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The performance of many optical devices based on frequency 
conversion critically depends on spatial modulation of the 
nonlinear optical response of materials. This modulation 
ensures efficient energy exchange between optical waves at 
different frequencies via quasi-phase matching1. In general, 
quasi-phase matching structures, also known as nonlinear 
photonic crystals2–4, offer a variety of novel properties and 
functionalities that cannot be obtained in uniform nonlin-
ear crystals5–9. So far, nonlinear photonic crystals have been 
restricted to one- or two-dimensional geometries due to a lack 
of fabrication technologies capable of 3D nonlinearity engi-
neering. Here, we provide an experimental example of a 3D 
nonlinear photonic crystal, fabricated in ferroelectric barium 
calcium titanate, by applying an ultrafast light domain inver-
sion approach. The resulting full flexibility of 3D nonlinearity 
modulation enables phase matching of nonlinear processes 
along an arbitrary direction, thereby removing constraints 
imposed by low-dimensional structures.




Second-order nonlinear optical effects, for example in second 

harmonic (SH), sum and difference frequency generation, are of 
great importance in applications such as laser wavelength extension, 
ultrafast signal processing, quantum light sources and terahertz 
technology, among others. An essential condition in these processes 
is synchronization of the phases of the interacting waves. This can 
be achieved using quasi-phase matching (QPM)1, which involves 
spatial modulation of the second-order nonlinear coefficient χ(2) of 
nonlinear crystal.







The QPM interaction was first accomplished for a single non-
linear process in one-dimensional (1D) periodic χ(2) gratings (also 
called optical superlattices10). 


Motivated by the need for a broad 

spectral operating range as well as multiple spatial directions, QPM 
was generalized to 2D χ(2) modulation in what are known as non-
linear photonic crystals (NPCs)2–4. Although 2D NPCs offer more 
flexibility in applications, they suffer from fundamental problems 
such as low conversion efficiency in spatial beam processing and 
are feasible only for compensation of phase mismatches in a single 
plane (Fig. 1a).

The full potential of the QPM technique can only be utilized with 
3D spatial nonlinearity modulation11,12. This 3D modulation offers 
exclusive access to reciprocal lattice vectors in the third dimension 
and therefore enables phase matching of nonlinear processes along 
an arbitrary direction (Fig.  1b). In this way, 3D NPCs constitute 
ideal systems for the realization of a variety of second-order non-
linear interactions and effects. From a practical point of view, 3D 

Q1

Q2

Q3 Q4

Q5

NPCs enable entire novel classes of photonic devices, including true 
χ(2) volume holography13, 3D nonlinear photonic integrated circuits 
and 3D domain-wall-based photovoltaic devices and non-volatile 
memories14.

The realization of 3D χ(2) modulation is beyond the reach of 
traditional fabrication techniques. For instance, the most popular 
approach of electric field poling of ferroelectrics cannot modulate 
χ(2) along the depth of the medium. As the external poling field must 
be applied via patterned electrodes, the domain switching process 
in this method always begins with nucleation (the inception of new 
domains) on the surface15.

Alternative techniques that allow one to overcome some draw-
backs of electric poling have been proposed. One possibility is to 
use all-optical poling, which uses intense UV laser radiation, the 
absorption of which induces a high temperature gradient and sub-
sequent domain reversal via a thermoelectric field16–18. However, 
because of strong UV absorption, this technique works only in a 
thin, subsurface layer of the medium, and so UV poling is not suit-
able for the fabrication of 3D NPCs. Another method is to employ 
metamaterials-based NPCs in which the inverted orientation of 
split-ring resonators leads to inversion of the sign of the effective 
quadratic nonlinearity19,20.

We have recently achieved a breakthrough in all-optical pol-
ing of ferroelectric crystals by utilizing the nonlinear absorption 
of focused infrared femtosecond laser pulses21–23, which allows the 
realization of domain reversal deep below the crystal’s surface and 
for non-standard crystallographic orientation. In this Letter we 
demonstrate that this approach opens up the possibility of achiev-
ing fully 3D NPCs.

Here, direct femtosecond laser writing of 3D ferroelectric domain 
patterns was accomplished in an 


X-cut tetragonal perovskite fer-

roelectric Ba0.77Ca0.23TiO3 (BCT) crystal. The use of short infrared 
pulses allowed us to focus the light deep inside the transparent BCT 
and consequently to form various 3D ferroelectric domain struc-
tures (see Fig. 1c for an example, and also the Methods). The pulse 
duration, repetition rate and pulse energy of the laser beam were 
180 fs, 76 MHz and ~6 nJ, respectively. More microscopic images 
of the laser-induced ferroelectric domain patterns are presented in 
Supplementary Figs. 3 and 5.

The focusing of femtosecond laser pulses inside the X-cut BCT 
crystal led to the formation of theta (θ )-shaped domain structures 
(Fig. 2a). Because the crystal contains initially randomly oriented 
nanosized 180° domains (Supplementary Fig. 1), the θ  shape origi-
nates from the realignment and merger of these small random 
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domains into two large domains with opposite polar orientations. 
The central horizontal line of the θ -like structure is always perpen-
dicular to the polar direction of the BCTs and is, in fact, a domain 
wall separating two large-scale antiparallel domains (Supplementary 
Fig. 2). The formation of these two large domains can be explained 
by considering the mechanism of femtosecond laser poling. The 
nonlinear absorption of light results in a high temperature of the 
material in the laser focus (Fig. 2b). Consequently, the temperature 
gradient has two opposite projections on the z axis (which is also 
the direction of spontaneous polarization in the crystal) (Fig. 2c). 
Accordingly, the induced bipolar thermoelectric field (Fig.  2d) 
forces the originally random 180° domains to reorient in the direc-
tion of this electric field and to form two large antiparallel domains 
(Fig. 2e,f). Their visible elongated profile reflects the fact that for 
a cylindrically symmetric light intensity distribution in the focus, 
the z component of the induced thermoelectric field, responsible for 
poling, is asymmetric and drops faster in the direction normal to z, 
hence making domains narrower in that direction.

The QPM performance


 of the resultant 3D NPC was examined 

in terms of the simplest quadratic processes of second harmonic 
generation (SHG). Figure 3a presents an example of the harmonic 
intensity distribution obtained in simple tetragonal structures 
(with periods Λx =  64.0 μ m and Λy =  Λz =  15.0 μ m) at a fundamental 
wavelength of λ1 =  1.6 μ m (propagation along the x direction of the 
crystal). The emission consists of two types of pattern: (1) centrally 
located SH spots arranged into a square lattice and (2) peripheral 
spots situated relatively far from the direction of the pump beam 
and distributed along a set of homocentric rings (indexed as h =  − 2, 
− 1, 0 in Fig. 3a).

Although the square lattice pattern is just a standard nonlinear 
Raman–Nath diffraction24 (Supplementary Table 2), the appearance 
of peripheral SH spots is direct evidence of the 3D character of the 
nonlinear interaction. To show this we use the 3D QPM condition 
(Fig. 3b):



Z= + ∈h i jk k G2 , ,h i j2 1 , ,

where k k,1 2 are wave vectors of the fundamental and SH beams, 
and = + +h i jG G G Gh i j a b c, ,  is a reciprocal lattice vector with 

Λ Λ∣ ∣ = π∕ ∣ ∣ = π∕G G2 , 2a X b Y  and Λ∣ ∣ = π∕G 2c Z. Taking as an example  
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Fig. 1 | NPCs and their corresponding reciprocal lattice vectors. a, Illustration of a 2D NPC, whose reciprocal lattice vectors (Gh,i) are confined to the plane 
perpendicular to the spatial modulation of the second-order nonlinear coefficient χ(2). b, A new degree of freedom is achieved by modulating χ(2) in three 
dimensions. The resulting reciprocal lattice vectors Gh,i,j are now located in 3D space, making it possible to compensate for phase mismatch of quadratic 
nonlinear processes along an arbitrary direction. c, Čerenkov SH microscopic image of the 3D ferroelectric domain pattern, fabricated in Ba0.77Ca0.23TiO3 
crystal using femtosecond laser pulses (see Methods). The domain modulation periods are Λx =  64.0 and Λy =  Λz =  15.0 μ m. The total size of the laser-
produced 3D domain structure is 256 μ m (x) ×  90 μ m (y) ×  120 μ m (z).
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Fig. 2 | Ferroelectric domain inversion with ultrafast light in the 
BCT crystal. a, The θ -like domain structure created by femtosecond 
laser pulses, visualized by Čerenkov SH microscopy. The background 
(weak random patterns surrounding the θ  domains) originates from 
random inherent submicrometre-period domains in the BCT crystal 
(Supplementary Fig. 1). b–f, Mechanism of domain reversal with focused 
infrared femtosecond pulses: nonlinear absorption of tightly focused pulses 
significantly increases the temperature, and its gradient in the focal area in 
the crystal (indicated by arrows) acts as a source of a thermoelectric field 
(b); a change in the sign of the temperature gradient along the direction of 
spontaneous polarization (z) (c) induces a bipolar electric field (d), which 
exceeds the coercive field (Ec) and inverts microdomains to form two larger 
antiparallel domains, as shown in e (before poling) and f (after poling).
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the generation of the strong spot SH−2,1,7 (h =  − 2, i =  1, j =  7 in 
Fig. 3a), the phase matching in this process is mediated by the lat-
tice vector ∣ ∣ −G 2,1,7. To quantify the emission directions of various 
SH spots, two angles are required: the internal (external) coni-
cal angle α (β) between wavevector k 2 and the x axis inside (out-
side) the crystal, and the azimuthal angle φ defined as the angle 
between the z axis and the projection of k 2 onto the y–z plane 
(Fig.  3b). In the case of the SH−2,1,7 signal, the measured exter-
nal emission angles of β =  22.98° and φ =  8.04° agree well with 
the calculated values of 22.22° and 8.13°. In a similar way, we can 
show that all observed SH bright spots originate from the interac-
tion processes involving participation of certain 3D Gh i j, ,  vectors 
(Supplementary Table 1).

For a better understanding of the QPM 3D interaction we split 
the vectorial phase matching condition into longitudinal and trans-
verse components:

α = +k k hGcos 2 (1)a2 1

α = +k iG jGsin 2( ) ( ) (2)b c2
2 2

Fulfilment of longitudinal condition (1) is crucial to achieve an 
efficient SHG, as it ensures the monotonic power growth of SH with 
interaction distance. When this happens, the nonlinear interaction 
is also called nonlinear Čerenkov emission25. In a 2D interaction 
the Čerenkov emission is determined solely by the refractive indi-
ces of the fundamental and SH beams. This means that a single 
conical emission can normally be observed for a particular type of 
interaction. The situation is entirely different in a 3D NPC. In that 
case a series of conical Čerenkov-type SH beams are generated at 
angles αh determined by the longitudinal periodic modulation of χ(2)  
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Fig. 3 | SHG in an all optically fabricated 3D NPC. a, Observed far-field SH pattern (at 800 nm) in a simple tetragonal ferroelectric domain structure 
(the colour is artificial for better visualization). b, 3D QPM diagram. c, Conical angle (h =  − 1) dependence on the fundamental wavelength for 
different longitudinal periods (Λx) of nonlinearity modulation. d,e, Experimental (d) and calculated (e) azimuthal intensity distribution of the SH spots 
corresponding to h =  − 2. f, Measured SHG power (dots) versus incident power from the domain pattern with Λx =  25.6 μ m. The fitting curve (line) shows 
a quadratic relationship. Inset, Resonance character of the interaction. The measured wavelength tuning response (dots) agrees well with the predicted 
response (line).
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nonlinearity (Fig.  3c): α λ Λ= + ∕ ∕− n h ncos [( ) ]h X
1

1 2 2 , where n1 
and n2 are the refractive indices of the nonlinear crystal at the fun-
damental and SH wavelengths, respectively. When the longitudinal 
modulation of nonlinearity is absent (h =  0), only the fundamental 
Čerenkov emission takes place at angle α0 =  cos−1(n1/n2).

The presence of transverse phase matching governed by equa-
tion (2) enhances the harmonic emission along specific transverse 
directions. When combined with Čerenkov emission, it defines 
the azimuthal position of the strong SH signals on the Čerenkov 
ring. It is precisely at these points where both transverse and lon-
gitudinal phase matching conditions are simultaneously satis-
fied, which represents fulfilment of the 3D nonlinear Bragg law. 
Hence, to obtain efficient emission of SHG at azimuthal angle φ, 
the transverse periods of the NPCs should be selected such that 
Λ λ φ α= + ∕i n1 tan ( sin )Y 2

2
2  and Λ Λ φ= ∕j i( tan )Z Y .

Notice that the SH intensity peaks on the Čerenkov rings are azi-
muthally nonuniform. They are generally stronger for an azimuthal 
angle close either to φ =  0 or π  (Fig. 3d). In a regime of weak con-

version, the intensity of a QPM SH is χ∝ ∣ ∣
�

I d2

(2) 2

eff
2 , where χ

� (2)
 

denotes the Fourier transform of the nonlinearity modulation and 
deff is the effective nonlinearity that depends on both the polariza-
tion of the interacting beams and the emission direction within the 
crystal. Taking into account the specific θ  shape of the individual 
inverted domains and the effective nonlinearity of our interaction 
geometry, we calculated the expected signal intensity (at h =  − 2) as 
a function of the azimuthal angle (Fig. 3e). This result agrees very 
well with experiments.

The conversion efficiency of SHG in the laser-induced 3D NPC was 
studied for collinear interactions (as an example). With a 128-μ m-long 
domain pattern and longitudinal period of Λx =  25.6 μ m, we obtained 
a peak power of 2.3 W at λ2 =  670 nm with 35 kW input (Fig. 3f). The 
normalized internal conversion efficiency, where the Fresnel reflec-
tions from the front and rear surfaces of the BCT crystal have been 
taken into account, is 1.7 ×  10−6 W−1 cm−1. The wavelength resonance 
of the collinear QPM SHG was also measured and agrees well with 
theory (Fig. 3f inset; see Supplementary Fig. 4 for more details). Notice 
that the resonance character of the interaction is clearly visible, even 
though our structure contains only a few longitudinal periods. This is 
a very encouraging result as it indicates that structures with extended 
longitudinal nonlinearity modulation should enable a frequency con-
version that is sufficiently high for practical applications.

In conclusion, we have demonstrated a 3D NPC. This was cre-
ated by 3D ferroelectric domain engineering with tightly focused 
femtosecond laser pulses in ferroelectric barium calcium titanate. 
The nonlinear absorption of light allows for the precise inversion 
of spontaneous polarization in the optical beam’s focal volume 
inside transparent ferroelectrics. Although our work deals with a 
specific material, there seem to be no fundamental obstacles to the 
realization of similar structures in other types of ferroelectrics. Our 
first real example of 3D NPC is capable of compensating for the 
phase mismatch of second-order nonlinear optical processes along 
an arbitrary direction. As the optical poling method used here is 
fully compatible with other existing optical fabrication techniques, 
including the common femtosecond laser writing of refractive 
index structures, our results pave the way to achieving monolithic 
fabrication of 3D nonlinear integrated photonic devices for next-
generation optical communications and on-chip signal processing.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-018-0225-1.
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Methods
Direct laser writing of 3D ferroelectric domain patterns. We used a 500-μ 
m-thick X-cut BCT wafer. The sample was mounted on a translational stage that 
could be positioned in three orthogonal directions with a resolution of 100 nm. The 
infrared writing optical beam originated from a femtosecond oscillator (MIRA, 
Coherent) operating at 815 nm, with a pulse duration of 180 fs and repetition rate 
of 76 MHz. The optical beam, polarized along the y direction of the crystal, was 
incident normally at the BCT, and was focused by a × 20 microscope objective 
(NA =  0.4) into the sample. The beam diameter in focus was estimated to be 
~2 μ m. The energy of the incoming pulses could be continuously varied using 
a half-wave plate followed by a polarizer, and a typical value of ~6 nJ was used 
in the experiments. The domain inversion process involved illuminating the 
crystal for 0.5 s. The shutter then blocked the beam and the sample was moved 
to another location where the process was repeated. In the experiment we found 
that 3D domain inversion in the BCT crystal can occur within a range of pulse 
energies above a certain minimum value and below the damage threshold of the 
material. The writing threshold was about 3.1 nJ at a depth of 50 μ m below the 
crystal surface. High-energy pulses and a longer exposure time were found to be 
beneficial for increasing the size of the inverted domains. Because the femtosecond 
laser writing is based on two-photon absorption, there is a requirement for the 
wavelength to be short enough to excite the two-photon process.

The domain structures were typically fabricated at a depth of 50–350 μ 
m below the surface of the crystal. The achievable number of domain periods 
along the depth of the crystal is mainly restricted by the focusing condition of 
the femtosecond laser beam, which worsens with depth due to aberrations. This 
is a common issue in femtosecond laser writing, especially for materials with 
high refractive indices and when writing deep inside a medium. However, these 
adverse effects can be minimized by taking special measures, such as pre-shaping 
the beam using a spatial light modulator and selecting the polarization to avoid 
focus splitting26 so that much longer samples can be fabricated. Operating in 
the transverse plane (y–z in our case) is relatively hassle-free, and large-area 
structures can be easily formed. In our case of a BCT crystal, 3D domain structures 
are created inside the 180° domain regions, which are sandwiched between 
neighbouring 90° domain walls, so the size of the former regions restricts the area 
of laser domain reversal.

Characterization of the laser-inscribed ferroelectric domain patterns. Fabricated 
domain patterns were visualized by Čerenkov SH microscopy27. This is based on 
strong Čerenkov SHG from the boundaries of steep χ(2) variation. Therefore, the 
bright areas in the Čerenkov microscopy images correspond to ferroelectric domain 
walls. Consequently, the central horizontal line in the θ -shaped structure separates 
two oppositely oriented large domains. Čerenkov SHG microscopy was carried out 
using a commercial Zeiss LSM 780 scanning confocal microscope, coupled with a 
femtosecond laser source (Mai Tai Spectra Physics) operating at 900 nm.

We also checked that annealing the sample at high temperature above the Curie 
point of 108 °C leads to erasure of the domains, leaving a homogeneous area of the 

crystal that could then be rewritten with a new domain pattern (Supplementary 
Fig. 5).

It is well known that localized ferroelectric domains are often accompanied by 
a refractive index change in the vicinity of domain walls28, which leads to linear 
diffraction of light29




. However, in our experiments we did not observe any clear 

linear diffraction, nor any additional propagation loss of the fundamental beam 
caused by the inscribed periodic domain patterns. This confirms that the potential 
linear refractive index modulation did not contribute to the nonlinear interaction 
observed in our experiments.

SHG experiment with 3D domain structures. The fundamental beam was 
provided by a femtosecond optical parametric oscillator (Chameleon, Coherent). 
The wavelength could be tuned between 1 μ m and 1.60 μ m, with a pulse duration 
of 150 fs and repetition rate of 80 MHz. The beam propagated along the x axis 
of the crystal and was polarized along the y direction to make use of the largest 
nonlinear coefficient d32 in the frequency conversion process. The beam was 
loosely focused at the domain structure using a × 4 objective lens (NA =  0.1) to 
produce a spot of about 50 μ m in diameter. A short-pass filter was used to block the 
fundamental beam. The emitted SH signal was projected to a screen in the far field, 
and the image was recorded using a charge-coupled device camera. The SH ring 
on the screen should, in general, be slightly elliptical, because BCT is a birefringent 
crystal. 




However, because this birefringence is rather weak (no =  2.3558, ne =  2.3156 

at 800 nm), calculations show deviation from a circle of ~0.34° for the fundamental 
Čerenkov ring (h =  0 in Fig. 3a), which is negligible. It should also be noted that 
the naturally random domains of BCT crystals lead to a background SH emission30. 
However, this effect was so weak compared to the signals originating from the 3D 
structure that it could be neglected (Supplementary Fig. 1).

Data availability. The data that support the results within this paper and other 
findings of the study are available from the corresponding authors upon reasonable 
request.
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