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Abstract: Kerr-like nonlinearity n,' " induced via terahertz (THZ) radiation
and linear electro-optic (EO) effect isinvestigated in (110), (111) and (100)
oriented ZnTe crystals using Z-scan technique with femtosecond laser
pulses. We have proposed a model, taking into account the Kerr-like
nonlinearity n,', to describe well the experimental incident polarization
dependence of the nonlinear refractive index n,. It is found that for a (110)
ZnTe crysta the nonlinear refractive index n, is dominated by the Kerr-like
nonlinearity n,'%, while n, in the (111) ZnTe crystal mainly comes from the
combined contributions of the Kerr-like nonlinearity n,""? and conventional
Kerr nonlinearity n,*®". We also show strong two-photon absorption (TPA)
anisotropy and crystal orientation dependence of TPA in ZnTe crystals.
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1. Introduction

Materials with large optical Kerr-like nonlinearity are essential for future optical device
applications in all-optical switches, optical limiters and waveguide formation. Besides the
intrinsic Kerr nonlinearity possessed in al materials, there is another important contribution
that occurs only in electro-optic (EO) media during the generation of terahertz (THZ)
radiation. This contribution can provide an efficient alternative for creating equivalent Kerr-
like nonlinearity, which could produce a similar nonlinear refractive index n,, noted n,™ 2.
Such effects were first reported in [1], they evidenced this kind of Kerr-like nonlinearity
resulting from the propagation of a THz radiation in a zinc blende crystal with a heterodyne
Kerr effect setup, and demonstrated its competition with a third-order optical Kerr effect. In
general, it is difficult to quantitative analyze this new contribution of n,"* to n, alone in
media since a contribution from intrinsic Kerr nonlinearity will also occur at the same time.
Moreover, the contribution from n,"* is adjustable in sign and amplitude. Until now, no
theoretical and experimental data to our knowledge is available to both the sign and
magnitude of the Kerr-like nonlinearity n," " .

On the other hand, ZnTe, as the primary EO crystal of THz radiation in both emission and
detection [2], has been extensively investigated from both fundamental and applied point view
[3-7]. Though the nonlinear optical process that occurs in conditions of THz excitation has not
been fully discussed, it is widely accepted that the second-order optical rectification is the
major process that generates THz radiation [8, 9]. Based on this theory, Chen et al. [10] have
shown a detailed theoretical description of the crystal-orientation-dependent generation and
detection of THz radiation by (110) and (111) zinc blende EO crystals, and indicated that
(110) zinc blende crystal has a relative larger THz radiation efficiency than that of (111) zinc
blende crystal. Moreover, authorsin [11, 12] indicated that no radiated THz signal is observed
from (100) zinc blende crystal under the condition of normal optical incidence. The
characteristic of the crystal-orientation-dependent efficiency as well as incident-polarization-
dependent THz generation in ZnTe crystals offers the possibility to distinguish two nonlinear
optical mechanisms even when they are present simultaneously.

Z-scan is a simple but sensitive single-beam method to determine both the sign and
magnitude of nonlinear refractive index as well as nonlinear absorption coefficient of a given
material. In this paper, rather than using a complex heterodyne Kerr effect experimental
arrangement employed in [1], by performing the single-beam Z-scan with femtosecond laser
pulses on (110), (111) and (100) oriented ZnTe crystals, we present the experimental evidence
of this new kind of Kerr-like nonlinearity induced via THz generation and the linear EO effect
in the media. In addition, we present a quantitative analysis of the incident polarization
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dependence of n, in the three samples taking into account the contribution of n,™™. Finally,
we show strong TPA anisotropy and crystal orientation dependence of TPA in ZnTe crystals.

2. Experiment

Our experiments are performed in commercial bulk (110), (111) and (100) oriented ZnTe
crystals (from company of RMT, Russia), which are all mechanically polished with 0.05 um
alundum and 1 mm in thickness. Bulk ZnTe crystal is a direct band gap I1-VI semiconductor
with awide band gap of 2.26 eV at 300 K and a cubic zinc blende structure, therefore, besides
the third-order nonlinear susceptibility 4, symmetry allowed in all materials, it also has only
one independent non null second-order tensor elements of #? coefficient, namely
4= O5=dge.

The experimental setup was based on a mode-locked Ti: sapphire laser, which produces
laser pulses of about 100 fs duration with 82 MHz repetition rate, and 790 nm center
wavelength. The Gaussian laser beam passed first through a half-wave plate, allowing us to
rotate its polarization, and then the measurement was performed using standard Z-scan
technique [13, 14] with a 7 cm focal-length objective lens. The peak power of the laser pulse
at the focus plane is about 5.8 GW/cm?® with a beam waist radius of about 11.5 um. The total
power of the transmitted beam as well as the power in its central part was measured in the far
field as functions of the sample position along the beam axis Z. These measurements
corresponded to the standard open aperture (OA) and closed aperture (CA) Z-scan curves.

To accurately determine the nonlinearities in samples, a low energy scan which can be
considered as the background signal is utilized to eliminate the parasitic effects due to surface
roughness or sample non-uniformity [14]. It should be pointed out that, on femtosecond time
scales, the thermal lens effect and the free-carriers refraction and absorption associated with
the accumulation of two-photon absorption generated free carriersin media can be negligible.

3. Results and discussion

In general, the modification of the index of refraction nin media can be defined as n=ng+n,l,
where ng is the linear refractive index, n, isthe nonlinear refractive index and | is the intensity
of the incoming beam. In centrosymmetric media the third-order susceptibility #*® is the
predominant contribution to the nonlinear refractive index n,, noted n**". However, besides
the intrinsic third-order Kerr nonlinearity possessed in  al materias, some
noncentrosymmetric media exhibit Kerr-like nonlinearity induced by the complicated second-
order optical nonlinear processes, which could give rise to asimilar nonlinear refractive index
n,. For instance, cascaded second-order nonlinear effects due to second-harmonic generation
(SHG) of the incident beam and other parametric processes can lead to an effective Kerr-like
nonlinearity [15, 16], noted n,"®. Moreover, Bosshard et al. [17] and Biaggio [18] have
shown another type of Kerr-like nonlinearity via cascaded optical rectification (OR) and linear
EO effect in media, noted n,".

Besides, it is important to note that, under the conditions of the normal incident
femtosecond laser pulses with 790 nm wavelength, (110) and (111) ZnTe crystals can
generate THz radiation. This THz fields can then react on the incident beam through a
refractive index change produced by the linear EO effect. The combined processes of THz
generation and linear EO effect can result in the modification of the nonlinear refractive index
n, in media, noted n," 2.

Taking into account all the contributions mentioned above, the nonlinear refractive index
n, of ZnTe crystalsistherefore given by

n, =" + "¢ + NP} + ) D

In practice, one needs to construct different experimental setup to evaluate the sign and
magnitude of each contribution. When we use single-beam Z-scan technique with a
femtosecond laser pulses for measuring the nonlinear refractive index n, in media, the
measured values of n, are the total contributions of these effects. However, Caumes et al. [1]
clearly indicate that n,*®" always overcomes the contribution of n,*'® and n,°% in the ZnTe
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crystals and the contribution from terms of n,>*® and n,® is negligible. Thus we can attribute
the valTLées of n, measured with our femtosecond Z-scan technique mainly to the sum of nKer
andn, .

It is noted that the change of the nonlinear refractive index due to n,™" is associated with
the third-order nonlinear susceptibility ¥ whereas the Kerr-like nonlinearity n,"* is
proportional to intensity of THz radiation. Thus by performing the Z-scan on ZnTe crystals
with different THz radiation efficiencies the contribution of the two processes could be easily
separated.

3.1 Z-scan results

Fig. 1 shows the results of CA Z-scan trace (with background signal subtracted) performed on
1-mm-thick (110), (111) and (100) oriented ZnTe crystals a one particular optical beam
intensity. As can be seen from the Fig., around the position of the beam waist (z=0) avalley to
peak signature is not obvious, which indicates the presence of strong two-photon absorption in
samples. Following the same procedure described in [19], we can separate the contributions
from the nonlinear refraction and two-photon absorption (TPA) from a single CA Z-scan
curve, corresponding to OA and CA/OA trace as shown in Fig. 1. The shape of the CA/OA
trace is indicative of positive (self-focusing) nonlinearity. The solid lines in the Fig. represent
theoretical fittings obtained with the parameters n,=7.1x10™"® m?/W, =7.3 crVyGW for a(110)
sample, N;=5.4x10™® m%/W, =6.2 cvGW for a (111) sample, and n,=4.7x10™"® m?W, =5.1
cnm/GW for a (100) sample, respectively. In asimilar experimental conditions, the authors [19]
have reported the Kerr nonlinearities of ZnSe (n,=2.4x10™® m%W) and CdS (n,=3.6.x10%
m%W) crystals. Both of them have the same zinc blende structure as ZnTe crystals, but no
THz radiation was generated in the media. Our measured values n, for ZnTe are of the same
order of the magnitude but a slightly larger than the reported data[19] for ZnSe and CdS.
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Fig. 1. Z-scan curves (closed aperture (CA) and open aperture (OA)) of (110), (111) and (100)
oriented ZnTe crystals measured with femtosecond laser pulses at 790 nm, respectively. The
solid lines are fitting curves.

As we can see, there is a large difference between the data obtained under the same
experimental conditions for the three samples, especially the value of n, in (110) sampleis 1.5
times larger than that in (100) sample. In addition, the value of n, in (111) sample is smaller
than that in (110) sample and slightly larger than that in (100) sample. We attribute this
difference to the influence of the Kerr-like nonlinearity n,' 2. Considering the fact of different
THz radiation efficiencies in the samples, we can further estimate that the Kerr-like effects
increase the measured n, value demonstrating n,'*? has positive sign, and increase of THz
radiation efficiency would result in larger n, values due to the contribution of n,™ .
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3.2 Incident polarization dependence of n,

For further proving the role of this kind of Kerr-like nonlinearity n,”™ in the nonlinear

refractive index n, during the generation of THz radiation, the normal incident polarization
dependence of n, are measured at the same input intensity in (110) ,(111) and (100) ZnTe
crystals. Fig. 2 shows the experimental (filled squares) n, as a function of the polarization
direction of normal incidence for the three samples with different surface orientations, which
clearly reveals the general tendency of n, values between the three samples. The measured n,
valuein (111) sampleis smaller than that in (110) sample and dlightly larger than that in (100)
sample for the whole angular range. Note that THz radiation efficiency of (111) ZnTe crystal
is lower than that of (110) ZnTe crystal and higher than that of (100) ZnTe crystal. At the
same incident intensity, an increase of THz radiation efficiency would increase the intensity
of THz radiation in the sample, thus eventually raises the contribution of the Kerr-like
refraction signal. Therefore, Effect of increase of THz radiation efficiency on the total
nonlinear refractive index is thus probed. Besides, the different shapes of the nonlinear
refractive index n, curves for the three samples are related to incident polarization dependence
of THz radiation, and the details of calculations for estimation of the Kerr-like nonlinearity

n,' 2 in the three samples are given as follows.
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Fig. 2. Angular dependence of the nonlinear refractive index as a function of the normally
incident polarization angle for (110), (111) and (100) ZnTe crystals, respectively.

For (100) ZnTe crystal, theoretical and experimental studies indicate that there is no
radiated THz signal from (100) zinc blende at normal incidence [11, 12]. Hence, a normal
incidence the nonlinear refractive index n, in the (100) sample is mainly due to conventional
Kerr nonlinearity n,*®" only. If we define a laboratory coordinate system (X, y, z) with x
paralel to the optical table, y perpendicular to the optical table and z along the direction of
optical propagation, due to the symmetry of refractive ellipse, the nonlinear refractive index n,
can be simply described as

n, =N o A+ Bcos(26) %)
where 6 isthe angle between the y axis and the polarization direction of incidence, and A and
B are the constants associated with 3.

The fits to Eq. (2) are shown as the solid lines in Fig. 2 for (100) ZnTe crystal and quite

acceptable. The good agreement indicates that, under the condition of normal incidence, the
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Kerr nonlinearity n,*®" due to #® is the major nonlinear process that induces nonlinear
refractive index n, in (100) ZnTe crystal.

For (110) and (111) ZnTe crystals, THz radiation has been studied in detail by Chen et al.
[10]. They find that the angular dependence of the magnitude of the THz electric fields and its
direction from (110) ZnTe are given by the following expressions

|Epe| | P = d,,E2[sin? 6(1+ 3cos? 9) | €)

tang = 2cot @ (4

where @ is the angle between the polarization of the optical beam and the y axis, ¢ is defined

as the angle of the polarization of THz fields with respect to the y axis, dy4 is the non-

vanishing second-order nonlinear optical coefficient, and E, is the amplitude of electric fields
of the incidence.

The polarization of THz radiation is always linear and its polarization direction depends
on 6 as what we can see from the above equations. This THz fields can induce a refractive-
index ellipsoid in the crystal via the linear EO effect, and the main axes of the ellipsoid are 6
dependence. By use of above Egs. (3) and (4), together with linear EO effect theory we

deduce that the angular dependence of the nonlinear refractive index n,'? induced by THz
radiation and linear EO effect can be written as

;" (6) o< SnB(1+3sin” 9)** [ cosg + (1+3sin® 9)'* cos2(6 - ¢)) | (5)
with tan2¢ = —coté .

where g is the angle between the direction of the main axes of the refractive-index ellipse and
they axis.

In Fig. 2 we plot the calculated results (solid line) of the polarization dependence of n,
using Eq. (5) for (110) sample. A fairly good agreement between the calculated curve and the
experimental data is clearly demonstrated, revealing that the model, neglecting the
contribution of N, can be successfully applied to describe the polarization dependence of
n, in (110) sample. At the same time, through this model, we can conclude that the
contribution of n,*®" is negligible to the total nonlinear refractive index n, under the
experimental conditions. Thus the Kerr-like nonlinearity n,"? due to the combined processes
of THz generation and linear EO effect is the dominant mechanism of nonlinearity.

In a similar calculation, for (111) ZnTe crystal, the angular dependence of nonlinear
refractive index n,™ can be decided by

12
c0326+£(32+4_03in229j cos2(0 - ) ©
36 2

27 27
where pisdecided by tan2¢p =1.5tan26 .

If we only use Eg. (6) to fit our experimental data, the fitting results are quite unacceptable.
A good fitting with the experimental data shown in Fig. 2 is found only by using Egs. (2) and
(6). Here we assume the contribution of n,*®" to n, arising from #*¥ is the same for (100) and
(111) crystal. The excellent fitting trace indicates that the nonlinear refractive index n;, is
mainly attributed to the combined contributions of both n,"™*? and n,*®", and n,*®" cannot be
neglected compared to n," . This conclusion is very reasonable. Considering the fact that
THz radiation efficiency of (111) ZnTe crystal is lower than that of (110) ZnTe crystal [10].
Reduction of the intensity of the generated THz radiation in the sample would results in
decrease of the contribution of the Kerr-like refraction signal. Therefore, for smaller THz
radiation efficiency of the sample the influence of the Kerr-like nonlinearity in the total
nonlinear refraction signal would reduce. Accordingly, the contribution from n,®" is
comparable with the total value of n,, the magnitude of n, in (111) sample eventually involves
the contribution from Kerr-like nonlinearity as well as that from third-order Kerr nonlinearity.

Based on the above discussion, we know the large discrepancies between the total
nonlinear refractive indices n;, for the three crystal orientations clearly reveal the evolution of
n, due to the competition between n,™ and n,*®", which is consistent with the conclusion in
[1]. Theoretically, the maximum magnitude of the generated THz fields from (111) ZnTe is

n;"(6) e -
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only 70.7% of that from (110) ZnTe, and there is no THz signals from (100) crystal [10-12].
Moreover, the Kerr-like nonlinearity n,"? is not only proportional to intensity of THz
radiation, but also related to the generated THz radiation polarization. Thus, by performing
the Z-scan on three crystals with different orientations, the contribution of the Kerr-like
nonlinearity n," to n, is clearly verified, furthermore we present quantitative analysis of the
Kerr-like nonlinearity n,'"? and determine the positive sign of n,". Here, it should be noted
that the intrinsic n,*®" contribution to n, can only give rise to a small difference between the

three crystal orientations since n,*®" is associated with the third-order nonlinear susceptibility
2.
3.3 Incident polarization dependence of

When ZnTe crystal is excited by femtosecond laser pulses with the photon energy 1.57 eV
below the band gap, intense fluorescence, as expected, is clearly observed especially when the
sample is close to the focal plane, demonstrating the strong two-photon absorption process in
the media. Large values of £ obtained from the numerical results in Fig. 1 verified this
phenomenon, and this range of values for 3 agrees well with reported data [20] within the
experimental error.

In this work, we also determine the incident polarization dependence of TPA in (110),
(111) and (100) ZnTe crystals, respectively. Fig. 3 shows TPA coefficient S of the three
samples as a function of the polarization direction of normal incidence. Such a strong
polarization dependence of TPA, called TPA anisotropy, is because the third-order nonlinear
optical susceptibility ¥ tensor of ZnTe crystal contains off-diagonal elements, as a
consequence of which the TPA exhibits optical polarization dependence [21-23]. In addition,
the discrepancy between S obtained in the three samples with the same incident polarization
angle as shown in Fig. 3 reveals the crystal orientation dependence of the TPA coefficient.
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Fig. 3. Measured angular dependence of the nonlinear absorption as a function of the normally
incident polarization angle for (110), (111) and (100) ZnTe crystals, respectively.

4. Conclusion

In summary, We have shown that there exits a large contribution of Kerr-like nonlinearity
n,'"? to the nonlinear refractive index n, because of the combined processes of THz
generation and linear EO effect using a simple single-beam Z-scan setup. We find that n,' 2 is

always positive and strongly dependent on THz radiation efficiency in the media. In addition,
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the model, which has been successfully applied to describe the incident polarization
dependence of the nonlinear refractive index n, in (110), (111) and (100) ZnTe crystals,
respectively, is proposed to account for the Kerr-like nonlinearity n,' 2. It is found that, for a
(110) ZnTe crystal the nonlinear refractive index n, is dominated by Kerr-like nonlinearity
n,'"% for a (111) ZnTe crystal both n,™ and n*®" is the primary contributions to the
nonlinear refractive index n, due to its relatively low THz radiation efficiency in the medium;
for a(100) ZnTe crystal n,“®" is the predominant contribution to the nonlinear refractive index
n, because of non THz generation under the normal incident in the medium.

Finally, we show the incident polarization dependence of TPA coefficient in the crystals.
Large TPA coefficient values are obtained, and strong TPA anisotropy and crystal orientation
dependence of TPA are observed in the ZnTe crystals. Our work is helpful to the basic
physical understanding of THz generation, as well as to develop novel devices based on these
nonlinearities.
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