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Kerr Nonlinearity via Cascaded Optical Rectification and the Linear Electro-optic Effect
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We show both theoretically and experimentally that the combined processes of optical rectification
and the linear electro-optic effect lead to an effective nonlinear refractive index n, in noncentrosymmet-
ric materials. This cascaded second-order nonlinear optical effect arises in addition to the well-known
contribution due to second-harmonic generation and difference-frequency mixing and is of compar-
able magnitude. However, it has the advantage of a broad acceptance angle because no precise phase
matching is needed. Experimental results in KNbO; crystals are presented.

PACS numbers: 78.20.Jq, 42.65.Ky, 42.65.Pc, 42.70.Nq

Large, nonresonant optical Kerr-like nonlinearities
are a basic requirement for all-optical switching and
related applications [1]. Besides the third-order nonlinear
susceptibility y®, symmetry allowed in all materials,
there is another important contribution that occurs only in
noncentrosymmetric media. This contribution leads to a
nonlinear phase shift of the interacting waves in nearly
phase-matched second-harmonic generation and other
parametric processes [2,3]. Such effects were first ob-
served in high-power pulsed second-harmonic generation
experiments [2,3].

Some years ago the potential of increasing the
magnitude of a third-order nonlinear effect with a combi-
nation of cascaded second-order effects was discovered
and demonstrated using a nonlinear transmission line
resonator [4]. Recently the potential for all-optical
switching was realized [5,6] and large nonlinear phase
shifts due to cascading were observed for the first
time in potassium titanyl phosphate (KTP) waveguides
[7]1.  Unexpectedly large nonlinear refractive index
changes observed in fibers of 4-(N, N-dimethylamino)-3-
acetamidonitrobenzene (DAN) could also be explained by
cascaded nonlinearities [8].

We now demonstrate, for the first time to our knowl-
edge, that the combined processes of optical rectification
and the linear electro-optic effect give rise to a large ef-
fective nonlinear refractive index n,, which is defined as
n = ng + nyl, where ng is the linear refractive index and
I is the intensity of the incoming beam. This combined
effect was already observed in four-wave mixing exper-
iments with picosecond lasers in KNbO; [9] and identi-
fied in self-modulation of picosecond pulses in GaAs [10].
Here we present a quantitative analysis taking into ac-
count all three contributions (direct ¥, second-harmonic
generation, optical rectification and electro-optics). In ad-
dition we present the first experimental evidence of this
new contribution to n; in KNbOj crystals. In order to
analyze the results obtained in polar KNbO; we also did
similar experiments in cubic KTaO;, where only the di-
rect third-order processes are allowed by symmetry.
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In this work the total polarization P in a medium

induced by an incident electric field is given by
(D (2) 3
Pi(t) = eo(xij Ej + xijxEjEx + Xi(jIZIEjEkEI + ),
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assuming summation over common indices, and where
x™ describes the nonlinear optical susceptibility of n™
order. The electric field of the incident wave is defined as
Ei(1) = 5 (Eie™@' + Efe™"). @)
In centrosymmetric media the third-order susceptibility
x® is the dominant contribution to the nonlinear refrac-
tive index n,. The relation between x® and n, can be
deduced from Eq. (1) and is given by [10]

3X(3)
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where ¢ is the speed of light in vacuum and g, is the
vacuum permittivity.

In noncentrosymmetric materials so-called second-
order cascaded processes due to second-harmonic
generation (SHG) of the incident wave and difference-
frequency mixing of the generated second-harmonic wave
with the incident wave can lead to an effective nonlinear
phase shift. In the undepleted wave approximation this
phase shift is proportional to the input intensity and one
can write [11]

477 L d2 1
lSHG eff
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SHG

where n; " is the contribution to n, from this type of
interaction, Ao is the wavelength of the fundamental in
vacuum, degr is the effective nonlinear optical coefficient
(= xeft/2), Ak = k?® — 2k® is the phase mismatch, and
k® = 27n® /Ao is the wave vector in the medium. The
sign of n5"° depends on the sign of the phase-mismatch
Ak with #5° being negative for n2* > n“. Far from
phase matching »3¢ is small but always present for
detr # 0. Note that for large phase shifts in a nearly
phase-matched interaction large depletion of the funda-
mental beam is required [7,11].
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We now introduce an additional contribution to n, that
has been overlooked previously. In noncentrosymmetric
materials an input beam at frequency w can also generate
a quasistatic electric field at frequency zero (optical
rectification) and therefore induce a polarization

1 0;w,—w) *
P) = seoxii CEFECT, )

O;w,— . . . g eqe
where Xi(jkw ) is the nonlinear optical susceptibility

describing optical rectification [12]. This generated field
can induce a refractive index change via the linear electro-
optic effect. In the main axis system of the optical
indicatrix the linear electro-optic coefficient r;j itself is
defined through

1
A(ﬁ)i,- =

where A(1/n?) describes the field-induced changes of the
optical indicatrix due to a static applied electric field E}.
Figure 1 shows a schematic drawing of the principle. For
light polarized along a main axis of the optical indicatrix
and a refractive index change along the same direction we
obtain for the new contribution to the nonlinear refractive
index n,
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where gy is the static dielectric constant. By permutation

of indices and optical frequencies in X,{;-),éw‘ﬂw we obtain
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We can illustrate the combined processes of optical
rectification and the linear electro-optic effect with the
following example. We illuminate a plate of a polar
crystal with light polarized parallel to the polar axis. The
effect of optical rectification will produce a quasistatic
field along the polar direction. This field can then act on
the beam through a refractive index change produced by
the linear electro-optic effect. Obviously, a contribution
from second-harmonic generation will also occur at the
same time. If we illuminate a plate of a polar crystal with
light polarized perpendicular to the polar axis, n9} will
also be present, e.g., for light propagation along the polar
axis, in which case the longitudinal electro-optic effect
becomes active. This is in contrast to second-harmonic
generation for which the appearance of n5HS depends on

optical linear electro-
) rectification static optic effect refractive index
optical field == 1o ctric field _, change
2P(0;0,~w) 2D (-0;»,0)
d r
FIG. 1. Process of cascaded second-order effects because of

optical rectification and the linear electro-optic effect leading to
a Kerr nonlinearity.

the propagation direction. Note that the new contribution
n¥® to the nonlinear refractive index is always phase
matched since all interacting waves have either the same
optical frequency or have frequency zero.

The nonlinear refractive index n, of a noncentrosym-
metric material is therefore in general given by

ny = ngirec! + n;HG + n;)R’ (9)
where n$'™" is the contribution from direct y® processes
of polar and nonpolar materials. In the following we
describe measurements that were carried out with polar
KNbO; (point group mm2) and nonpolar KTaO; (point
group m3m) to experimentally verify Eq. (9).

The measurements were done with the Z-scan tech-
nique [13]. The technique requires only a single fo-
cused beam and a circular aperture placed in the far field
behind the sample. The sample is translated along the
optical axis through the focused laser beam. This trans-
lation leads to a change of the incident intensity and
therefore to a variable refractive index change induced
by n,. Measuring the transmission through the circular
aperture after the sample the sign as well as the magni-
tude of n, can be determined [13]. A performance of the
same experiment without the aperture allows the determi-
nation of the two-photon absorption «, (defined through
a = ag + ayl, where «g is the linear absorption coef-
ficient). A mode-locked Nd:YAG laser (Quantronix 416,
Ap = 1064 nm) that pumps an amplifier (Continuum RGA
60-20) with a pulse duration of 100 ps, a repetition rate of
20 Hz, and pulse energies between 3 and 150 uJ were
used. A lens (focal length of 120 mm) focused the beam
to a minimum waist wo of around 20 um. All measure-
ments were referenced against a 1 mm thick cell filled
with CS, (n; = 3.2 X 107° cm?/GW) [13]. As expected
no two-photon absorption was observed at Ay = 1064 nm
for both KNbO; and KTaO .

The direct y® contribution to n, of KNbO; was
determined from measurements on KTaO,;. Both ma-
terials are ferroelectric perovskite (ABOs) compounds.
Whereas KTaO; has cubic symmetry at room tem-
perature, KNbO; is cubic only at high temperatures
and transforms with decreasing temperature through the
tetragonal phase to the orthorhombic phase at room tem-
perature [14]. Here we assume that the contribution to
n, arising from ¥® is the same for KTaO; and KNbO,
[15]. In the cubic point group m3m (assuming Klein-
man symmetry [16]) there are only two independent ten-
sor elements of y®. We measured n, of KTaO; for
light propagation along the crystallographic » direction
both for light polarized along the crystallographic a axis
as well as at 45° to this direction. From the measured
values of +(7.7 = 1.5) X 107 cm?/GW (proportional to
Xﬁ)“) and +(5.8 * 1.2) X 107 cm?/GW [proportional
to 1/2(xiin + 3xiin)] we get xiny = +(1.3 = 03) X
1072 m2/V2 and y\ss = +(2.2 = 0.4) X 1072 m?/V?
taking n(KTaO3) = 2.2.
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TABLE 1.

Comparison between theory and experiment for measurements along the main

axis of the indicatrix and for propagation along 6 = 45° off the ¢ axis. The uncertainty of the
theoretical as well as the measured values is 20%. n, is given in units of 107® cm?/GW.

Propagation  Polarization Direct ¥y Cascading Cascading Theory  Experiment
direction pirect n3He R ny ny

b a 5.8 54 1.9 13 7.8

c a 5.8 - 1.9 7.7 4.5

a b 7.7 2.1 0.3 10 11

c b 7.7 - 0.3 8 9.0
a/b c 5.8 -34 4.4 6.8 5.6
45° b-c plane 5.3 -2.6 19 22 26

The nonlinear refractive indices of KNbO; in the
orthorhombic phase arising from direct y® processes can
then be calculated from a rotation of 45° of the y® tensor
around the b axis (Table I) [15]. Note that it is not
possible to measure n3 ™" in KNbO; at room temperature
since at least a contribution from n¥® always exists.

Experiments with KNbO; were performed with
platelets cut normal to the crystallographic a, b, and ¢
axes. In order to measure the largest contribution to n9%
arising from r,3,, several propagation directions in the
b-c plane were selected and platelets cut at 37.5°, 45°,
and 71.4° with respect to the crystallographic ¢ axis were
prepared. Figure 2 shows an example of a Z-scan curve
for KNbO; from which the positive sign of n, can be
deduced immediately [13]. For light propagating along
the ¢ direction second-harmonic generation does not
contribute to n, since the resulting polarization P2“ is
parallel to the propagation direction of the beam. For all
other geometries this contribution has to be taken into
account. Table I summarizes Z-scan measurements for
light propagation and polarization along dielectric main
axes of the crystals together with theoretical predictions.
The values for the refractive indices and the nonlinear
optical coefficients used for the calculation in Table I
were taken from Refs. [17] and [18]. For our 100 ps

=
=)
S)

Transmission (a.u.)
[=}
©
[921

0.90

1 1 1 1 I 1 1 1 i 1 n
0 2 4 6 8 10 12
2 (mm)

FIG. 2. Example of a Z-scan curve for a KNbO; plate
(thickness L = 0.976 mm), cut normal to the crystallographic
a axis, at Ap = 1064 nm. An intensity in the focus of Iy =
6.2 GW/cm? (beam waist wy = 22 um) was used in this
example. A theoretical curve from the Z-scan analysis is also
shown.
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pulses the electro-optic response of the bound electrons
and optical phonons shows up instantaneously, whereas
the elasto-optic contribution is clamped. Therefore the
strain-free electro-optic coefficients and dielectric con-
stants were used in the analysis of n?k [19]. We see
that the correspondence between theory and experiment
is remarkably good for b- and c-polarized light. The dis-
crepancy between theory and experiment for a-polarized
light could possibly be attributed to a failure of our
simple assumption that y® is exactly the same for KTaO;
and KNbO ;.

The largest clamped electro-optic coefficient in KNbO4
is 7335 = 360 = 30 pm/V which can contribute to n, for
light propagation as well as polarization within the b-c
plane. In this plane we expect the largest value of nS¥;
therefore we measured the nonlinear refractive index for
several propagation directions, namely 37.5°, 45°, and
71.4° off the crystallographic ¢ axis. Figure 3 shows the
theoretically expected angular dependence of the different
contributions to n, in KNbO;. niiret i almost constant
over the whole angular range. n>"C is always negative
for the configuration in Fig. 3 and is approximately

Ol — 45 .“.‘.90
0 (@ep)

FIG. 3. Angular dependence of the different contributions
to the nonlinear refractive index of KNbO; in the b-c
plane. @ is the internal angle of propagation measured from
the crystallographic ¢ axis. The beam is polarized in the b-c
plane as well. n§™" is.almost constant over the whole angular
range. n5"'C is always negative for the configuration shown
here and is approximately constant. In contrast, the third term,
n9R shows a pronounced angle dependence with a maximum
value of 1.9 X 107° cm?/GW at around 8 = 47°.
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FIG. 4. Comparison of experimental and theoretical results of
the nonlinear refractive index n, for KNbO; as a function of
propagation direction in the b-c¢ plane with in-plane polarized
beams. The theoretical curves contain all three contributions
to the nonlinear refractive index. The dashed curves are lower
and upper limits mainly determined by the uncertainties of the
electro-optic coefficients and dielectric constants.

constant. In contrast, the third term, n?R, shows a
pronounced angle dependence with a maximum value at
around 6 = 47°.

Figure 4 shows the experimental results as well as
the theoretical curve for all contributions. As expected
a strong increase in the nonlinear refractive index is
observed for the internal angles of incidence of 37.5° and
45°, where the contribution from r33, is more pronounced.
The observed dependence of n, on the propagation
direction and the increase in n, of more than a factor
of three for an angle of 6 = 47° can be explained
only if the new cascaded second-order effects due to
optical rectification and the linear electro-optic effect are
considered.

In conclusion we have shown that there exists a large
contribution to the nonlinear refractive index n, because
of combined processes of optical rectification and the
linear electro-optic effect. This contribution, which has
been overlooked up to now, is always phase matched
since all interacting waves either have the same optical
frequency or have frequency zero. Another advantage
of this new contribution to n, is that there is no net
attenuation of the incident beam, in contrast to the
contribution n§ HG \where the fundamental is depleted [7].
It is also interesting to note that n® is always positive,
also in contrast to n5"C which can have either sign
depending on the sign of the phase mismatch. Moreover,
n$® can also be present for light propagation along the
polar axis. In such a case the longitudinal electro-optic
effect becomes active. The fact that n9® is always present
in noncentrosymmetric materials also means that the

measurements of the anistropy of n, in KTP, for example,
should be reevaluated [10]. For a general propagation
direction in a noncentrosymmetric material both n5%¢ and
n$® are important for induced nonlinear phase shifts. It is,
however, possible to find special orientations where one
contribution is dominant as was shown here for KNbO .
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