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Abstract

We report an investigation of third-order optical nonlinearities in several nonlinear optical crystals using the Z-scan

technique with femtosecond laser pulses at 780 nm wavelength. The crystals studied include LiNbO3:MgO, KTiOAsO4,

KTiOPO4, b-BaB2O4 and LiB3O5, which are extensively used for ultrashort-pulse second-harmonic generation and

optical parametric oscillation. The nonlinear refractive index n2 in these crystals has been determined to be in the range

from 10ÿ16 to 10ÿ15 cm2/W. No two-photon absorption has been observed. The experimental results are compared with

the two-band model for the bound electronic Kerr nonlinearity. It is shown that the measured n2 values in b-BaB2O4

and LiB3O5 are one order of magnitude smaller than those of LiNbO3:MgO, KTiOAsO4, KTiOPO4, which is in

agreement with the theoretical prediction. Ó 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

LiNbO3:MgO (LN:Mg), KTiOAsO4 (KTA),
KTiOPO4 (KTP), b-BaB2O4 (BBO) and LiB3O5

(LBO) are important nonlinear optical (NLO)
crystals that have been extensively used in the
applications of second-harmonic generation
(SHG) and optical parametric oscillation (OPO).
Nonlinear refraction of the crystals is of interest
for these applications in the femtosecond time
domain. The nonlinear refractive index, n2, plays

an important role in the spatial and temporal pulse
evolution in many v�2� mixing experiments in-
volving ultrashort or high-energy optical pulses.
Accurate knowledge of n2 is of direct relevance in
assessing spectral and temporal pulse broadening
due to self-phase-modulation, chirp reversal and
self-compression, the minimum pulse width at-
tainable in ultrashort-pulse SHG and OPO devices
[1,2], and optical damage induced by self-focusing.
It can also be used for the control of ultrashort-
pulse distortion e�ects through the optimized
design of pulse shaping and nonlinear phase
compensation schemes [3].

As a simple yet sensitive single-beam method,
the Z-scan technique [4] has been developed for
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the measurement of third-order optical nonlin-
earities, particularly nonlinear refraction and
nonlinear absorption. It is capable of providing
information not only on the magnitude but also
on the sign of the third-order susceptibility of a
material. It can also distinguish between the real
and imaginary parts of the third-order suscepti-
bility (Re v�3� and Im v�3�), which can result from
two-photon absorption (TPA) and optical Kerr
e�ect, respectively. With the Z-scan technique,
DeSalvo et al. have measured the TPA coe�cient
(b) in both KTP and LN at 532 nm, and the Kerr
nonlinearity (n2) in KTP, LN and BBO at the
four harmonics of fundamental 1064 nm wave-
length [5,6]. By employing the same method, we
have measured third-order optical nonlinearities
of these NLO crystals and optical damage
thresholds induced by self-focusing with 532 nm
ps laser pulses [7]. To our knowledge, most of Z-
scan measurements on nonlinear absorption and
refraction of NLO crystals were performed with
picosecond pulses.

In this paper, we report an experimental inves-
tigation of refractive nonlinearity of important
NLO crystals including LN:Mg, KTA, KTP,
BBO, and LBO. The investigation has been carried
out using the Z-scan technique with 150 fs laser
pulses at 780 nm wavelength. The microscopic
origin of the measured Kerr nonlinearity is com-
pared with a theoretical model based on bound
electronic e�ects. It has been found that the mea-
sured n2 values in BBO and LBO are one order of
magnitude smaller than those of LN:Mg, KTA
and KTP, which is consistent with the theoretical
predication.

2. Experimental

In our Z-scan experiment, the laser pulses at
780 nm wavelength were delivered by a mode-
locked Ti:sapphire laser operating at a repetition
rate of 76 MHz. The FWHM pulse duration was
150 fs. The spatial pro®le of the laser beam was
nearly a Gaussian distribution after a spatial ®lter.
The minimum beam waist x0 of the focused laser
beam was measured to be 13 lm. The linearly
polarized pulses were divided by a beam-splitter
into two parts: the re¯ected one used as a reference
to represent the incident light power; and the
transmitted one was focused through the sample.
Both the beams were recorded by two power
probes (Newport 818 SL) simultaneously, and
measured by a dual channel power meter (New-
port 2832-C) which transferred the digitized sig-
nals to a computer. The sample was mounted on a
computer-controlled translation stage that moved
the sample along the z-axis with respect to the
focus of the lens. When measuring the nonlinear
refraction, a pinhole was placed in front of the
transmission detector. As a reference, we per-
formed a Z-scan on a sample of polycrystalline
ZnSe, and obtained n2 � 2:3� 10ÿ14 cm2=
W�1:0� 10ÿ11 esu) and b � 3:8� 10ÿ9 cm=W,
which are in good agreement with the published
results [8].

The samples employed in this study were com-
mercially supplied including LN:Mg (6 mol%
MgO-doped LiNbO3), KTA, KTP, BBO, and
LBO crystals cut perpendicular to the z-axis of the
crystals. The thickness, L, of the samples is listed
in Table 1. It should be pointed out that these

Table 1

Measured n2-values in the z-cut NLO crystals with femtosecond 780 nm laser pulses polarized along [1 0 0] and [0 1 0] directions,

respectivelya

Crystal L (mm) LD (mm) Eg (eV) n2 (Exp.) (10ÿ15 cm2/W) n2 (theory) (10ÿ15 cm2/W)

[1 0 0] [0 1 0]

LN:Mg 2 7.1 4.0 2.0 � 0.3 2.0 � 0.3 3.3

KTA 5 14 3.6 1.7 � 0.3 1.7 � 0.3 8.8

KTP 2 25 3.6 1.2 � 0.16 0.94 � 0.16 9.0

BBO 5 40 7.0 0.40 � 0.05 0.32 � 0.05 0.44

LBO 5 107 7.5 0.26 � 0.03 0.19 � 0.03 0.32

a The theoretical n2 values calculated according to Eq. (4) are also given.
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samples with 2- and 5-mm thickness did not satisfy
the ``thin sample'' condition L < n0 zR [4] in our Z-
scan experiments, where n0 is the linear index of
refraction of the crystal, and zR � px2

0=k the
Rayleigh confocal parameter of the Gaussian
beam. The UV±visible transmission spectra of the
samples were measured using a Hitachi U-3040
spectrophotometer. From the cut-o� energies in
the linear transmission spectra, the band-gap en-
ergies Eg of the crystals were estimated as shown in
Table 1.

Open- and closed-aperture Z-scan measure-
ments were performed for the z-cut crystals at
room temperature with the laser polarization
along [1 0 0] and [0 1 0] directions of the crystals,
respectively. It is noted that the second-order
nonlinear optical susceptibility v�2� may manifest
itself in the Z-scan through the v�2�:v�2� cascading
e�ect [9]. The e�ective n2 arising from the cascading
e�ect can be dominant in the near-phase-matched
SHG processes. Our Z-scan measurements were
performed with the 780-nm laser beam propagat-
ing along the z-axis of the crystals. Hence, the
cascaded process was ignored due to the laser
propagation direction far away from the phase-
matching direction. Our experimental error was
about 20%, which was mainly originated from the
determination of the irradiance distribution used
in the experiment, i.e., beam waist, pulse width and
laser power calibration.

With ultrashort pulses, it is important to ac-
count for a possible increase of pulse duration due
to group velocity dispersion (GVD) in the samples.
Pulse broadening may alter the peak irradiance
and hence the magnitude of the nonlinear phase
shift. We evaluate the dispersion distance, LD,
de®ned as the length over which a transform-lim-
ited Gaussian pulse broadens by a factor

���
2
p

due
to second-order dispersion [10]:

LD � Ds2

4 ln2

k3

2pc2

d2n

dk2

� �ÿ1

; �1�

where Ds is the FWHM input pulse duration. The
pulse broadens to an FWHM duration Ds0 after
propagating a distance z0 inside the crystal,

Ds0 � Ds
�������������������������
1� �z0=LD�2

q
: �2�

The extent of pulse broadening is governed by LD.
For a given pulse duration, short sample length
makes the pulse broaden less. When the sample
length is over LD, pulse broadening becomes im-
portant for pulse evolution. Using Eq. (1), the
dispersion distances for the samples are calculated
as listed in Table 1. The calculations are based on
the appropriate Sellmeier equations for each
crystal, corresponding to the laser polarization
and crystal orientation used in our measurements.
From Table 1, one can see that the dispersion
distance for 150 fs pulses at 780 nm ranges from
7.1 mm in LN:Mg to 107 mm in LBO. Hence, with
the 2- and 5-mm samples, pulse broadening due to
GVD is insigni®cant under our experimental con-
ditions.

3. Results and discussion

The measured open-aperture Z-scans for all the
samples exhibit that the Z-scan traces with the
input irradiance up to 20 GW/cm2 are nearly ¯at,
indicating that two-photon absorption does not
occur in these NLO crystals. This is anticipated
because the band-gap energies of these crystals are
greater than the energy of two 780 nm photons. As
examples, Figs. 1 and 2 show typical closed-aper-
ture Z-scans on LN:Mg and KTP obtained with
linear polarized 780 nm, 150 fs pulses at di�erent
incident irradiances. Note that all the input irra-
diances reported here are the peak irradiances at
the focus within the samples.

The closed-aperture Z-scans are sensitive to
both the nonlinear absorption and nonlinear re-
fraction. We assume that the total refractive index
n � n0 � n2I , where I is the irradiance of the laser
beam within the sample. As indicated in the pre-
ceding section, our samples with 2 mm and 5 mm
thickness did not satisfy the ``thin sample'' condi-
tion. Hence, the standard Z-scan theory [4] with
the ``thin sample'' limit is not applicable to our
case. Hermann and McDu� [11] have derived an
analytic expression for the Z-scan of a thick sam-
ple (L>n0 zR), corrected to the ®rst order in irra-
diance, for a pinhole aperture in the far ®eld. In a
slightly di�erent form, the expression for the nor-
malized transmittance T, may be written [12]:
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T � 1ÿ 1

4
DU0R ln

1� m2
a

9� v2
a

9� v2
b

1� v2
b

� ��
� Q0R� tanÿ1�va� � tanÿ1�va=3�

ÿ tanÿ1�vb� ÿ tanÿ1�vb=3��
�
; �3�

where

vi � ÿ 1

zR

zi

�
� z2

R � z2
i

z01 ÿ zi

�
; for i � a; b

za is the distance from the position of the beam
waist to the entrance face of the sample,
zb � za � L=n0, and z01 � z1 ÿ L�1ÿ 1=n0� with z1,
the distance from the position of the beam waist to
the pinhole in front of the detector. The nonlinear
phase-shift and absorption parameters are
DU0R � kn2I0n0zR, and Q0R � bI0n0zR, respectively.
The accuracy of the deduced expression (3) has
been experimentally veri®ed by Chapple et al. [13].
By applying Eq. (3), we calculate T as a function of
the za position of the sample using n2 as a free
parameter, in which the nonlinear absorption

coe�cient is regarded as zero. The n2 values can be
extracted from the best ®tting. The solid lines in
Figs. 1 and 2 show the best ®ts to the experimental
closed-aperture Z-scan traces at di�erent input ir-
radiances, which yield a range of n2 values. We
plot these n2 values versus the input irradiances in
Fig. 3, which show that, within our experimental
error, the measured n2 for LN:Mg and KTP is
independent of the input irradiance, indicating
that the observed nonlinear refraction is of the
Kerr nonlinearity. The averaged n2 values for
LN:Mg and KTP are 2:0� 10ÿ15 and 1:2�
10ÿ15 cm2=W , respectively.

Similar Z-scans and analytical procedures have
been carried out for the other crystals with the
laser beam propagating along the z-axis with the
polarization in the [1 0 0] and [0 1 0] directions. The
measured n2 values are summarized in Table 1.
One can see that the measured n2 values for these
NLO crystals range from 10ÿ16 to 10ÿ15 cm2/W,
and LBO has the smallest n2 value while the largest
n2 value is given by LN:Mg. In addition, for KTP,
BBO, and LBO samples, the nonlinear refraction

Fig. 2. Closed-aperture Z-scan measurements on the 2-mm

thick z-cut KTP crystal with the laser polarization along the

[1 0 0] direction of the crystal. The open circles are measured at

the input irradiances (a) 21.4, (b) 17.2, and (c) 10.7 GW/cm2.

The solid curves are the theoretical ®ts described in the text. The

data in (b), and (c) are vertically shifted by 0.1 and 0.2,

respectively, for presentation.

Fig. 1. Closed-aperture Z-scan measurements on the 2-mm

thick z-cut LN:Mg crystal with the laser polarization along the

[1 0 0] direction of the crystal. The open circles are measured at

the input irradiances: (a) 10.0, (b) 7.9, and (c) 5.3 GW/cm2. The

solid curves are the theoretical ®ts described in the text. The

data in (b), and (c) are vertically shifted by 0.1 and 0.2,

respectively, for presentation.
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varies with the beam polarization directions, in-
dicating the anisotropy of the third-order nonlin-
earities in these crystals.

All the Z-scan measurements as reported above
were conducted with 780 nm laser pulses at a
repetition rate of 76 MHz. In order to estimate
thermal contribution to the measured refractive
nonlinearity, we also made similar Z-scan mea-
surements on the samples with a lower repetition
rate of 760 kHz, and no di�erence was found. This
suggests that the thermal-lensing e�ect was weak
under our experimental conditions, and the mea-
sured refractive nonlinearity is predominately
electronic in origin. It might be due to the fact that
the linear and nonlinear absorptions of the sam-
ples are insigni®cant at the excitation wavelength
of 780 nm.

Based on the two-band model with a simple
direct bandgap, Sheike-Bahae et al. [14] have cal-
culated the dispersion and band-gap scaling of the
bound electronic Kerr nonlinearity, n2, in solids.
The nonlinear refractive index is given by

n2�esu� � K 0
����
E
p

p

n0E4
g

G2

�hx
Eg

� �
; �4�

where K 0 is a material-independent constant with a
value of 0:94� 10ÿ8 esu eV3:5 calculated from the

two-band approximation, Ep is the Kane mo-
mentum-related parameter with a value near 21 eV
for a large number of materials, and G2(�hx/Eg) is a
function only of the ratio of the photon energy to
the energy gap of the material. By using Eq. (4),
the theoretical n2 values for the NLO crystals are
calculated as listed in Table 1. The theoretical n2

values for LBO, BBO and Mg:LN are close to
experimental results, whereas the theory overesti-
mates n2 for KTP and KTA. Eq. (4) shows that
these crystals have di�erent n2 values, resulting
from di�erent band-gap energies. Due to the wider
band gaps, the calculated n2 values in BBO and
LBO should be one order of magnitude smaller
than those in LN:Mg, KTA and KTP, which is
consistent with our measurements. In addition, it
should also be noted that this theory does not
explain the di�erence of n2 values for di�erent laser
beam polarization and propagation, which needs
further modi®cation.

4. Conclusion

We have carried out an investigation of third-
order optical nonlinearity in several important
NLO crystals using the Z-scan technique with 780
nm femtosecond laser pulses. The nonlinear re-
fractive index n2 in these crystals has been deter-
mined to be in the range from 10ÿ16 to 10ÿ15 cm2/
W. No two-photon absorption has been observed.
It is found that the measured n2 values in BBO and
LBO are one order of magnitude smaller than
those of LN:Mg, KTA and KTP, which is con-
sistent with the theoretical prediction based on the
two-band model for the bound electronic Kerr
nonlinearity. In addition, the experimental results
show that nonlinear refraction in KTP, BBO and
LBO is dependent of the polarization of the laser
beam.
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