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Experiments with nonlinear self-refraction of Gaussian laser beams in silica sono-gels doped with
copper tetrasulfonated phthalocyanine are reported. The propagation of laser beams inside nonlinear
sol-gel samples with different Cu-phthalocyanine concentrations has been monitored by measuring
the spatial beam profile in the near field and in the far field behind the sample. The experimental
results are analyzed by a new simple theoretical approach, in which we assume that the incident
Gaussian beam induces a phase shift that varies as a Gaussian function of the beam radius. The
beam propagation behind the sample is determined by the Huygens–Fresnel integral formalism. By
solving the Huygens–Fresnel integral, analytical expressions for the spatial beam profile in both the
near field and the far field after the nonlinear sample are obtained. Experiments are carried out with
a diode pumped frequency doubled Nd–YAG laser at 532 nm. We obtain very large third-order
nonlinearities in these doped sol-gel samples at temperatures just above room temperature. When we
compare the predictions of the theory with the experimental data, we find experimental values of the
nonlinear third-order susceptibility up to22.331024 esu. © 1997 American Institute of Physics.
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I. INTRODUCTION

Organic dyes with extensively delocalizedp-electron
systems can exhibit relatively large third-order nonlinear s
ceptibility x (3) and fast response times.1–4 The nonlinear op-
tical properties of these organic molecules with a go
singlet–triplet transfer are based on the long lifetime of
lowest lying triplet state.5 Saturable absorption in a materi
facilitates an intensity dependent change in the index of
fraction. By optical excitation, electrons are transferred fr
the ground stateS0 to the first excited singlet state of th
moleculesS1. From this state excited electrons can be tra
ferred to the lowest triplet stateT1 by a process referred to a
intersystem crossing~ISC!. If the energy differences betwee
T1 andS1 is small, ISC will take place in the reverse an
cause the excited triplet stateT1 to be converted into an
excited singlet stateS1 that relaxes into its ground stateS0
by emission of light. This process is known as delayed fl
rescence. If the electrons remain in the excited triplet s
T1 the intensity required for saturable absorption will be s
nificantly reduced. As the nonlinear susceptibility is i
versely proportional to the saturation intensity, the mag
tude of the nonlinear susceptibility in these materi
becomes large. When the dye is held rigidly in a solid m
trix, many of the mechanisms that quench the triplet state
reduced by the dye/matrix interaction. Consequently, the
tical nonlinearity of the material is increased.6

Nonlinear optical properties of phthalocyanine planar
ganic molecules with an extensively delocalized tw

a!Electronic mail: paul.michael.petersen@risoe.dk
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dimensional conjugatedp-electron system7–11 have been
measured in films on silica substrate12 or in solutions.13 Nev-
ertheless, to the best of our knowledge, phthalocyanine m
ecule encapsulation in a solid silica matrix has not been
ported in the literature. This material is very interesting f
nonlinear integrated optics applications. While typical m
glasses require processing temperatures that could caus
decomposition of most organic compounds, the sol-
method provides a low temperature route. Such a met
makes it possible to trap organic molecules at room temp
ture whereby a transparent and homogeneous material
appropriate optical quality is obtained.14 It is possible to pre-
pare composites with different phthalocyanine concen
tions and, consequently, to tailor the material optical beh
ior and the textural properties of these composites.

In the present work, silica sono-gels doped with co
mercial copper tetrasulfonated phthalocyanine~CuPc! have
been prepared. The resulting composites exhibit large in
sity dependent refractive index changes due to the pres
of phthalocyanine molecules.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The CuTSPc-silica-sono-xerogel composites we use h
are prepared by hydrolysis and polycondensation of
ramethoxysilane~TMOS! with CuPc in an aqueous solution

In order to obtain monolithic samples, formamide w
used to control the drying process chemically. The additi
formamide, was added in a molar ratio of 3:1~formamide/
TMOS ratio!. The water utilized to invoke the hydrolysi
was acidified by nitric acid to apH52 or to apH!1 ~1 ml
81(12)/7728/6/$10.00 © 1997 American Institute of Physics
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FIG. 1. Photograph of the Cu-phthalocyanine sol-gel samples with different concentrations of Cu-phthalocyanine ranging from 0 to 1024 M.
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nitric acid/9 ml water! and was added in a molar ratio o
either 6:1 or 10:1 (H2O/TMOS ratio!. The acidified water
contained CuPc in concentrations of 1024, 531025, and
1025 M.

When formamide and acidified water had been mix
with the alkoxide, the solution was sonicated, as descri
elsewhere,15 with the result that the mixture became tran
parent. This mixture is then left for gelling. Prior to ou
experimental investigation of self-refraction of laser beam
the transparent blue gels~Pc-xerogels! have been aged fo
one week and dried at room temperature for three week

Photographs of the undoped sol-gel sample and sam
doped with 1024, 531025, and 1025 M Cu-phthalocyanine
are shown in Fig. 1. Absorption spectra experiments h
been carried out by a UV-visible spectrophotometer. The
sorption spectra of these samples are shown in Fig. 2
sol-gel samples with 1025, 531025, and 1024 Cu-
phthalocyanine.

FIG. 2. The absorption spectra for sol-gel samples with 1025, 531025, and
1024 M Cu-phthalocyanine. The absorption spectra are carried out b
UV-visible spectrophotometer.
J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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III. SELF-REFRACTION OF GAUSSIAN BEAMS

Self-focusing and self-defocusing are well known pr
cesses in nonlinear optics.16,17 These processes take pla
when Gaussian laser beams propagate in media where
refractive index varies with optical intensity. There ha
been many approaches to the theories of self-focusing
self-defocusing.19–22Some years ago these effects were co
sidered detrimental beam distortion effects. Today, howe
the nonlinear effects have become important for calculat
nonlinear material parameters such as the magnitude of
third-order nonlinear susceptibility and the sign of the refra
tive index change. In general, the self-refraction probl
cannot be solved analytically. Yet in this article we outline
new simple analytical approach to self-refraction of Gauss
laser beams inside a nonlinear medium. The model is ba
on the simplified assumption that the beam intensity pro
always remains Gaussian inside the nonlinear material.
theory can be applied to any Kerr-like material and here i
used to calculate the magnitude of the third-order nonlin
susceptibility of phthalocyanine/SiO2 composites. Compar
ing theory with experiments it is important that the expe
mental conditions fulfill the basic assumptions of the theo
These assumptions are~1! the incident beam is a plane wav
and ~2! the intensity profile in the nonlinear material
Gaussian. The latter assumption is fulfilled when the refr
tive index change in the sample is not too high.

In the theory we will assume that the laser beam ins
the nonlinear material induces a phase shift that varies
Gaussian function of the beam radius. This assumption
valid for Kerr-like media with a Gaussian intensity profi
inside the material. The beam propagation after the nonlin
material is determined using a Huygens–Fresnel integral
proach. We solve the integral and obtain an analytical
pression for the spatial beam profile at an arbitrary posit
after the sample. The configuration for the self-refracti
setup is shown in Fig. 3. The nonlinear material of thickne
d is fixed betweenz52d andz50, and the electric field is
to be determined in the output observation plane (x0 ,y0).
The induced refractive index change in the nonlinear ma
rial is given byn5n01Dn5n01n2I , where I is the total
a

7729Ramos et al.
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optical intensity,n0 is the linear refractive index, andn2 is
the nonlinear refractive index coefficient. The phase shid
in the material is given by

]d~z,r !

]z
5
2p

l
n2I , ~1!

wherez is the distance behind the sample,r5(x21y2)1/2 is
the radial distance, andl is the wavelength in vacuum. W
assume that the intensity inside the sample remains Gau

I5I 0 exp S 2
r 2

w2D exp @2a~z1d!#, ~2!

whereI 0 is the maximum incident intensity atz52d, a is
the linear absorption coefficient, andw is the beam spot size
in the sample. Using Eq.~1! we can calculate the phase at t
exit face of the nonlinear medium atz50 from the following
integral:

d~0,r !5
2p

l
n2I 0 exp S 2

r 2

w2D E
z52d

z50

e2a~z1d!dz

~3!

5
2p

l
n2I 0 exp S 2

r 2

w2D ~12e2ad!

a
1d0 ,

whered0 is the initial phase of the optical field atz52d.
The electric field at the exit face of the material is con
quently given by

E~0,r !5b1 exp S 2
r 2

2w2D exp @2 i ~d01b2e
2r2/w2#,

~4!

where b15(2I 0 /n0e0c)
1/2, b25(12e2ad)I 0n22p/(la),

e0 is the vacuum permittivity, andc is the velocity of light in
vacuum. The electric field in the observation plane can n
be determined by the Huygens–Fresnel formalism23

E~z,r 0!5

2p exp S ikz1
p

zl
r 0
2D

izl

3E
0

`

E~0,r !J0S 2p
r 0
zl

r D exp S i p

zl
r 2D rdr ,

~5!

where we have introduced the cylindrical coordinates (x,y)
5r (cosw, sinw) and (x0 ,y0)5r 0(cosc, sinc). Equation
~5! determines the beam propagation after passage of

FIG. 3. Configuration of the self-refraction setup. The incident Gauss
intensity profile is distorted by the nonlinear material. The distorted inten
profile is monitored at the observation screen.
7730 J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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nonlinear medium, and this integral can be solved provide
Taylor expression of the phase parteid of E in terms of
exp@2(r/w)2# is made, i.e.,

eid~z,r ,t !5e2 id0(
n50

`
~2 ib2!

n

n!
exp S 2n

r 2

w2D . ~6!

By using the relation24 *0
`e2a2t2J0(bt)dt

5 exp@2b2/(4a2)#/2a2 in Eqs. ~5! and ~6!, we obtain the
final expression

E~z,r 0!5

2p exp S ikz1
p

zl
r 0
2D

izl
b1e

2 id0

3 (
n50

` E
0

`~2 ib2!
n

n!
exp F2~n11/2!

r 2

w2

1 i
p

zl
r 2GJ0S 2p

r 0r

zl D rdr

5

2p exp F i S kz1 p

zl
r 0
2D G

izl
b1e

2 id0

3 (
n50

`
~2 ib2!

n

2n!
wn
2 exp F2S p

r 0
zl

wnD 2G , ~7!

where

wn
25

w2

n11/21 i
pw2

lz

~8!

is the square of the complex beam radius. Equation~7! is the
main result of this section and from that equation we c
calculate the intensity profiles at arbitrary positions beh
the nonlinear sample.

In self-refraction experiments it is important to distin
guish between the near field and the far field behind
nonlinear medium. In the near field the distance from
sample is smaller than the Rayleigh lengthb5pw2/l and in
the far field the distance from the sample is much larger t

n
y

FIG. 4. The theoretical plot of the intensity profile vs the transverse spa
coordinater 0 in units of l/(pw) and the distancez behind the nonlinear
sample whenb2524.0. The twin peaks in the near fieldz/b!1) develop
into one central peak and two off-axis peaks in the far field (z/b.3). Note
b5pw2/l is the Rayleigh length.
Ramos et al.
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b. In Fig. 4 a theoretical plot of the laser beam intens
versus the transverse spatial coordinater 0 and the distance
z behind the nonlinear sample is shown, calculated fr
Eq. ~7!. In the near field,z/b,1, self-defocusing with two
peaks and a minimum in the center of the beam is shown
the far field,z/b.3, however, an intensity profile has on
central peak and two off-axis peaks. The parameters use
Fig. 4 are b150.5 and b25(12e2ad)I 0n22p/(la)5
24.0.

IV. EXPERIMENTS

In the experimental part of the present article we ha
investigated the propagation of laser beams inside diffe
sol-gel samples doped with 1025, 531025, and 1024 M
Cu-phthalocyanine. As mentioned earlier, the absorp
spectra of these samples are shown in Fig. 2.

Self-defocusing experiments have been performed wi
frequency doubled Nd–YAG atl5532 nm. A laser beam
with Gaussian intensity profile is incident on the sample
normal incidence. The spatial beam profile of the transmit
intensity has been monitored by scanning a 25mm pinhole
across the beam as shown in Fig. 3. The purposes of
experiments are~i! to investigate the nonlinear self-refractio
in sol-gel samples with different phthalocyanine concen
tions and~ii ! to apply the theory from Sec. III to determin
the third-order susceptibility. When we apply the theory, it
important to check that the intensity profile remains Gau
ian inside the sol-gel sample. This is verified experimenta
by monitoring the beam profile just behind the samplez
!b). The assumption of a Gaussian intensity profile is va
only when the incident intensity level and the phthalocyan
concentration are not too high.

It is possible to distinguish self-focusing from se
defocusing in the near field. In the far field, however, there
competition between diffraction and nonlinear refractio
and the spatial beam profiles of self-focusing and s
defocusing are almost identical. Thus, in order to gain inf

FIG. 5. Beam intensity profiles at different distances;~a! z50.03 m,~b! z
50.10 m,~c! z50.60 m,~d! z54.40 m, and~e! after passage through a
31025 M Pc xerogel when the incident intensity isI52.03105 W/m2.
J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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mation in both the near field and the far field, the spa
beam profiles have been monitored at distances ofz510 cm
~the near field!, z560 cm, andz5440 cm ~the far field!
behind the samples. The experiments allow us to determ
if the self-refraction in the sol-gel samples originates fro
self-focusing or from self-defocusing and to determine
experimental value of the nonlinear refractive indexn2.

Figures 5~a!–5~d! show the experimental spatial bea
profiles at different distances ofz50.03, 0.10, 0.60, and
4.40 m, respectively, for an incident intensity ofI52.00
3105 W/cm2. Although the intensity profile is Gaussian
z50.03 m andz50.10 m behind the sample, a minimu
appears when the distancez50.60 m as can be seen in Fig
5~c!. This central intensity minimum is not observed in th
far field, where the distance is further increased. Figure 5~c!
shows clearly that the nature of the nonlinear self-refract

FIG. 6. Beam intensity profile atz50.60 m.~a! Without any sample and~b!
behind a SiO2/xerogel sample without phthalocyanine.

FIG. 7. Beam profiles obtained atz50.60 m.~a!–~c!. For Pc-xerogels with
three different phthalocyanine concentrations when the incident intensi
I52.03105 W/m2, and ~d!–~f! for a 531025 M Pc-xerogel at three dif-
ferent incident intensities, ~d! I53.363104 W/m2, ~e! I58.29
3104 W/m2, and ~f! I52.03104 W/m2. The self-defocusing effect be
comes more pronounced as the Pc concentration or the incident inte
increases.
7731Ramos et al.
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is defocusing. This defocusing effect has been observed
all our phthalocyanine doped xerogel samples when the
nm wavelength laser was used. Sometimes, however, w
the incident intensity or the Pc concentrations were too lo
it was not possible to observe the self-defocusing. Furth
more, the self-defocusing effect is not observed when
Pc-silica-xerogel is replaced by a silica-xerogel without p
thalocyanine. This fact is shown in Fig. 6~b! where even for
a high incident intensity level ofI51.363106 W/cm2 we
obtain almost the same transmitted intensity profile as
measured without any sample present, see Fig. 6~a!. The pro-
files in Fig. 6 are obtained atz50.60 m after the samples
This obviously indicates that the self-refraction measured
Fig. 5 is solely caused by the presence of phthalocyanin

TABLE I. The nonlinear refractive index change and the nonlinear susc
tibility for different concentrations of Cu-phthalocyanine in sol-gel.

Phthalocy-
anine

concentration
~M!

Incident
intensity
(W m22)

Coefficient
b2

n2
(m2W21)

x (3)

(C2N22)

1025 I54.823105 21.4 23.94310211 22.20310213

531025 I58.293104 21.5 23.12310210 21.74310212

1024 I58.293104 22 25.68310210 23.17310212

FIG. 8. Fitting between experimental~a!–~c! and theoretical~d!–~f!beam
profiles for a Pc-xerogel that contains a phthalocyanine concentratio
1025 M. The parameters are~a! and ~d! z50.10 m,~b! and ~e! z50.60 m,
and ~c! and ~f! z54.40 m. The theoretical curves are obtained usingb25
21.4 and I54.823105 W/m2 and the radial distance in these curves
given byR5wpr 0 /(zl).
7732 J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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the samples. These organic molecules can induce the th
order nonlinear optical properties in the sample due to th
delocalized conjugatedp-electron system.25,26

Figure 7 shows the beam intensity profiles for differe
Pc concentrations@Figs. 7~a!–7~c!# and for several inciden
intensities@Figs. 7~d!–7~f!# for the same distancez50.60 m
after the samples. It is seen that the defocusing in Pc-xer
samples is strongly dependent on the phthalocyanine con
tration as well as on the incident intensity.

Although samples prepared with different amounts
hydrolysis water and differentpHs have been studied, the
experimental behavior has been found to be identical to
found for samples containing the same Pc concentration
dependent of the water concentration and of thepH level.
Therefore, we conclude that the self-refraction is indep
dent of thepH level.

When we compare the experimental profiles with t
theory in Sec. III, it is possible to estimate a value for t
nonlinear refractive index coefficientn2 and, hence, for the
third-order nonlinear susceptibilityx (3) for the different
samples. The nonlinear refractive index coefficient is de
mined from the expression

n25
b2la

2pI 0~12e2ad!
, ~9!

where the absorption coefficienta of the sample is obtained
from the absorption spectra.

In Kerr-like media the refractive index for small nonlin
earities is approximately given by

n>Rex~1!1Rex~3!
I

e0n0
2c
, ~10!

where the relationI5 1
2e0n0cE

2 has been used. Comparin
this expression withn5n01n2I , a relation betweenn2 and
x (3) is found

Rex~3!5n2e0n0
2c, ~11!

wheren0 is the linear refractive index of the samples. Thu
estimated values of the third-order nonlinear susceptibi
can be obtained from Eqs.~9! and ~11!.

In Figs. 8~a!–8~c! the experimental curves for 1025 M
Pr concentration andz50.10, 0.60, and 4.40 m, respe

p-

of

FIG. 9. The time response of the nonlinear self-refraction in a sol-
sample with 531025 M phthalocyanine. The transmitted intensity from a
mm pinhole is shown.
Ramos et al.
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tively, are shown. The beam spot size on the sol-gel sam
is w5320 mm in these experiments and, consequently,
Rayleigh length isb50.60 m. In Figs. 8~d!–8~f! the corre-
sponding theoretical curves obtained from Eq.~7! are shown.
The functional shape of the beam intensity profiles give
very accurate measure for the nonlinear coefficientb2. The
best fit between experimetnal curves and theoretical curve
obtained forb2521.4. From this value ofb2 we can cal-
culate a third-order nonlinear susceptibilityx (3)522.20
310213 N22C2. For an incident intensity I58.29
3104 Wm22 we have furthermore preformed the same e
periment as the one in Fig. 8 when the phthalocyanine c
centration was 531025 and 1024 M. Comparing these ex
perimental curves for 531025 and 1024 M with the theory
from Sec. III we find that the best agreement is obtained
b2521.5 andb2522, respectively. From the theoretic
values ofb2, we have, using Eqs.~9! and~11!, calculated the
nonlinear intensity coefficientn2 and the corresponding
value of the third-order susceptibilityx (3). The results are
summarized in Table I together with the results from Fig.
In the calculations we have usedn051.45 and d56.5
31023 m. The magnitude ofn2 andx (3) increase as the P
concentration in xerogels is increased. The nonlinear sus
tibility is increased significantly—by one order o
magnitude—as the phthalocyanine concentration is chan
from 1025 to 531025 M. In Table I we obtain large value
of n2 and x (3). At 1024 M phthalocyanine we obtainx (3)

523.17310212 C2N22. This extremely large value of th
nonlinear susceptibility is equivalent to22.331024 esu.

When the intensity is further increased, beyo
105 Wm22, the profiles are extremely distorted for hig
phathalocyanine concentrations (.1024 M) and it is diffi-
cult to find an appropriate fit. This may be due to the fact t
the initial assumption that the beam remains Gaussian is
lated at high incident intensities for the high molecule co
centration case.

Finally, in Fig. 9 we have monitored the time constant
the nonlinear material response of a sol-gel sample wit
531025 M phthalocyanine concentration. A pinhole with
diameter of 1 mm was placedz50.31 m behind the sampl
in the center of the transmitted beam, and the time respo
was monitored when a beam shutter was placed in fron
the sample. Att50 s the shutter is opened electronically a
the transmitted intensity from the pinhole is monitored by
semiconductor detector. In Fig. 9 the filled circles cor
spond to the experimental values and the dashed curve
responds to a theoretical exponential function. The best fi
the experimental curve is obtained when the time constan
the exponential function equals 87 ms.

V. CONCLUSIONS

The propagation of a Gaussian laser beam inside so
samples with different phthalocyanine concentrations,
J. Appl. Phys., Vol. 81, No. 12, 15 June 1997
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been investigated. Experiments carried out with a Nd–YA
laser at 532 nm show strong self-defocusing for samples
contain Cu-phthalocyanine concentrations between 1025 and
1024 M. The experimental results are compared with
theory based on the Huygens–Fresnel propagation form
ism. Good agreement between theory and experimen
found for sol-gel samples with low concentrations of phth
locyanine. For high concentrations and high incident opti
intensities, deviation between theory and experiment ta
place. When we compare theory and experiments, we
third-order susceptibilities up to22.331024 esu at 1024 M
phthalocyanine. From a time resolved self-defocusing
periment we determine a time constant of 87 ms for
nonlinear material response.
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