View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by University of Central Florida (UCF): STARS (Showcase of Text, Archives, Research &...

S —'-— RS University of Central Florida
/ k STARS

Faculty Bibliography 1990s Faculty Bibliography

1-1-1994

Measurement Of The Complex Nonlinear Refractive-Index Of
Single-Crystal P-Toluene Sulfonate At 1064-Nm

Brian L. Lawrence
University of Central Florida

Myoungsik Cha
University of Central Florida

William E. Torruellas
University of Central Florida

George |. Stegeman
University of Central Florida

Shahab Etemad

Find similar works at: https://stars.library.ucf.edu/facultybib1990
Oesveesigage Cemeslifooatautibraries http://library.ucf.edu

This Article is brought to you for free and open access by the Faculty Bibliography at STARS. It has been accepted for
inclusion in Faculty Bibliography 1990s by an authorized administrator of STARS. For more information, please
contact STARS@ucf.edu.

Recommended Citation

Lawrence, Brian L.; Cha, Myoungsik; Torruellas, William E.; Stegeman, George |.; Etemad, Shahab; Baker,
Gregory; and Kajzar, Frangois, "Measurement Of The Complex Nonlinear Refractive-Index Of Single-Crystal
P-Toluene Sulfonate At 1064-Nm" (1994). Faculty Bibliography 1990s. 2958.
https://stars.library.ucf.edu/facultybib1990/2958

. + . +

] ‘¢,,:* . *. + = * ) +

@ e + * : * ’ X :
- + *

Py e o ¥ L% L sTARS

Florida . + . + Showcase of Text, Archives, Research & Scholarship *


https://core.ac.uk/display/236265066?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/facultybib1990
https://stars.library.ucf.edu/facultybib
https://stars.library.ucf.edu/facultybib1990
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/facultybib1990/2958?utm_source=stars.library.ucf.edu%2Ffacultybib1990%2F2958&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/

Authors

Brian L. Lawrence, Myoungsik Cha, William E. Torruellas, George I. Stegeman, Shahab Etemad, Gregory
Baker, and Francois Kajzar

This article is available at STARS: https://stars.library.ucf.edu/facultybib1990/2958


https://stars.library.ucf.edu/facultybib1990/2958

(7))
G
()
ajd
i
Q
—
7))
.2
(7))
> )
L
al
o
9
[
Q
<

Measurement of the complex nonlinear
refractive index of single crystal p-toluene
sulfonate at 1064 nm

Cite as: Appl. Phys. Lett. 64, 2773 (1994); https://doi.org/10.1063/1.111466
Submitted: 04 June 1993 . Accepted: 06 March 1994 . Published Online: 04 June 1998

Brian L. Lawrence, Myoungsik Cha, William E. Torruellas, George I. Stegeman, Shahab Etemad,
Gregory Baker, and Frangois Kajzar

T f
L A |

A J

S <O

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Measurement of the nonlinear refractive index of single-crystal polydiacetylene channel
waveguides
Applied Physics Letters 56, 1406 (1990); https://doi.org/10.1063/1.102482

Measurement of nonlinear refractive-index coefficients using time-resolved
interferometry: Application to optical materials for high-power neodymium lasers

Journal of Applied Physics 47, 2497 (1976); https://doi.org/10.1063/1.322965

Z-scan study on the nonlinear refractive index of copper nanocluster composite silica
glass
Applied Physics Letters 78, 3953 (2001); https://doi.org/10.1063/1.1380243

M Measure Ready

A revolutionary new instrument
for complete Hall analysis

Lake Shore

Appl. Phys. Lett. 64, 2773 (1994); https://doi.org/10.1063/1.111466 64, 2773

© 1994 American Institute of Physics.


https://images.scitation.org/redirect.spark?MID=176720&plid=1047331&uid=aaaMFQpVyYL6_9q4oYH4w&setID=378288&channelID=0&CID=342982&banID=519794218&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=97e30e1ba6dbb771373e80d74c74c02043a0794a&location=
https://doi.org/10.1063/1.111466
https://doi.org/10.1063/1.111466
https://aip.scitation.org/author/Lawrence%2C+Brian+L
https://aip.scitation.org/author/Cha%2C+Myoungsik
https://aip.scitation.org/author/Torruellas%2C+William+E
https://aip.scitation.org/author/Stegeman%2C+George+I
https://aip.scitation.org/author/Etemad%2C+Shahab
https://aip.scitation.org/author/Baker%2C+Gregory
https://aip.scitation.org/author/Kajzar%2C+Fran%C3%A7ois
https://doi.org/10.1063/1.111466
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.111466
https://aip.scitation.org/doi/10.1063/1.102482
https://aip.scitation.org/doi/10.1063/1.102482
https://doi.org/10.1063/1.102482
https://aip.scitation.org/doi/10.1063/1.322965
https://aip.scitation.org/doi/10.1063/1.322965
https://doi.org/10.1063/1.322965
https://aip.scitation.org/doi/10.1063/1.1380243
https://aip.scitation.org/doi/10.1063/1.1380243
https://doi.org/10.1063/1.1380243

Measurement of the complex nonlinear refractive index of single crystal

p-toluene sulfonate at 1064 nm

Brian L. Lawrence, Myoungsik Cha, William E. Torruellas, and George I. Stegeman
CREOL, University of Central Florida, Orlando, Florida 32826

Shahab Etemad

Bell Communications Research, Red Bank, New Jersey 07701

Gregory Baker

Department of Chemistry, Michigan State University, East Lansing, Michigan 48824

Francois Kajzar

Laboratoire de Physique Electronique des Matériaux, Saclay, F91191 Gif-Sur-Yvette Cedex, France
(Received 4 June 1993; accepted for publication 6 March 1994)

Z-scan at 1064 nm was used with single, 35 ps pulses to measure the nonlinear refraction and
absorption in single crystal PTS (p-toluene sulfonate). Detailed analysis of the Z-scan data based on
An=nyl+nsl* and Aa=a,l+ asl* yielded n,=5(+1)X10"2 cm¥W, a,=100(=20) cm/GW,
ny=—5(x1)X10"* cm*W?* and a;=—5(x1) cm*/GW.? The resulting two photon figure of merit
T for PTS is marginal for high throughput, all-optical waveguide switching at 1064 nm.

Since the first measurements of large nonlinear optical
coefficients in m~electron conjugated polymers, such materi-
als have been studied for all-optical applications.!® Soluble
polydiacetylenes such as poly-4BCMU are attractive because
low loss (1 db/cm) integrated optical devices can be fabri-
cated by standard coating techniques.7 However, the nonlin-
ear refractive index coefficients #, reported in the transpar-
ency region (n,~10"1* cm%*W) are only a few hundred
times those of fused silica, and two-photon induced losses,
specifically at 1064 nm, are large.>® (Here n, is defined by
n=ng+n,l where n is the refractive index and I the inten-
sity.) However, for single crystal PTS (p-toluene sulfonate),
a large range of very large values of n, have been reported at
1064 nm, specifically 3X10™"* cm?W,? 5.5X10712 c;m®/W,?
and 1.1X107*% cm¥W.1° Although technically difficult, the
fabrication of channel waveguides has been demonstrated.?
Such large coefficients, if accompanied by low linear and
nonlinear losses, could make this material useful for all op-
tical applications. Although the linear loss has been demon-
strated to be small, a range of two-photon absorption coeffi-
cients a,(50-120 cm/GW) has also been reported.’% 12 As a
result, the two-photon figure of merit, T=2a,A/n,, which
needs to be less than unity for useful applications varies from
0.3 to 22. In this letter we report single-pulse, picosecond,
Z-scan measurements on single crystal PTS which allow us
to sort out the large uncertainty in the reported #,, «,, and T
values, and hence to assess the potential of PTS for switch-
ing devices. :

For the Z-scan measurement, we used a mode locked
and Q-switched Nd:YAG laser operating at a 10 Hz with 35
ps pulses.’® The laser output was first spatially filtered in air
through a 25-um-diam pinhole and then collimated, with
special care taken to avoid introducing additional aberrations
to the phase front. A 10 cm focal Iength lens focused 0.2 to'2
uJ of the 1064 nm radiation into a 20 um spot on a single
crystal PTS sample approximately 200-um-thick as mea-
sured by a digital micrometer. The optical damage threshold
was estimated experimentally to be >15 GW/cm? for our
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conditions. By comparing the linear transmission of two per-
pendicular polarizations we concluded that most of the trans-
mission losses were due to absorption along the polymer
backbone, and not due to scattering.

Typical Z-scan results are shown in Figs. 1 and 2 for
incident light polarization along the conjugation axis. (No
nonlinear effects were observed with orthogonally polarized
light.) For the initial analysis, we assumed An=n,l and
Aa=a,] only. The open aperture Z-scan was used to deduce
the two-photon absorption coefficient as well as the laser
beam waist and the position of the focus. These parameters
were then used to fit the closed aperture Z-scan results. Be-
cause of the large transmission changes due to both two-
photon absorption and large nonlinear phase shifts, a full
Fresnel diffraction calculation had to be performed and the
methodology was verified by calibration measurements on
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FIG. 1. Nonlinear transmission as a function of sample position for the open
aperture case.
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FIG. 2. Nonlinear transmission for an aperture S=0.5. The filled circles
indicate low-intensity data (focusing, 7=0.9 GW/cm?), and the open circles
indicate high-intensity data (defocusing, /=9 GW/cm?). Note the shifts from
the center position of the two minima as well as the sharp slope changing
sign. In both cases the curves show an effect dominated by TPA.

CS, for which values of n, are known, giving comparable
results to those of van Stryland within +30%."® Experimen-
tal data was assumed satisfactory when low intensity (<50
MW/cm?) scans gave no observable change on the transmis-
sion for both the open and closed aperture cases. The experi-
mental procedure, including intensity scans, was reproduced
three times on two different samples. ,

Our initial analysis indicates a variation in n, with inci-
dent intensity as shown in Fig. 3. n, appears to vary linearly
with increasing intensity from 0 to 9 GW/cm?, implying that
the material response at this wavelength and pulse width
can be better described by An=rn,(0)I+n4(0)I*. Further-
more, the two-photon absorption coefficient, ;, also dis-
played a linear dependence on intensity as shown in Fig. 4,
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FIG. 3. Variation of the effective nonlinear refractive index coefficient z, as
a function of the intensity, as measured with 35 ps pulses at 1064 nm from
a 10 Hz Nd:YAG laser. The analysis used assumed An=n,/.
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FIG. 4. Variation of the two-photon absorption coefficient «, as a function
of the intensity, as measured with 35 ps pulses at 1064 nm from a 10 Hz
Nd:YAG laser. The analysis used assumed Aa=a,l.

implying that including higher order effects via
o) = ct,(0)] + a3(0)I* would also better describe the non-
linear absorption. As a result of the presence of higher-order
intensity dependencies in the nonlinear absorption and re-
fraction, calculations involving strictly n, and «, tend to
break down at moderate to high intensities.” Consequently,
performing a linear fit to the results versus intensity is not a
valid means of ‘analysis, and the results serve only as the
impetus to including the higher-order terms in the original
fitting routines.

An iterative series of Fresnel diffraction calculations
were performed on all of the data including the ns/? and
as]? terms in the analysis. Examples of the resulting
fits at low and high intensities are shown in Fig. 2. This
revised calculation gave n2(0)=5(tl)><10"3 cm?’/GW,
73(0)=—5(x1)X107> cm*/GW?, a,(0)=100(*20) cm/GW,
and a5(0)=-5(x1) cm>/GW?. Note that the effect of the
higher order nonlinearity is sufficiently strong to reverse the
sign of the nonlinear index change at a cw intensity of 1
GW/cm?.

Our low intensity value for 7,(0) of 5X 1072 ecm¥W
compares well with Ref. 9 (1,=5.5X10"*? cm*/W) obtained
by using a modified Sagnac ring interferometer in which any
slow thermal effects are avoided by design. Thermal effects
are minimized in our case by the low repetition rate and the
short pulses employed. Our linear extrapolation to /=0 gives
a(0)=100 cm/GW, which corresponds well with the value
reported in Ref. 12 of 120 cm/GW. The uncertainty in the
measured value of «, is probably due to thickness variations
in PTS known to occur because of its laminar (stratified)
structure. Repeated measurements performed on the same or
a nearby spot were repeatable to *£15%, verifying the tech-
nique’s reproducibility.

Similar unusual behavior at 1064 nm has been reported
before in the red form of poly-4BCMU in solution using
degenerate four wave mixing.!* In that case, increasing the
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FIG. 5. Variation in the nonlinear phase shift A¢y, and the transmission vs
the parameter a,/(0)L for representative T.

intensity led to an increase in n,(I) from a negative fo a
positive value, and to an increase in the two photon absorp-
tion coefficient. Some of the features were interpreted in
terms of a Stark shift and saturation of the two-photon level
which occurs higher in energy than the energy of the two
photons being absorbed. In our case, the two-photon absorp-
tion is occurring with a total two-photon energy between two
two-photon active states (located at 2.05 and 2.7 eV), imple-
menting those two two-photon states in Charra’s and Nunzi’s
model could explain qualitatively the effects described
here.!® The interpretation in Ref. 14 also included contribu-
tions from excited species in a three level model. Clearly the
origin of these intensity dependencies merits further investi-
gation.

There are two figures of merit used to assess the suitabil-
ity of a nonlinear material for all-optical switching devices.'®
If linear absorption dominates the loss, W=An/aA>1 is
needed. Here W>1 for I>22 MWj/cm? based on the
attenuation coefficients reported in Ref. 11. When two pho-
ton absorption () dominates the loss, =2 a,\/|n,| should
be less than unity. For PTS, T>3 at 1064 nm. Shown in Fig.
5 are the two-photon absorption trade offs between the accu-

Appl. Phys. Lett., Vol. 64, No. 21, 23 May 1994

mulated nonlinear phase shift A@"~ =4z{ln[1+ a,l (0)L]}/T
and the relative throughput 1/[1+ a,L1(0)]. Clearly for T>1,
large nonlinear phase shifts come at the expense of the
throughput. Furthermore, it has previously been shown that
with increasing T, the switching power increases and the
switching becomes incomplete in a nonlinear directional
coupler.!” Therefore, we conclude that PTS is marginal for
all-optical applications at 1064 nm.

In conclusion, we have measured the complex nonlinear
refractive index of PTS at 1064 nm. Both the nonlinear re-
fractive index n, and the two-photon absorption coefficient
o, were found to vary linearly with intensity, which could
partially explain the large range of previously reported val-
ues. Unfortunately, at this wavelength, two photon absorp-
tion prevents PTS from being a useful material for all optical
switching. We speculate that a, decreases at longer wave-
lengths making 7'<1.

The CREOL research was supported by AFOSR (91-
0339) and NSF (ECS-8911960). We would like to thank Pro-
fessor Van Stryland for very enlightening conversations.
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