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Femtosecond laser writing of lithium 
niobate ferroelectric nanodomains

Xiaoyi Xu1,8, Tianxin Wang1,8, Pengcheng Chen1, Chao Zhou1, Jianan Ma1, Dunzhao Wei1,2, 
Huijun Wang1,7, Ben Niu1, Xinyuan Fang3,4, Di Wu1,5, Shining Zhu1, Min Gu3,4, Min Xiao1,6 & 
Yong Zhang1 ✉

Lithium niobate (LiNbO3) is viewed as a promising material for optical 
communications and quantum photonic chips1,2. Recent breakthroughs in LiNbO3 
nanophotonics have considerably boosted the development of high-speed 
electro-optic modulators3–5, frequency combs6,7 and broadband spectrometers8. 
However, the traditional method of electrical poling for ferroelectric domain 
engineering in optic9–13, acoustic14–17 and electronic applications18,19 is limited to 
two-dimensional space and micrometre-scale resolution. Here we demonstrate a 
non-reciprocal near-infrared laser-writing technique for reconfigurable 
three-dimensional ferroelectric domain engineering in LiNbO3 with nanoscale 
resolution. The proposed method is based on a laser-induced electric field that can 
either write or erase domain structures in the crystal, depending on the laser-writing 
direction. This approach offers a pathway for controllable nanoscale domain 
engineering in LiNbO3 and other transparent ferroelectric crystals, which has 
potential applications in high-efficiency frequency mixing20,21, high-frequency 
acoustic resonators14–17 and high-capacity non-volatile ferroelectric memory19,22.

LiNbO3 crystals feature excellent electro-optic, acoustic-optic and 
non-linear-optic characteristics, providing a promising material plat-
form to fabricate high-performance integrated photonic devices for 
next-generation optical communication networks3–5, microwave pho-
tonic systems23 and quantum information processing24–27. The advanced 
requirements for LiNbO3 devices have pushed the development of two 
important fabrication techniques. One is the standard lithography and 
etching technique5,13,26–29, which aims to control the propagation of light 
through linear susceptibility χ (1)-modulated LiNbO3 structures such as 
waveguides5,26,27, microdisks29 and photonic crystals5,13,28. Benefiting 
from recent breakthroughs in LiNbO3-on-insulator nanofabrication, 
the feature size of χ (1)-modulated LiNbO3 photonic structures is reduced 
down to a few hundred nanometres1,5,26, which considerably improves 
the performance of LiNbO3 integrated devices, including high-speed 
electro-optic modulators4,5.

The other fabrication technique is LiNbO3 ferroelectric domain 
engineering30–32, which is capable of manipulating non-linear optical 
processes by spatially changing the sign of second-order susceptibility  
χ (2) in the poled LiNbO3 domain structures. This technique can be 
used to enhance laser frequency conversion efficiency through the 
quasi-phase-matching (QPM) principle33, which has been extensively 
investigated in the fields of non-linear9–11,34 and quantum optics24,27. In 
addition to optical applications, LiNbO3 ferroelectric domain structures 
are also very useful in acoustic resonators14–17 and filters35, as well as in 
non-volatile ferroelectric domain wall memory19,22 and field-effect tran-
sistors18. However, electrical-field poled LiNbO3 ferroelectric domain 

structures have been stuck in two-dimensional (2D) patterns with a 
micrometre resolution for decades, which severely impedes the further 
developments of advanced photonic, acoustic and electronic devices 
based on LiNbO3 ferroelectric domains. Potential nanotechnologies, 
such as probe-tip poling36, electron-beam poling37,38 and light-induced 
domain self-assembling39,40, are only capable of producing domain 
structures at the surface of LiNbO3 crystals. Femtosecond laser-writing 
methods41–44 have been widely applied in the fabrications of photonics 
structures in transparent materials. For example, they are used to pro-
duce LiNbO3 domain structures with features of a few micrometres45–50, 
which are difficult to further reduce because of the diffraction limit of 
light. It is still a great challenge to feasibly and controllably fabricate 
three-dimensional (3D) nanosized ferroelectric domains in LiNbO3 
crystals.

In this Article, we propose and experimentally demonstrate a new 
non-reciprocal near-infrared (NIR) laser-writing technique to perform 
3D LiNbO3 nanodomain engineering in a reconfigurable way. Unlike tra-
ditional ultrafast laser-writing techniques, the proposed laser-induced 
domain engineering strongly depends on the laser-writing direction. 
The basic principle can be understood from the laser-induced electric 
field (Fig. 1). Under our experimental conditions, the thermoelectric 
field is the dominant effect used to laser write a domain structure (with 
a contribution from the pyroelectric effect, see Methods). At the focal 
point of the laser beam, multiphoton absorption of NIR light produces 
a localized temperature field, in which two physical mechanisms domi-
nate the light–LiNbO3-domain interaction. First, the tightly focused 
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laser spot leads to a strong head-to-head electric field at the laser 
spot (Fig. 1a). Second, the threshold field for LiNbO3 domain inver-
sion significantly decreases (Fig. 1b) because laser heating results in an 
increased ionic conductivity and therefore a reduction in domain wall 
pinning51. This makes it easier to reverse the spontaneous polarization 
at the laser focal point (Fig. 1c). The effective electric field above the 
threshold field (E1 in Fig. 1c) is approximately an ellipsoid (denoted 
by a and b in Fig. 1c), which is fundamentally decided by the diffrac-
tion limit of light and the multiphoton absorption. Our theoretical 
simulation shows that the LiNbO3 domain can be created within the 
area given by a = 1 μm and b = 500 nm at an input NIR light power of 
130 mW (Extended Data Fig. 2 and Methods).

Notably, only the electric-field component antiparallel to the 
spontaneous polarization of LiNbO3 crystals (E1 in Fig. 1c) is capable 
of writing the ferroelectric domain structures, whereas the other 
electric-field components (including the component parallel to the 
spontaneous polarization, that is, E2 in Fig. 1c) are not. Consequently, 
part of the laser-irradiated area can be spontaneous polarization 
inverted. The laser-writing direction determines the sequence of  
E1–LiNbO3-domain and E2–LiNbO3-domain interactions, which provides 
different functional tools for domain engineering. This is the physical 
origin of non-reciprocal laser writing of LiNbO3 domain structures. For 

example, the spontaneous polarization of the LiNbO3 ferroelectric 
domain is originally oriented along the +z direction. When the laser 
beam moves along the +z direction, the spontaneous polarization 
is first poled to the −z direction by E1 and then reversed back to the  
+z direction by E2, that is, the light–matter interactions result in finally 
unchanged LiNbO3 domains (Fig. 1d). However, when the laser-writing 
direction is along the −z direction, the LiNbO3 domain interacts with 
E2 first (that is, no domain structure is created) and then is poled by E1 
(Fig. 1e). In this case, the domain-writing pencil is activated, which cre-
ates a domain line with a width of a (Fig. 1e). Interestingly, when moving 
the laser beam along the +y (or −y) direction, the effects of E1 and E2 
are separated, and the width of the domain line becomes b (Fig. 1f). In 
addition, when moving the laser beam along an acute angle relative 
to the −z direction, one can continuously tune the domain linewidth 
between a and b, forming laser pencils of different diameters. This 
can be explained by the projection of the effective electric field in the  
−z direction (Extended Data Fig. 4).

In experiments, the first technical issue is how to laser write stable 3D 
domain structures inside the LiNbO3 crystal. In our method, we use a 
high-energy laser pulse to prefabricate a drain line in the LiNbO3 crystal, 
which is capable of effectively guiding the electric charges produced by 
the LiNbO3 domain poling process (Methods and Extended Data Fig. 9). 
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Fig. 1 | The working principle of non-reciprocal laser writing for LiNbO3 
ferroelectric domain engineering. a–c, The simulated thermoelectric field 
(a), threshold field for LiNbO3 domain inversion (b) and the z component of  
the thermoelectric field (c) excited by a Gaussian laser-writing beam. The  
z components E1 and E2 of the thermoelectric fields (c) within the enclosed 
ellipsoidal areas (denoted by a and b) are higher than the threshold field,  
in which only the one antiparallel to the spontaneous polarization of LiNbO3 
domain can be used to pole LiNbO3 domains. d–g, The principle of the 
non-reciprocal laser writing of LiNbO3 domains, which strongly depends on  

the sequence of the thermoelectric fields (E1 and E2) applied on LiNbO3 domains. 
When the laser beam moves along the +z direction, E1 is first applied to pole the 
LiNbO3 domain and E2 is then applied to remove the created domain, that is, no 
domain structure is created at the end (d). When the laser-writing direction is 
along the −z direction (e), the sequence of E1 and E2 is reversed and one can laser 
write a domain line with a width of a. When the laser-writing direction is along 
the +y/−y direction, E1 and E2 separately interact with the LiNbO3 domains, 
leading to a domain linewidth of b (f). g, The function of the laser eraser, in which 
the laser beam moves along the +z direction to remove the created domain.
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Then, the low-energy laser pencil can write LiNbO3 ferroelectric domain 
structures starting from the drain line. The LiNbO3 domain structures 
fabricated by this method survive after being stored for two years or 
under annealing processes (Extended Data Fig. 7).

By use of an oil immersion objective (×63, numerical aperture = 1.4), 
we focus an 800 nm laser beam to pole a circle (Fig. 2a) and a radial line 
array (Fig. 2b) in an x-cut LiNbO3 crystal. Here the input laser power is 

set to 160 mW, which is the minimal power to produce a stable LiNbO3 
domain structure at a depth of 30 μm in the experiment. The measured 
widths of the poled circle and radial line gradually change from around 
470 nm to around 1.06 μm depending on the angle θ relative to the  
−z direction (Extended Data Fig. 4), which demonstrates the functional 
operation of a laser pencil with different diameters. The size of the 
area with a z component of the laser-induced electric field above the 
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Fig. 2 | Nanoscale control of LiNbO3 domains. The domain structures in the y–z 
plane are fabricated by using a tightly focused 800 nm laser beam and are 
measured by piezoresponse force microscopy (PFM, see Methods). a, The circle 
is poled by moving the laser beam clockwise. The white line indicates the 
laser-writing path. b, The radial lines are written from centre to outside. Clearly, 
under such a laser-writing configuration, the width of the created domain 
strongly depends on the laser-writing direction (defined by θ). This can be well 
explained by the laser–LiNbO3-domain interaction mechanism described in 
Fig. 1. The domain widths (a, b) gradually change between around 470 nm and 

1.06 μm (Extended Data Fig. 4). The NIR laser beam works well as a laser pencil of 
different diameters, which is restricted by the diffraction limit of light and 
multiphoton absorption. c,d, A laser eraser is developed to further reduce the 
domain linewidth far beyond the diffraction limit of light. We first laser write a 
domain line with a width of around 1 μm. Then, we use laser eraser to selectively 
remove the domain lines. c, The widths of the fabricated domain lines are 
400 nm, 350 nm, 300 nm, 250 nm, 200 nm, 150 nm and 100 nm from left to right, 
respectively. d, A domain tip of 30 nm, which is fabricated by slightly rotating the 
LiNbO3 sample around the x direction when applying the laser eraser.
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Fig. 3 | Nanodomain structure fabrication through non-reciprocal 3D laser 
writing. The structures are fabricated by combining the laser pencil and laser 
eraser and are measured by PFM. a, The 3D model of a ruler-shaped domain 
nanosheet. b,c, The cross sections of the ruler. The widths of the scale marks 
are 200 nm, 400 nm and 600 nm (b). The thickness of the ruler is 200 nm (c). 

The fabrication process is shown in Extended Data Fig. 3. d, A wide-angle 
non-linear diffraction grating. The domain linewidth is 250 nm and the period 
is 500 nm. The inset shows the measured non-linear Raman–Nath diffraction 
pattern, in which the first-order diffraction angle of the SH wave is beyond 60°.
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threshold value is then deduced to be a = 1.06 μm and b = 470 nm under 
our experimental conditions (Fig. 1c).

To further reduce the width of the domain structures beyond the 
diffraction limit of light, we develop another critical tool, that is,  
a laser eraser, which can be used to selectively remove the previously 
written LiNbO3 domain structures. Considering that the spontaneous 

polarization of the created domain structure is along the −z direction, 
this eraser function can be realized by moving the laser beam along 
the +z direction (Fig. 1g). By designing a proper strategy to combine 
the functions of the laser pencil and laser eraser, one can fabricate 
nanoscale domain structures far beyond the diffraction limit in the 
x, y and z directions (Extended Data Fig. 3). For example, Extended 
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Fig. 4 | Reconfigurable LiNbO3 nanodomain engineering. a–c, The structural 
conversion between two types of non-linear gratings. First, we laser write a 1D 
χ(2) grating structure with a period of 900 nm and a linewidth of 620 nm (a). 
Then, we use the laser eraser to selectively remove the domain lines. The domain 
structure (a) is transformed into a 2D non-linear grating for SH HG-mode 
generation (b). Finally, we perform laser poling again to transform the 2D 
structure (b) back to the original 1D structure (c). The SH Raman–Nath 
diffraction patterns agree well with the domain structural conversion (a–c).  
In addition, the linear diffraction patterns of these gratings indicate a negligible 
refractive index change (Extended Data Fig. 10). d, A domain structure  
transfer from a 2D array to a 3D array, which is recorded by Cherenkov-type SH 
microscopy (Methods). The 2D structure is fabricated in an x-cut LiNbO3 crystal 

by moving a laser beam along the +x direction. Then, we rotate the LiNbO3 
crystal by 90° along the +z direction. The laser beam is focused into the sample 
along the +y direction and moves along the +z direction to selectively remove 
the created domain structures. The achieved 3D domain structure has periods 
of Λx = 3 μm, Λy = 2 μm and Λz  = 3 μm. The domain width is about 500 nm. Note 
that only a partial 3D structure is shown (d) owing to the view field of Cherenkov 
-type SH microscopy. e,f, The structure transformation (d) is also verified by 
QPM SH generation processes (Extended Data Fig. 5), through the SH patterns 
from 2D (e) and 3D (f) domain arrays at an input fundamental wavelength of 
726 nm. Extra SH spots are present in f because more reciprocal vectors satisfy 
the QPM conditions in the 3D case (Extended Data Fig. 5).
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Data Fig. 3a shows the process of writing a LiNbO3 nanodomain 
line in the y–z plane. We first move the writing laser beam along the  
−z direction to write a domain line. Then, we shift the LiNbO3 sample 
by a designed distance d along the +y (or −y) direction. Finally, we 
remove part of the created domain line by moving the laser beam 
back along the +z direction. The width d of the remaining domain line 
is controlled by a piezoelectric positioner. Figure 2c shows several 
typical nanodomain lines with d ranging from 400 nm to 100 nm. 
Figure 2d shows a domain tip of 30 nm in the y–z plane. The main limit 
of this laser-writing strategy is currently due to the resolution of the 
nanopositioner and the precise control of the laser-induced electric 
field. Also, the depolarization effect may produce unstable domains 
at very thin linewidths (Methods).

Using these domain engineering tools, we have fabricated two 
LiNbO3 nanodomain structures as examples. Figure 3a–c depicts a 
ruler-shaped domain nanosheet. The frames of the ruler have widths 
of 1.3 μm (horizontal) and 1.6 μm (vertical), which are fabricated by 
repeating the laser poling process. The widths of the scale marks are 
200 nm, 400 nm and 600 nm, respectively, which are produced by 
applying the laser writing–erasing strategy with different shifting dis-
tance d. In addition, the thickness of the ruler can also be reduced down 
to 200 nm by a line-by-line erasing process (Fig. 3c and Extended Data 
Fig. 3c). Figure 3d is a wide-angle non-linear diffraction grating, which 
is fabricated by alternately applying the selected laser pencil and laser 
eraser (Extended Data Fig. 3d). The fabricated domain size is 250 nm 
with a period of Λ = 500 nm. According to non-linear Raman–Nath 
diffraction theory, the first-order diffraction angle α of the generated 
second harmonic (SH) wave satisfies52

α
λ

sin =
Λ

(1)ω2

where λ ω2  is the wavelength of the SH wave. At an input fundamental 
wavelength of 900 nm, the measured α is about 63.4°, which is consist-
ent with the theoretical value of 64.2° (see the inset in Fig. 3d).

In particular, our method is capable of writing LiNbO3 domain struc-
tures in a reconfigurable way. Figure 4 shows a conversion between 
different grating structures. First, we laser write a 1D χ (2)-grating with a 
period of 900 nm and a domain linewidth of 620 nm (Fig. 4a). Then, by 
using a laser eraser to selectively remove the domain lines, we convert 
the pattern into a 2D χ (2)-grating with a period of 1.8 μm for the genera-
tion of an SH Hermite–Gaussian (HG) beam (Fig. 4b, and see Methods for 
the structure design). Finally, we turn it back to the original 1D domain 
structure by laser rewriting the domain lines (Fig. 4c). The correspond-
ing SH Raman–Nath diffraction patterns are shown in Fig. 4, in which 
the target SH beams present at the ±first diffraction order. Note that 
the ±first diffraction angle from the 2D χ (2)-grating (Fig. 4b) is half of 
that from 1D χ(2)-grating (Fig. 4a,c) because of different structure peri-
ods. These results demonstrate the ability of our method to perform 
high-quality reconfigurable laser-induced domain engineering.

Figure 4d gives an example of transforming a 2D domain array into 
a 3D array. First, we focus the laser beam along the −x direction and 
move it along the +x direction, which produces a 2D χ (2)-grating with a 
domain width of about 500 nm (see Methods for the structure fabrica-
tion). Then, we rotate the LiNbO3 sample by an angle of 90° around the  
+z direction. Finally, the laser beam is focused along the +y direction and 
moves along the +z direction to selectively remove the created domain 
lines. Figure 4d shows the Cherenkov-type SH microscopic images of the 
fabricated 2D and 3D non-linear grating structures (Methods). We also 
use QPM SH generations to demonstrate the successful transformation 
from 2D to 3D modulation of χ (2) (Fig. 4e,f). The QPM condition of an 
SH generation process can be written as

k k G− 2 − = 0 (2)ω ω m n l2 , ,

where kω and ω2k  are the wave vectors of the fundamental and SH waves, 
respectively. The reciprocal vector m n l, ,G  is defined as

G x y zm
π

n
π

l
π

=
2
Λ

^ +
2
Λ

^ +
2
Λ

^ (3)m n l
x y z

, ,

where Λx, Λ y and Λz are the structure periods along the x, y and z direc-
tions, respectively. The QPM wavelengths are experimentally measured 
by scanning the fundamental wavelength (Extended Data Fig. 5). Fig-
ures 4e,f compare the experimental SH patterns from 2D and 3D domain 
arrays at a fundamental wavelength of 726 nm. Clearly, in comparison 
to the 2D case (Fig. 4e), more reciprocal vectors in the 3D structure 
satisfy the QPM condition, which results in extra SH spots (Fig. 4f). In 
addition, a similar laser-writing strategy is applied to convert a 2D 
non-linear grating into a 3D HG-mode non-linear grating (Extended 
Data Fig. 6).

Summary and outlook
In this article, we propose and experimentally demonstrate a non- 
reciprocal femtosecond laser-writing technique for reconfigurable 
3D nanoscale ferroelectric domain engineering in LiNbO3 crystals. By 
properly designing the fabrication strategy to fully utilize the function-
alities of the developed laser pencil and laser eraser, one can fabricate 
arbitrary 3D ferroelectric domain structures with features beyond state 
of the art. For example, the resolution of LiNbO3 domain engineering 
is significantly reduced down to 30 nm, which is mainly limited by the 
system performance and the depolarization mechanism (Methods). 
The non-reciprocity of our laser-writing technique also provides a 
critical tool to re-write LiNbO3 domain structures. High-resolution 
reconfigurable manipulation of LiNbO3 ferroelectric domains can sig-
nificantly enhance the ability to control non-linear optical interactions 
for high-efficiency frequency conversion11,20 and narrow-linewidth 
quantum entanglement generation24. In addition to optics, the devel-
oped nanodomain-engineering technique also paves the way to achieve 
high-performance ferroelectric-domain-wall-based nanoelectronic 
devices such as high-capacity rewritable non-volatile memories19,22. 
Additionally, one can fabricate nanosized LiNbO3 domain arrays to 
compose high-frequency acoustic resonators and filters over 10 GHz 
(Extended Data Fig. 8). Such new nanodomain-engineering techniques 
can be further applied in other ferroelectric crystals, including lithium 
tantalate and potassium titanyl phosphate, which can boost the devel-
opments of high-quality 3D integrated nanodevices for advanced pho-
tonic, electronic and phononic applications.
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Methods

Experimental set-up of non-reciprocal laser writing
A femtosecond laser-writing system is used to fabricate 3D nanodo-
main structures in 5% MgO-doped x-cut LiNbO3 crystals, as shown in 
Extended Data Fig. 1. The light source is output from a mode-locked 
Ti:sapphire laser (Chameleon Vision-S, Coherent), which works at 
an 800 nm wavelength, a 75 fs pulse duration and an 80 MHz pulse 
repetition rate. The laser passes through a beam expander (consisting 
of two lenses with focal lengths of 50 mm and 150 mm) and a shutter. 
Then, it is focused into LiNbO3 crystals by an oil immersion objective 
(×63, numerical aperture = 1.4). The LiNbO3 sample is mounted on a 
nanopositioning stage (P562.6, Physik Instrument), which has a range 
of 200 μm (x) × 200 μm (y) × 200 μm (z) and an accuracy of 5 nm.  
The fabrication process can be monitored by a charge-coupled device 
in real time. The scanning speed is 10 μm s−1. At a depth of 30 μm, 
the input laser power is 160 mW (corresponding to a pulse energy 
of 2 nJ) to fabricate LiNbO3 domain structures. To fabricate a drain 
line, the laser power is 200 mW (corresponding to a pulse energy of 
2.5 nJ). Note that the optimal experiment parameters vary with the 
fabrication depth.

Pulse energy compensation to fabricate a domain line along the 
depth direction
When a focused wave front converges from air into LiNbO3 crystal, 
strong spherical aberration will distort the focal intensity distribution 
because of refractive index mismatch. For instance, the axial length of 
the focal spot (along the x direction in our case) increases appreciably 
with the fabrication depth, leading to a decrease of the peak intensity. 
In this work, we optimize the pulse energies at different depths to com-
pensate for the effect of spherical aberration. The ratios of the pulse 
energies (normalized to the value at a depth of 30 μm) are 1.25, 1.55 and 
1.85 when increasing the depth to 45 μm, 60 μm, and 75 μm, respec-
tively. In the experiment, we use this strategy to fabricate a 2D domain 
array consisting of 50-μm-long domain lines (Fig. 4d). By gradually 
polishing the sample and performing PFM measurements, we obtain 
the standard deviation of the domain size to be 38 nm, which can be 
mainly attributed to the residual distortion of the focused laser spot 
at different depths.

The laser-induced electric-field theory
The absorption band edge of 5% MgO-doped LiNbO3 crystal is 318 nm  
(ref. 53). Three-photon absorption dominates the light–matter 
interaction under the illumination of an 800 nm laser beam54.  
The laser-induced local temperature field leads to the generation of 
an electric field (due to the LiNbO3 thermoelectric55,56 and pyroelectric 
effects57) and a reduced threshold field51 for LiNbO3 domain poling 
(owing to the increased local temperature).

Our laser-writing process can be divided into three phases.  
The pyroelectric effect (depending on the time-varying tempera-
ture) and the thermoelectric effect (resulting from the tempera-
ture gradient) play the dominant roles in different phases. In phase 
1, the NIR light is tightly focused onto a certain point close to the 
prefabricated drain line, which leads to a local heating process. 
Considering the high power density in our experiment, the local 
temperature rapidly increases, resulting in a high pyroelectric field 
that could pole the domain at the starting point. In phase 2, the 
temperature field reaches a thermodynamic equilibrium, which 
depends on the power and profile of the input laser and the heat 
conduction of the LiNbO3 crystal. The steep temperature gradient 
(due to the tightly focused laser spot) produces a strong thermo-
electric field. In phase 3, we move the laser beam inside the LiNbO3 
crystal, which is equivalent to moving the temperature field along 
with the laser-writing beam. Considering the laser-writing speed 
and the temperature gradient, the pyroelectric field in this phase 

(Extended Data Fig. 2d) is about one order of magnitude smaller 
than the thermoelectric field (Extended Data Fig. 2c), that is, the 
thermoelectric field is the dominant effect in the domain-writing 
process under our experimental conditions.

Next, we numerically simulate the thermoelectric field to write 
domain structures. We assume that the focused light field has a Gaussian  
profile, which can be written as

I G x y zI = ( , , ) (4)0

where I0 is the power of the incident laser and G x y z( , , ) is a 3D Gaussian 
function. Three-photon absorption produces a temperature field near 
the focal point, that is,

IQ = γ (5)3

Here γ is the three-photon absorption coefficient of the LiNbO3 crystal 
and Q is the heat energy. Consider a solid heat transfer model in the 
LiNbO3 crystal, that is,

uρC T κ T Q∇ − ∇ = (6)p
2

where Cp is the heat capacity, ρ is the crystal density, κ  is the thermal 
conductivity, T is the temperature and u is the velocity vector. The 
temperature gradient causes a potential difference between the cold 
side and the hot side of the laser-illuminated area, leading to an electric 
field of

E S T= Δ (7)

where S is the Seebeck coefficient. Above room temperature58, the 
threshold field for LiNbO3 domain poling decreases with increasing 
temperature51,59,60. In our simulations, the parameters54,56,59 are 
C = 619J kg Kp

−1 −1∙ ∙ , ∙ρ = 4648kg m−3, κ = 5.6W m K−1 −1∙ ∙ , S =  ∙10 V K−3 −1, 
γ = 10 m W−15 3 −2∙ , I = 0.13W0  and the full-width half-maximum of  
G x y z( , , ) is set to 2 μm. The calculated temperature field and tempera-
ture gradient are given in Extended Data Fig. 2a and b, respectively. 
Note that only the z component of the electric field (Ez) is used for 
LiNbO3 domain engineering. The calculated Ez is shown in Extended 
Data Fig. 2c, in which the enclosed regions indicate its value above the 
threshold field.

Designing LiNbO3 domain structures for non-linear beam 
shaping
LiNbO3 domain structure with a certain χ (2) distribution can be used to 
shape the wave front of the SH beam. We first consider a 2D domain struc-
ture. On the basis of binary computer-generated-hologram theory61,  
the 2D structure function to produce a target SH beam is given by62

f y z T G y E E( , ) = {cos[ − arg( )] − cos[sin amp( )]} (8)y ω ω2
−1

2

Here E E y z= ( , )ω ω2 2  is the target SH beam, Gy is the spatial frequency 
along the y direction. arg and amp represent the phase and amplitude 
of E ω2 , respectively. The function T is defined as





T X
X

X
( ) =

1, ≥ 0
−1, < 0

(9)

The distribution of χ (2) is

χ y z d f y z( , ) = − ( , ) (10)(2)
33

with d33 being the LiNbO3 non-linear coefficient used in our experiment.
We design a structure to generate an SH HG beam for example, which 

is written as63
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are the pth- and qth-order Hermite polynomials, respectively. The struc-
ture function for the SH HG00 beam (that is, the SH Gaussian beam) 
generation is a 1D grating of
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the 2D structure function can be expressed as

f y z T G y E E( , ) = {cos[ − arg( )] − cos[sin amp( )]} (14)y ω ωHG
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2
11 −1

2
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By using the above configuration, the target SH beam presents at 
the first diffraction order.

When designing 3D domain structure for the SH HG11 beam genera-
tion under 3D QPM conditions, the domain structure in the y–z plane is 
also defined by equation (14), which is periodically arranged along the 
x direction (Extended Data Fig. 6a). In our experiment, the periods are 
2 μm and 6 μm along the x and z directions, respectively. We measure 
the SH power at different fundamental wavelengths (Extended Data 
Fig. 6b). The pump power is kept at 1.5 W. The output SH power reaches 
its maximum at a fundamental wavelength of 768 nm, that is, 3D QPM 
is fully satisfied.

PFM image of LiNbO3 ferroelectric domains
PFM uses a standard scanning force microscopy operated in contact 
mode64. When an additional driving voltage is applied to the conductive 
tip, the ferroelectric domain structure leads to deflection, buckling and 
torsion of the cantilever. Here deflection is related to the out-of-plane 
PFM signal, whereas buckling and torsion are related to the in-plane 
PFM signal. The difference between PFM signals can be used to distin-
guish various ferroelectric domains. In the experiment, the sample 
is polished to bring the domain structures to the surface before per-
forming the PFM measurement. The driving voltage is 1 V. The contact 
resonance frequencies are 350 kHz and 660 kHz for the out-of-plane 
mode and in-plane mode, respectively.

3D Cherenkov SH image of LiNbO3 ferroelectric domains
Because the Cherenkov SH signal is greatly enhanced at the ferroelec-
tric domain walls65,66, it is used to visualize the LiNbO3 domain struc-
tures. The Cherenkov SH wave emits at an angle θ satisfying θ k kcos = 2 /1 2, 
where k1 and k2 denote the wave vectors of the fundamental and SH 
waves, respectively. In the experiment, we build a Cherenkov-type SH 
microscope. The wavelength of the fundamental wave is 900 nm. After 
filtering out the fundamental wave and collinear SH wave, we record 
the Cherenkov SH signals by scanning the LiNbO3 sample point by point, 
to compose a 3D image of the LiNbO3 domain structure.

Experimental limits to fabricate LiNbO3 nanodomains
To reduce the domain linewidth below the diffraction limit, we have 
developed a laser eraser to selectively remove the previously written 
domains. The fabrication strategy is shown in Extended Data Fig. 3.  
The domain quality in this technique strongly depends on the precision 
and stability of the laser-writing system. In our experiment, the resolu-
tion of the nanopositioner used is 5 nm. The power fluctuation of the 
femtosecond laser is 0.5%, which causes an estimated variation of 5 nm 

in the laser-induced electric field above the threshold. In addition, the 
PFM measurement has a resolution of 5 nm. Under such experimental 
conditions, the overall fluctuation in the recorded domain linewidth 
is estimated to be 15 nm.

When approaching the experimental limit of the LiNbO3 nanodomain 
linewidth, the depolarization field could cause non-ideal and unstable 
domain structures. In addition, when fabricating a LiNbO3 nanodomain 
grating, the possible degradation of the polarization driven by the 
remaining charges in the neighbouring domains could make it difficult 
to realize high-quality domain gratings of very small periods. Under 
our present experimental conditions, the remaining charges in the 
neighbouring domains may interact with each other when the period 
is below 500 nm. The laser-writing parameters need to be carefully 
optimized to further improve LiNbO3 nanodomain quality.

Data availability
Source data for Extended Data Figs. 4b and 6b are provided with the 
paper. The data supporting the findings of this study are available 
within the article. 
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Extended Data Fig. 1 | Femtosecond laser writing system for LiNbO3 nanodomain engineering. The z-polarized laser beam is focused into the sample along the 
x direction.
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Extended Data Fig. 2 | The theoretical simulation of temperature (a), 
temperature gradient (b), the z-component of the thermoelectric field (c), 
and the pyroelectric field (d). The marked area in c indicates the electric field 
above the threshold value. In d, the black arrow shows the laser writing 

direction (v = 10 μm/s) and the white arrows indicate the direction of 
pyroelectric field. The input laser propagates along the x direction with its 
polarization along the z direction.



Extended Data Fig. 3 | The procedures to fabricate nanodomains along the 
x, y, and z directions, through laser poling-erasing strategy. a, The laser 
writing process to fabricate LiNbO3 nanodomains along the y direction. First, 
we move the laser beam along the –z direction to write a domain line. Then, we 
shift the LiNbO3 sample by a designed distance d along the +y (or -y) direction. 
Finally, we remove part of the created domain by moving the laser beam back 
along the +z direction. The remaining domain width along the y direction is d (a).  

By shifting the LiNbO3 sample along the x direction, similar laser writing 
strategy is applied to reduce the domain linewidth along the x direction (c).  
b, The procedure to produce nanosized domain along the z direction, we first 
move the laser beam along the y direction to write a domain line. Then, we apply 
the laser eraser point by point to reduce the domain width along the z direction. 
d, The fabrication process of a nanodomain array.
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Extended Data Fig. 4 | The dependence of domain width on the writing 
direction. a, Schematic diagram of laser writing along an angle of θ relative to 
the -z direction. a and b define the effective thermoelectric field. The achieved 

domain linewidth satisfies d a θ b θ′ = cos + sin2 2 2 2 . b, The calculated and 
measured domain widths at different θ.



Extended Data Fig. 5 | SH generations in 2D and 3D periodic domain 
structures. a, The typical QPM configuration45. b, c, The QPM SH patterns in 
2D and 3D LiNbO3 domain structures, respectively. The intensities of the SH 
spots depend on whether the QPM condition is fully satisfied. At input 
fundamental wavelengths of 755 nm, 742 nm, and 726 nm, the non-collinear 
QPM SH generations from 2D domain array are realized by involving 

GG GG/0,1,−1 0,1,1, GG G/
→

0,1,−2 0,1,2, and GG GG/0,1,−3 0,1,3, respectively. The corresponding 

SH pattern presents two symmetric bright spots (b). In comparison to 2D case, 
the number of the SH spots from 3D domain structure clearly increases 
because the QPM condition is simultaneously satisfied by more reciprocal 
vectors (c). Notably, the central SH spot is bright because it is produced 
through a collinear SH generation process that has a much longer interaction 
length than those under non-collinear SH generation configurations.  
d, e, The measured and calculated emitting angles of the output SH beams.
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Extended Data Fig. 6 | SH HG-mode generation in a 3D nonlinear grating.  
a, A 3D χ(2)-grating structure for SH HG11 beam generation under 3D QPM 
condition66. b, The measured dependence of the SH power at the 1st order on 

the fundamental wavelength. The 3D QPM condition is satisfied at 768 nm.  
The deviation in b can be attributed to the broad bandwidth of the input 
femtosecond laser and the limited period number of the domain structure.



Extended Data Fig. 7 | Stability test of LiNbO3 domain structures. a, The PFM 
image of a LiNbO3 domain structure prepared by laser writing in Oct. 2019. 
After being kept at room temperature for over two years, one can clearly 
observe the domain structure (c). We also put the ruler-shaped nanodomain 
structure (b) in a tube furnace for an annealing treatment. The sample 

temperature is increased to 300 °C at a heating rate of about 10 °C/min. After 
2-h heat treatment at 300 °C, the sample is naturally cooled down to room 
temperature. The domain structure successfully survives after such annealing 
process (d). The domain structures have no significant changes after a two-year 
storage or an annealing treatment.
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Extended Data Fig. 8 | Surface acoustic waves (SAW) generation in LiNbO3 
nanodomain arrays. a, The diagram of SAW device based on LiNbO3 
nanodomain array. In such LiNbO3 domain structure (also called acoustic 
superlattice), the sign of the piezoelectric coefficients is periodically switched, 
which can produce SAW by using uniform electrodes. The SAW resonant 
frequency is given by67 f = v

λ
, where v is the SAW velocity, and λ is the acoustic 

wavelength that is equal to the period of the LiNbO3 domain structure.  
b, The calculated dependence of SAW resonant frequency on the domain 
period. The SAW velocity is 3718 m/s68. For the nanodomain structures with 
periods of 100 nm and 50 nm, the SAW frequencies reach 37.2 GHz and 
74.4 GHz, respectively.



Extended Data Fig. 9 | Comparison of laser writing with/without the use  
of a drain line. The solid white line indicates the drain line. When laser writing 
starts from the drain line, one can produce a LiNbO3 domain line (left).  
In contrast, under the same laser writing parameters, one cannot write LiNbO3 
domains without the use of drain line. The laser writing track is marked by  
the dashed white line (right). In experiment, we use conductive atomic force 
microscopy to measure the electric conductivity of drain line, which is several 
orders of magnitude higher than the value of LiNbO3 crystal.
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Extended Data Fig. 10 | The linear diffraction patterns from the gratings in Fig. 4a–c at an input wavelength of 690 nm. The non-zero diffraction order can 
be barely observed, which indicates no significant change in the refractive index.
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