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Formation of domain reversal by direct irradiation

with femtosecond laser in lithium niobate
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We propose that domain inversion can be directly induced by femtosecond laser both theoretically and
experimentally, which opens a path to achieve three-dimensional (3D) nonlinear crystal with a period in
sub-micron-scale. A simulation of domain inversion is modeled by considering the temporal distribution
of femtosecond pulses. The calculation results clarify that the domain inversions can happen within or
after the interaction with the laser pulse, and the response time of domain inversion is in the picosecond
level depending on the intensity and the materials. The domain reversal windows of lithium niobate by
femtosecond laser are observed which agrees with theoretical predictions qualitatively.
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Periodically poled lithium niobate (PPLN), as a man-
ual nonlinear optical crystal, has been widely used for
frequency conversion in the past decade. In order to
obtain short wavelength coherent optical sources by
second harmonic generation (SHG) or sum frequency
generation, micrometer scale periodic domain structure
is necessary, which is out of the ability of conven-
tional room temperature electrical poling techniques. As
the technique of the femtosecond ultrafast laser devel-
ops, interactions between femtosecond laser and vari-
ous materials have drawn more and more attentions.
Femtosecond laser shows unique potential applications
in micro-machining[1,2], optical storage[3], and optical
processing[4,5]. As we know, femtosecond laser can be
focused to micrometer scale, so if it can induce domain
inversion in ferroelectrics crystals, domain inversion with
micron-period can be realized. On the other hand, be-
cause the domain inversion happens under certain inten-
sity, and the laser can be focused inside the crystal, it is
expected that three-dimensional (3D) domain inversion
can be achieved. In 1994, Fahy et al. suggested that
reversal of ferroelectric domains can be directly achieved
by ultrafast laser pulses[6], and recently optical poling by
short ultraviolet (UV) pulses has been demonstrated[7,8].
Here we use a more detailed model to propose a method
for domain inversion by femtosecond laser with the wave-
length of 800 nm, the mechanism of which is different
from Refs. [7,8].

Different models have been used to study ferroelectric
materials driven by ultrafast optical pulses. As men-
tioned above, a simple model from Fahy et al. indi-
cates properties of domain inversion subjected to a high-
intensity optical pulse[6]. Another one from Montakhab
et al. investigates the behavior of domain walls[9]. In
this letter, followed by their works, we theoretically simu-
late the domain inversion process considering spatial and
temporal distributions of femtosecond pulses with an os-
cillating electric field, in which ion accelerating process
is studied. Different from the previous works, our sim-
ulations can provide the information about the energy

threshold of domain inversion as functions of crystal pa-
rameters.

In the x-y plane, a model of an n × n oscillator array
is considered, in which the oscillators, representing the
lithium ions of lithium niobate, are harmonically coupled
and damped[10]. Only the nearest neighbor coupling with
a coupling spring constant k and an anharmonic double-
well potential u (z) = −az2 + bz4 (z is the amplitude
of the oscillator, a and b are coefficients) are taken into
account[6,11]. When the laser pulse gives the oscillator
enough energy to climb over the potential barrier, the
system will be stable at another equilibrium position,
then the inversion happens[12]. To start the oscillation
of the ion oscillators, the polarization direction of the
laser pulse should be parallel to the c axis (spontaneous
polarization axis) of the single crystal congruent lithium
niobate. The electric field of the laser pulse acting on
the crystal is described as follows (generally, we choose
Gaussian distribution):
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where Eij,0 is the electric field amplitude at the peak

value of the laser pulse at (i, j) in the array[13], u0 is the
radius of the laser waist spot, and B = 1/u2

0 is the mod-
ulus decay of laser spot. Equation (1) describes the elec-
tric field spatially, which is also applied in Montakhab’s
model[9]. In order to investigate the influence of laser
pulse parameters (response time, threshold, and dura-
tion, etc.), the temporal term should be considered. So
we have

Eij(t) = Eij,0 exp[−α(t − tc)
2] cos(w0t − ϕ), (2)

where α is the modulus decay of the laser pulse in tem-
poral distribution, tc is a constant, w0 is the angular fre-
quency of the electric field, and ϕ is the carrier envelop
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phase (CEP).
When the oscillators are driven by a laser pulse, given

by Eq. (2), the motion equation of the oscillators can be
written as

v̇ij = −4z3
ij + 2azij

+k(zi−1,j + zi+1,j + zi,j−1 + zi,j+1 − 4zij)

−γvij + η +
q

m
Eij (t) , (3)

where vij = żij , (i, j) represents the positions of the oscil-

lators in the array, k/a = 20 is given[14,15], the damping
constant γ is of the order of

√
a/10 or larger[6,16], and η is

a random force term equal to γkBT for simplification[17].
The last term on the right hand side of Eq. (3) is the
laser pulse driven term, where q = e for Li+ and m is
the mass of Li+.

Since the coercive field in lithium niobate is about 21
kV/mm in room temperature, the parameters a and b in
double-well potential u(z) = −az2+bz4 can be found ap-
proximately as a ≈ 2× 10−22 (J/nm2) and b ≈ 2× 10−24

(J/nm4). In our calculation, all units are set equal to
1 and as a consequence all quantities are dimensionless.
We set a ∈ [1, 3] and a = b, which basically agrees with
the physical situation. The laser frequency is 0.375×1015

Hz for 800-nm wavelength (time unit in the model is of
order femtosecond). We define the datum time as t1,
which satisfies exp[−α(t1 − tc)

2] = 0.001. At t = t1,
all the oscillators are at the positive minimum of the
double-well potential and the periodic boundary condi-
tion is used in this model[18]. Simulations under various
conditions have been done.

A typical result among those simulations is shown in
Fig. 1 with γ = 0.4, k = 20, a = 1, and η = 0.1. Figure 1
depicts the final average value of z of a 30× 30 oscillator
system for various values of E0. The curve has a sharp
turn at the domain inversion threshold, and becomes
stable until the back-switch happens.

Domain inversion and back-switch will appear alter-
nately as the value of E0 grows. Domain inversion win-
dow is defined here as a continuous laser pulse energy
range in which domain inversion can be excited by cor-
responding energy. As Fig. 1 suggests, the domain in-
version windows have different sizes, and larger window
appears when the electric field E0 increases. The first
domain inversion window requires low electric field E0

Fig. 1. Several domain inversions shown as final average z
versus electric field E0 for a 30 × 30 oscillator system evolv-
ing. The parameters are γ = 0.4, k = 20, a = 1, and η = 0.1.

and its width is so small that the inversion is not stable,
which indicates that a little change of electric field E0

will switch back the domain inversion. As for higher
laser pulse energy, the width of domain inversion win-
dow becomes broader. At the boundary of the domain
inversion window, the change of the electric field of the
laser pulse has a great effect on the oscillators, so that
a little change of the value of E0 will cause the behavior
of the oscillators totally different.

In Fahy’s model, laser pulse’s effect on the crystal is
simplified as giving the oscillators an impulsive velocity,
and the domain inversion happens during the relaxation
time. In our simulations, we verify their assumption that
permanent domain inversion has been achieved near the
tail of the pulse, which means the response time is as a
magnitude of picosecond. Figure 2 describes the behav-
ior of the central oscillator in the 30×30 array irradiated
by a laser pulse with a duration of 40 fs and an energy
in the domain inversion window. When the laser pulse
has passed through, the domain is not switched again.
At the beginning, the electrical amplitude of laser pulse
plays a dominant role, forcing the oscillators to vibrate
at the same frequency. Then, when the peak of the laser
pulse reaches the specimen, the influence of neighbor
oscillators and the laser pulse both control the behavior
of the oscillators, which leads the vibration to an irregu-
lar one during this period, as shown in Fig. 2. Because
the coupling spring constant and the damping constant
are settled, when the laser pulse has passed through,
the Li ion, with a slight vibration, will finally become
stable in the equilibrium state of domain inversion after
sub-picosecond scale. As we can see, the domain reversal
will not be switched again and the domain inversion by
femtosecond laser is a permanent one.

Our simulation also shows the evolving process of the
whole 30×30 oscillator array. At first, the electrical am-
plitude of pulse plays a dominate role. When the laser
pulse has peaked, the vibrations of 30× 30 oscillator ar-
ray become irregular owing to the interactions between
the oscillators.

In our simulations, the parameters of oscillators for
lithium niobate are uncertain and depend on the crystal
itself and the ambient circumstance. In order to inves-
tigate the influence of parameters of the oscillators, we
calculated the domain inversion threshold as functions of
the damping constant, the coupling spring constant, and
the ambient temperature.

Figure 3(a) shows the domain inversion threshold

Fig. 2. Behavior of the central oscillator in the 30 × 30 array
irradiated by a laser pulse with a width of 40 fs.
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Fig. 3. (a) Domain inversion threshold E01 versus damping
constant γ (a = 1, k = 20, η = 0.25γ); (b) domain inver-
sion threshold E01 versus coupling spring constant k (a = 1,
γ = 0.1, η = 0.025); (c) domain inversion threshold E01 versus
force term η which is proportional to the ambient temperature
(a = 1, k = 20, γ = 0.1).

versus the damping constant γ. E01 is the lower thresh-
old of domain inversion window, and the width of domain
inversion is E0-window. As γ grows, the values of E01

and E0-window grow too. Obviously, larger γ requires
more energy for oscillators to climb the potential barrier,
which results in the higher E01. Besides, larger γ also
requires more energy for switch-back, which results in
broader E0-window. Note that if γ is too small, the os-
cillators need a long time to become stable, and it means
the response time of domain reversal becomes longer.

The growth of coupling spring constant k will increase
the values of E01, and its effect on the behavior of oscil-
lators is rather small, as shown in Fig. 3(b). The reason
is that k is a recovery factor of a spring and it relates to
frequency instead of energy. Temperature also influences
the domain inversion, higher temperature, which is pro-
portional to η, requires lower laser energy for domain
inversion, as shown in Fig. 3(c). It should be mentioned
that the selected temperature should be lower than the
paraelectric transition temperature of the crystal.

To verify these predictions, an initiative experiment has
been done. A y-cut lithium niobate crystal was used in
the experiment. An amplified Ti:sapphire femtosecond
laser with the wavelength of 800 nm and the duration of
80 fs was employed. The repetition rate of the laser was
1 kHz. Figure 4 shows the morphological features of the
lithium niobate sample irradiated by femtosecond laser
with a power lower than damage threshold and followed
by HF acid etching. At first, the polarization of laser
was set to be parallel to the z-axis of the crystal. When
the laser power exceeds a certain threshold, domain re-
versal, shown as a circle, was observed on the surface of
the y-face after HF acid etching. When the intensity was
futher increased, the circle became larger. The obser-
vations are agreeable qualitatively with our calculations
above. In the experiments, the laser power of 40 and 60
mW were used. Because the response of surface to the
HF acid is distinct, it is shown that domain inversion hap-
pened within the circle. Then, the polarization of laser
was turned along the x-axis of the crystal, with the same

Fig. 4. Morphological features of the lithium niobate sample
irradiated by laser pulse with wavelength of 800 nm, duration
of about 80 fs, and powers (polarization) of: (a) 40 mW (z);
(b) 60 mW (z); (c) 40 mW (x).

power of 40 mW as that in Fig. 4(a), no domain reversal
circle was observed, as shown in Fig. 4(c). More detailed
experimental demonstrations are in process.

In summary, based on the improved classical oscillators
model, we find that femtosecond laser pulse electric field
can directly induce the domain inversion in lithium nio-
bate crystal. The influence of parameters of the model
on the domain inversion is studied. The decrease of the
damping constant and the coupling spring constant, and
the increase of temperature will reduce the domain in-
version threshold power. The results of our experiments
obviously agree with the predictions. These studies give
useful information for realizing 3D short-period nonlinear
crystals by choosing suitable parameters of the femtosec-
ond laser pulse.
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