experiment. b, ¢ SHG spots in
different polarization states when the polarization direction of the incident fundamental light is along the y-axis (b) and z-axis (c). d, e Relative
intensity of SHG in different polarization states when the polarization direction of incident fundamental light is along the y-axis (d) and z-axis (e). f The
relationship between the fundamental power and SH power
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strict limitations on incident light polarization and crystal
direction in traditional QPM crystals that only have
inverse polarization along one direction. From this view-
point, the KTN crystal exhibits great improvements for
practical applications.

As mentioned above, ferroelectric domains can be
divided into four regions in a square supercell whose
polarization directions are perpendicular to each other,
namely, 90°, 180°, 270°, and 360°. We also give mathe-
matical derivations of the spatial SHG coefficient dis-
tribution and polarization—intensity relation (see
Supplementary Materials). The SHG beam has two
polarization states concurrently, and the total SHG
intensity is the superposition of two polarization inten-
sities. Therefore, the SHG intensity PSHG should satisfy
the relation of Psyg o< (|cos ¢| + |sin ¢|)®, where ¢ is the
angle between polarizer P2 and the z-axis. As shown in
Fig. 4d, e, the SHG intensity reaches the largest value
when the angle ¢ equals 45° and 135° and gradually
decreases to the minimum when the angle ¢ equals 0° and
90°. This is totally consistent with our analysis and cal-
culations. The similarity of the nonlinear performance of
different polarized incident lasers along different direc-
tions indicates that the ferroelectric domain rotation in
KTN eliminates the strict direction limitation that con-
trols previous 1D, 2D, and 3D phase matching™. Figure 4f
depicts the relationship between the incident fundamental
power at a wavelength of 1064 nm and the generated
collinear SHG power. When the pump power is 4.12 W,
the SHG intensity is 103.67 uW, resulting in a collinear
SHG conversion efficiency of 2.52 x 10~°. This is com-
parable to that in a 3D nonlinear photonic BCT crystal'’
but slightly smaller than that of a 3D nonlinear LiNbO3
crystal'®, This may be attributed to extra scattering on
complex domain walls in KTN. Such a conversion effi-
ciency could be further improved by optimizing the
experimental apparatus, crystal quality, and incident
power. Furthermore, rational control of the period and
duty cycle could give rise to rich nonlinear patterns in 3D
KTN photonic crystals.

In addition to 1064 nm, our KTN crystal also supports
broadband SHG generation with fundamental waves
ranging from 900 to 1200 nm. As shown Fig. S7, wide-
range SHG signals at 450 nm (blue), 530 nm (green),
570 nm (yellow), and 600 nm (red) are observed. We also
measured the SHG output power with fundamental waves
at 900, 1040, and 1160 nm. The quadratic relationship
between the incident power and SHG power indicates
that KTN could achieve broadband QPM conditions
owing to its broad range of ferroelectric domains.

Discussion
As an engineered material with modulated quadratic
nonlinear susceptibility, this 3D nonlinear photonic KTN
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crystal can be used extensively in many scientific and
industrial fields that require the generation and control of
light at new frequencies. It breaks strict constraints on
incident light polarization and crystal direction for QPM
conditions over a wide spectral range. It enables new
manipulation schemes for nonlinear optical interactions
and enables additional applications, including a cascaded
QPM for different nonlinear processes>, nonlinear Talbot
imaging®, on-chip entangled light sources®, terahertz
radiation”, 3D nonlinear holography and beam shaping.
The last one has been partially demonstrated in 3D
LiNbO;3; and CaggBag72Nb,Og nonlinear photonic crys-
tals'>'®. The rich coherent light sources may also be
applied in fundamental atomic, molecular, and optical
physics especially advanced scientific instruments with
wide spectrometers and high resolution.

In summary, the first as-grown 3D nonlinear photonic
KTN crystal was presented that was formed by the
recombination of composite ferroelectrics and spatial
rotation of domains. Both linear and nonlinear optical
responses demonstrated periodic mesoscopic supercells.
The exotic SHG spot and efficient SHG generation revealed
rich RLVs in the natural KTN, which could break the strict
requirements for the incident light and crystal direction in
traditional poling nonlinear photonic crystals. It is readily
compatible with the laser writing technique, which suggests
promising opportunities to create hierarchical nonlinear
optical modulation. Therefore, this 3D nonlinear photonic
crystal in perovskite ferroelectrics should find a wide variety
of applications in optical communications, nonlinear ima-
ging, and on-chip signal processing.

Materials and methods
Materials and characterization

The KTN crystals utilized in this experiment were
grown by the Czochralski method. The K,COj3;, TayOs,
and Nb,Os chemical reagents with 99.99% purity were
used as raw materials for the crystal growth. XPS was
performed using a monochromatic aluminum target Ka
source (Thermo Fisher Scientific Escalab-250). The hys-
teresis loop of the KTN crystal was measured using a
ferroelectric test system (RT-Precision LC, Radiant
Technology) at room temperature. The Curie tempera-
ture of the KTN crystal was measured by a Labsys™ EVO
DSC thermal analyzer.

Second-harmonic generation experiment

A piece of an x-cut KTN crystal with dimensions of
04mmx4mmx45mm (xxyxz) was employed, and
the two y—z faces were polished. An Nd:Y3Al;01, laser
(1064 nm, 20 kHz repetition rate, and 100 ns pulse width)
was utilized as the fundamental wave source. The incident
laser was focused by a convex lens with a focal length of
175 mm, and the radius of the focused spot was 0.5 mm.
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Moreover, a broadband femtosecond laser from 900 to
1200 nm (100 kHz repetition rate, 3—-7 pJ pulse energy,
pulse duration <250fs, and 150-300 mW maximum
output power) was employed as a fundamental source to
obtain broadband second harmonic generation from 450
to 600 nm.
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