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Electro-optic effect of periodically poled optical superlattice LiNbO 3
and its applications

Yan-Qing Lu,a) Zhi-Liang Wan, Quan Wang, Yuan-Xin Xi, and Nai-Ben Ming
National Laboratory of Solid State Microstructures, Nanjing University, Nanjing 210093,
People’s Republic of China

~Received 1 March 2000; accepted for publication 2 October 2000!

The electro-optic effect of periodically poled optical superlattice LiNbO3 ~PPLN! was studied.
Because of the periodic electro-optic~EO! coefficient, the reciprocal vector of the periodic structure
can be used to compensate for the phase mismatch between the ordinary and extraordinary waves,
which is similar to the nonlinear optical frequency conversion process. If the quasi-phase-matching
condition is satisfied, polarization of a light propagated in PPLN can rotate linearly with the applied
electric field, which shows that PPLN may be used as a precise spectral filter or an EO switch.
© 2000 American Institute of Physics.@S0003-6951~00!04848-8#
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In recent years, more and more research attention
been paid to periodically poled optical superlattice LiNb3

~PPLN! because of its outstanding nonlinear optic
properties.1–3 The origin of the attractive characteristics
the periodic nonlinear coefficient caused by the periodic
main structure, thus the reciprocal vector may compen
the phase mismatch during the frequency conversion
cesses. This technique, called quasi-phase-matching~QPM!,
has many advantages compared to the conventional bire
gence phase matching.4–6 To date, various related device
have been demonstrated.7–9 However, besides the nonlinea
coefficient, other third-rank tensors are also modulated p
odically due to the periodic ferroelectric domains in PPL
Among them, there are the piezoelectric coefficient a
electro-optic~EO! coefficient.9–11 As a consequence, it i
natural to ask the question: what will happen if the EO c
efficient modulation is considered? Answering this quest
is important in the interest of fundamental physics and a
has practical applications.

In this letter, we demonstrate that if an electric field
applied along theY-axis of PPLN, coupling between the ex
traordinary wave and ordinary wave is established. Under
QPM condition, the polarization of light propagating in th
crystal could be modulated by the applied electric fie
Based on this effect, a novel EO filter may be developed

LiNbO3 ~LN! is a ferroelectric crystal with the symmetr
of 3 m. In the negative domain, the crystal structure rota
180° about theX axis, thus the electro-optic coefficien
change subsequently under this operation. It is easy to d
onstrate that all elements of the electro-optic tensor h
different signs in different domains.

Figure 1 shows the geometrical arrangement for stu
ing the EO effect. In the presence of an external field alo
the Y axis, the index ellipsoid deforms to make theY andZ
axes rotate a small angle

u'
g51E

~1/ne
2! 2~1/n0

2!
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about theX axis,12 whereE is the field intensity;g51 is the
EO coefficient;n0 andne represent the refractive indices o
the ordinary wave and extraordinary wave, respectively.

With consideration of the periodic electro-optic coef
cients, the dielectric constant of PPLN with an electric fie
along theY axis thus can be written as:

e5e~0!1De f ~x!, ~1!

where

e~0!5e0F n0
2 0 0

0 n0
2 0

0 0 ne
2
G

is the original dielectric tensor,

De52e0g51En0
2ne

2F 0 0 0

0 0 1

0 1 0
G

FIG. 1. Experimental setup for studying the electro-optic effect of PPLNX,
Y, and Z represent the principal axes of the original index ellipsoid a
Yp,n ,Zp,n are the perturbed principal axes of the positive domains and
negative domains, respectively. The arrows inside the PPLN indicate
spontaneous polarization directions.
9 © 2000 American Institute of Physics
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3720 Appl. Phys. Lett., Vol. 77, No. 23, 4 December 2000 Lu et al.
is the dielectric tensor change. In PPLN, a factorf (x) should
be included where

f ~x!5H 11 if x is in the positive domains

21 if x is in the negative domains.
~2!

The change of the dielectric tensor could be viewed a
disturbance, thus the coupled wave equations of the ordin
and extraordinary waves may be obtained as:

H dA2 /dx52 iKA3 exp~ iDbx!

dA3 /dx52 iK * A2 exp~2 iDbx!
, ~3!

with

Db5~b22b3!2Gm , Gm5
2pm

L
,

K52
v

2c

n0
2ne

2g51E

An0ne

i ~12cosmp!

mp
, ~m51,3,5 . . .!,

whereA2 and A3 are the amplitudes of the ordinary wav
and the extraordinary wave, respectively;b2 andb3 are the
corresponding wave vectors.Gm is themth reciprocal vector,
L is the modulation period that is equal to twice doma
thicknessL if the duty cycle is 50%. Assuming the inpu
light is an extraordinary wave by putting a vertical polariz
in front of the sample, the initial condition atx50 is given
by A3(0)51, A2(0)50. For studying the conversion from
the extraordinary wave to ordinary wave, another horizon
polarizer should be put at the back of the sample as an
lyzer. If the field is not intensive or the crystal length
short, the coupling between the extraordinary wave and
ordinary wave will be weak. In this case, the weak coupl
approximation A3(x)5A3(0)51 may be used and th
power conversion efficiency from the extraordinary wave
the ordinary wave, i.e., the transmission for the extraordin
wave of this filter, is:

T5UA2~x!

A3
U2

5K2x2S sin~Db•x/2!

Db•x/2
D 2

. ~4!

This expression is similar to that of the QPM frequen
conversion efficiency,13 thus the research results for th
QPM frequency conversion may be helpful in the study
the EO effect. From Eq.~4!, the maximum conversion is
achieved whenDb5(b22b3)2Gm50, which means the
reciprocal vector may also compensate for the wave ve
mismatch. Similar to QPM frequency conversion, this co
dition could be called a QPM condition. Defining the cohe
ence lengthLc5l/2(n02ne), the QPM condition is satisfied
for a given light of wavelengthl if each domain thickness i
Lc or its multiple.

In the general case, for a given static field, the we
coupling approximation cannot be used, the transmission
is thus obtained as:

T5UA2~x!

A3~0!
U2

5uKu2
sin2~Sx!

S2
,

where
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Besides the QPM condition, the dynamical conditi
uKux5@(2u11)p/2#(u50,1,2, . . . ) should also be satisfied
for 100% conversion to occur. Figures 2 and 3 show
influence of these two conditions on the transmission e
ciency. For a sample with the domain thickness of 10.31mm
and the period of 500, the first-order QPM condition cor
sponds to the wavelength of 1550 nm. From Fig. 2, if t
dynamical condition is satisfied by applying a 0.36 kV/m
field, there is a transmission peak at 1550 nm that co
sponds to 100% conversion from the extraordinary wave
the extraordinary wave. Besides this peak, there is ano
one at 592 nm that is due to the phase compensation o
third-order reciprocal vector. The corresponding concep

FIG. 2. Calculated electro-optic transmission spectrum of a PPLN filte

FIG. 3. Power exchange relations between the extraordinary wave an
ordinary wave when~a! the QPM condition is satisfied and~b! the QPM
condition is not satisfied. The solid line and the dashed line correspon
the intensity-varying curve of the two waves along the propagation dir
tion, respectively.
license or copyright; see http://apl.aip.org/about/rights_and_permissions
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the frequency conversion process is themth-order QPM.13

The width of the 592 nm peak is narrower than that of
1550 nm peak. In fact, the calculated transmission bandw
for mth-order QPM isDl1/2'1.60(l/2mN), wherel is the
center wavelength andN is the period number. Since increa
ing m andN may decrease bandwidth, a precise spatial fi
could be achieved. The influence of the dynamical condit
may be obtained by studying the relation between the tra
mission and the applied electric field. Figure 3 shows
results. The power of the two waves is exchanged perio
cally in a sinusoidal fashion if the QPM condition is sat
fied, as shown in Fig. 3~a!. This effect may be useful for EO
modulation or switching. On the other hand, the power re
tion of the two waves is complicated if the QPM condition
not satisfied, which is shown in Fig. 3~b!.

From the theoretical results above, the QPM condit
governs the passing frequency for a spectral filter based
PPLN. If the QPM condition is satisfied, the dynamic con
tion determines the transmission ratio of the passing lig
Only when the dynamic condition is also satisfied, the po
ization of the input extraordinary wave can rotate 90° a
totally pass the analyzer. As for the polarization sta
changing of the light in the crystal along its propagati
route, a simple theoretical analysis can give the details.

As we know, the principal axisX remains unchanged
while theY andZ axes rotate a small angleu about theX axis
after applying the field. The azimuth angle of the newZ axis
thus rocks right and left from1u to 2u successively due to
the periodic EO coefficient, assuming each domain thickn
is Lc to satisfy the QPM condition. In this case, each dom
acts as a half-wave plate. For a 632.8 nm He–Ne laser,Lc is
3.74 mm which is achievable with current fabrication tec
niques. For an input extraordinary wave that is polariz
along theZ axis, it will be polarized atc52u after passing
through the first domain. The second domain is oriented
angle2u, making an angle of 3u with respect to the incom
ing polarization. At the output face of this domain, the p
larization will be rotated by 6u and oriented at azimuth angl
4u. The final azimuth angle afterN periods isc54Nu,
which produces a rotation of polarization. The solid line
Fig. 4 shows the calculated polarization rotation angle of
He–Ne laser as a function of the applied voltage in a sam
with 300 domains. The domain thickness is 3.74mm thus
satisfying the QPM condition. From this figure, the polariz
tion rotation angle is proportional to the intensity of the a
plied field. If an analyzer is employed, the transmission r
of this filter should exhibit a sinusoidal relationship with th
applied field, which agree well with Fig. 3~a!. The polariza-
tion of the input light can be rotated 90° with an appli
electric field of 1.2 kV/mm. In this case, the input light ca
totally pass through the filter.

To verify these predictions, a PPLN crystal with an a
erage domain thickness of 4.2mm and the period fluctuation
of less than 6% was used to do the experiment. The sam
was fabricated using the Czochralski method.14,15 The total
domain number is 300. When a He–Ne laser was pas
through the sample, the rotation angle increased with
applied field. A polarization rotation angle of 16.5° was o
Downloaded 16 Feb 2012 to 218.94.142.221. Redistribution subject to AIP 
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tained when the field was 1 kV/mm as shown in Fig.
However, for a single domain LN crystal with the sam
thickness, no remarkable polarization rotation was observ
which means that it is the periodic structure that is resp
sible for the rotation. However, perhaps because of the
viation of domain thickness fromLc and domain thickness
fluctuation, the measured rotation angle was smaller than
theoretical prediction. One method that may improve
sample quality is using the electric-poling technique instea6

For a commercial available 5-cm-long PPLN, only a 27
V/mm field may make the polarization rotate by 90°, whi
is very attractive.
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FIG. 4. Polarization rotation angle as a function of the applied electric fi
The solid line and the dashed line correspond to the theoretical result
experimental result, respectively. The experimental result on a single
main LN sample is also displayed in the figure with a round dot.
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