REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
New Reprint -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Nonlinear optical transmission of lead WO11NF-06-1-0283
phthalocyaninedopednematic liquid crystal composites for 5b. GRANT NUMBER
multiscale nonlinearswitching from nanosecond to continuous
wave 5c. PROGRAM ELEMENT NUMBER
611103
6. AUTHORS 5d. PROJECT NUMBER

ChuanXiang Sheng, Robert A. Norwood, Jiafu Wang, Jayan Thomas
5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT
University of Central Florida NUMBER
Office of Research
University of Central Florida
Orlando, FL 32826 -0150
9. SPONSORING/MONITORING AGENCY NAME(S) AND 10. SPONSOR/MONITOR'S ACRONYM(S)
ADDRESS(ES) ARO

U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 50372-CH-MUR.115

12. DISTRIBUTION AVAILIBILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department
of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

We have formulated composites of lead (II) tetrakis (4-cumylphenoxy) phthalocyanine (PbTCPc) doped into
nematic liquid crystal (LC), 40-pentyl-4-biphenylcarbonitrile (5-CB), that has received a 90° twisted

alignment and investigated the nonlinear transmission properties using both pulsed (Nd:YLF 524nm, 5 ns) and cw
(532 nm) lasers. In the nanosecond regime, this compound is a reverse saturable absorber performing

15. SUBJECT TERMS

nonlinear optics, liquid crystals, organic dye, nonlinear switching

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 15. NUMBER |19a. NAME OF RESPONSIBLE PERSON
a. REPORT |b. ABSTRACT |c. THIS PAGE ABSTRACT OF PAGES Eric Van Stryland

uu uu uu uu 19b. TELEPHONE NUMBER
407-823-6835

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



Report Title

Nonlinear optical transmission of lead phthalocyaninedopednematic liquid crystal composites for multiscale
nonlinearswitching from nanosecond to continuous wave

ABSTRACT
We have formulated composites of lead (II) tetrakis (4-cumylphenoxy) phthalocyanine (PbTCPc) doped into
nematic liquid crystal (LC), 40-pentyl-4-biphenylcarbonitrile (5-CB), that has received a 90° twisted
alignment and investigated the nonlinear transmission properties using both pulsed (Nd:YLF 524nm, 5 ns) and cw
(532 nm) lasers. In the nanosecond regime, this compound is a reverse saturable absorber performing



REPORT DOCUMENTATION PAGE (SF298)
(Continuation Sheet)

Continuation for Block 13

ARO Report Number  50372.115-CH-MUR
Nonlinear optical transmission of lead phthalocy

Block 13: Supplementary Note

© 2009 . Published in Applied Optics, Vol. Ed. 0 48, (14) (2009), ( (14). DoD Components reserve a royalty-free, nonexclusive
and irrevocable right to reproduce, publish, or otherwise use the work for Federal purposes, and to authroize others to do so
(DODGARS §32.36). The views, opinions and/or findings contained in this report are those of the author(s) and should not be
construed as an official Department of the Army position, policy or decision, unless so designated by other documentation.

Approved for public release; distribution is unlimited.



Nonlinear optical transmission of lead phthalocyanine-
doped nematic liquid crystal composites for
multiscale nonlinear switching from
nanosecond to continuous wave

ChuanXiang Sheng,"* Robert A. Norwood,' Jiafu Wang,' Jayan Thomas,’
Diane Steeves,? Brian Kimball,> and N. Peyghambarian’

'College of Optical Sciences, University of Arizona, Tucson, Arizona 85721, USA
2AMSRD-NSC-WS-N, Kansas Street, Natick, Massachusetts 01760-5020, USA
*Corresponding author: cxsheng@yahoo.com

Received 24 February 2009; accepted 16 March 2009;
posted 20 April 2009 (Doc. ID 107950); published 6 May 2009

We have formulated composites of lead (II) tetrakis (4-cumylphenoxy) phthalocyanine (PbTCPc) doped
into nematic liquid crystal (LC), 4'-pentyl-4-biphenylcarbonitrile (5-CB), that has received a 90° twisted
alignment and investigated the nonlinear transmission properties using both pulsed (Nd:YLF 524 nm,
5ns) and cw (532nm) lasers. In the nanosecond regime, this compound is a reverse saturable absorber
performing similarly to low-concentration solutions of PbTCPc. Under cw conditions, we observe optically
self-activated polarization switching with low threshold input energy. Our results suggest the potential
for an all-optical switch working from the nanosecond time scale to cw. © 2009 Optical Society of

America

OCIS codes:  190.5940, 160.4330.

Nonlinear transmission can be used to protect optical
sensors or human eyes from the damage caused by
high intensity lasers. Many nonlinear optical pro-
cesses, such as thermal diffraction [1], molecular re-
orientation [2,3], multiphoton absorption [4], and
reverse saturable absorption (RSA) [5,6], and corre-
sponding materials have been studied. In recent
years, organic macromolecules, such as phthalocya-
nines (Pc) and their metal complexes have been
widely studied because their strong RSA effect is pro-
mising for nonlinear optical applications in the nano-
second (ns) regime, especially when heavy metal
atoms are substituted at the center [7—11], as this in-
creases the population of molecules in the triplet
ground state. One major challenge for applications
is presented by the multiple time scales of laser

0003-6935/09/142731-04$15.00/0
© 2009 Optical Society of America

sources: materials that work at one time scale are
often useless at others. For example, Pc macromole-
cules work mainly in the ns regime because this is
the relevant time scale for intersystem crossing from
the singlet to the triplet state. On the other hand, la-
ser-induced polarization switching has been studied
in dye-doped nematic liquid crystals (L.Cs) for pas-
sive all-optical switching at the microsecond time
scale and above [2,12].

In this work, we have combined these two materi-
als into a composite that takes advantage of each of
their beneficial properties in one system. The lead
(IT) tetrakis (4-cumylphenoxy) phthalocyanine
(PbTCPc) was dissolved in a twisted alignment ne-
matic LC, 4'-pentyl-4-biphenylcarbonitrile (5CB).
We established this to be an effective process for
making an easily fabricated, phase-stable PbTCPc/
LC compound nonlinear optical switch. With an ap-
propriate concentration of dye, the devices provided
performance comparable to that of dilute solutions of
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PbTCPc in the ns regime [8]. Conversely, the same
device exhibited optically activated polarization
switching with low threshold energy, suitable for con-
tinuous-wave (cw) optical switching.

The nonlinear absorption dye used was lead tetra-
kis (4-cumylphenoxy) phthalocyanine (PbTCPc, 90%,
Aldrich). Roughly 3% by weight PbTCPc was doped
into the nematic LC, 4'-pentyl-4-biphenylcarbonitrile
(5-CB, 98% pure, Aldrich). The glass window surface
was coated with 300nm of polyvinyl alcohol (PVA,
Sigma), and the PVA film was subsequently rubbed
unidirectionally to create planar alignment. The cells
were prepared using two glass substrates with their
alignment layers orthogonal to each other, separated
by a 140 um spacer and a 70 um spacer for Samples 1
and 2, respectively. When filled with the dye/LC mix-
ture and sealed with epoxy, a 90° twisted alignment
PbTCPc-doped nematic LC cell is thus fabricated.
Figure 1 shows pictures of Sample 1 and Sample
2, each of which had been stored in air for more than
two weeks; the pictures were taken after all the mea-
surements had been done. The lower part of Fig. 1
depicts the 90° twisted alignment of the nematic
LC cell.

The nonlinear transmission experiments were per-
formed with a frequency doubled Nd:YLF laser
(5624 nm), which provides 5 ns width pulses with a re-
petition rate of 1 Hz. We used two polarizers in series
to act as an attenuator for adjusting the incident la-
ser energy; then the input laser was split into two
beams, one being employed as a reference and the
other focused onto the sample using a 10 cm focal
length lens. The reference and transmitted laser en-
ergies were collected with a lens and measured
simultaneously by two identical photodiodes. The re-
sponse of the system over the fluence dynamic range
of this work has been checked using a glass substrate
as a linear reference sample. The linear transmit-
tance was determined by dividing the signal magni-
tude on the detector photodiode with the sample in
the beam and without the sample in the beam at
low fluence, which were 0.37 and 0.62 at 524nm

Glass

Glass
Fig. 1. (Color online) Images of two samples and schematic view
of the twist of LC between planar glass windows with orthogonally
oriented PVA alignment layers.
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for Sample 1 and Sample 2, respectively, as expected
considering the thicknesses of the two samples.

The cw laser measurement setup was similar to
the pulsed laser one, except that the sample was
placed between two crossed polarizers and the laser
was unfocused. The polarization direction of the in-
put laser beam was parallel to the rubbed direction of
the incident glass substrate. The transmitted light
will be ordinarily rotated 90° by the LC cell, accord-
ing to the Mauguin theorem. Therefore, the trans-
mission through the analyzer is expected to be at
a maximum.

Figure 2 shows the normalized transmittance as a
function of input fluence for Sample 1 and Sample 2
for ns pulse measurements. We define the threshold
for nonlinear transmission to be the incident fluence
for which the transmittance of the film is 50% of the
linear transmittance. Thus, the threshold fluence is
40 and 75mdJ/cm? for Sample 1 and Sample 2, re-
spectively, which is comparable to the threshold of
~70mJ/cm? observed in PbTCPc solution with
62% linear transmittance when measured by a
similar ns 532nm Nd:YAG laser [8].

It has been discussed that the mechanism of non-
linear transmission for heavy-atom-substituted Pcs
in the ns regime can be attributed to the RSA effect
from both singlet excited states and triplet states
[7-11]. Nonlinear absorption processes for metallo-
phthalocyanines (MPcs) have been studied in detail
using five-level models, depicted schematically in
Fig. 3 [13]. An electron in the ground state absorbs
one photon and is excited to first singlet state S; with
cross section o,. The excited electron may directly
absorb another photon and be promoted to a higher
singlet excited state Sy with a cross section o, or can
undergo an intersystem crossing transition to the tri-
plet state T';, before relaxing back to ground state.
Subsequently, the electron in the T'; state may also
absorb another photon, thereby occupying a higher
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Fig. 2. (Color online) Normalized nonlinear transmission of
PbTCPc-doped LC cells, as well as PoTCPc dilute solution (inset),
with respective fitting results.
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Fig. 3. Schematic diagram of the five-level model and equivalent
quasi-three-level model.
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triplet state with a cross section o,, or decay back to
ground state as well. If the weak absorption from the
ground states results in a substantial electron popu-
lation in any of the lowest excited states (S; or T';),
and those excited states have larger absorption
cross sections than o,, an overall decrease in trans-
mittance upon excitation is expected. Consequently,
the nonlinear transmission properties are a function
of the input fluence as well as pulse duration. For ex-
ample, if the lifetime for electrons’ transition from
the S, states to T'; states, i.e., 1/Kjq., is much longer
than pulse width, the contributions of the triplet
states to nonlinear absorption can be neglected. If
only total pulse fluence is of interest, the quasi-
three-level system shown in Fig. 3, which consists
of ground state absorption and an equivalent excited
state absorption process [13], can be used to describe
the nonlinear absorption. The equivalent excited ab-
sorption, 6.y, can range from o, to o, and is finally
determined by the lifetimes of the energy levels,
the intersystem crossing rate K;,, and the laser
pulse width. Although 6., has no direct physical
meaning, it is a convenient parameter for comparing
the performance among materials for a given laser
system.

Within the three-level approximation, the total
pulse fluence F changes with z according to Ref. [13]:

aF/aZ = —(0exNo - (Gg — Oex)
x [exp(-F/F;) - 1IN F/F)F; (1)

o, is the ground state absorption cross section, which
has been determined by linear transmittance mea-
surements of dilute solutions to be 2.0 x 10718 cm?2.
Fy = hv/o, is the saturation fluence. Therefore, only
one unknown parameter, c.,, must be determined to
fit the measurements shown in Fig. 2. For reference,
a dilute PbTCPc solution sample with a concentra-
tion of 0.43 mg/ml was prepared in a 1 mm cell with
a linear transmittance of 62% and limiting threshold
of 75 mdJ/cm?. The nonlinear transmission versus in-
put fluence of the solution was fitted using Eq. (1) as
well (Fig. 2 inset). All the data are well fitted
by 6. =33 x107 8 cm? which is close to o, of
~33 x 10718 cm? and o, of 40 x 108 cm? of lead Pc
dilute solutions [14]. Therefore, we conclude that

MPc-doped LC cells can be as effective a nonlinear
absorber as MPc dilute solution.

Figure 4 shows the transmitted power as the func-
tion of the input power in the cw measurements. The
laser is unfocused with a beam diameter of 4 mm, and
the sample is illuminated for 10 s for each data point.
The threshold power, defined as the input power at
which the output power begins to decrease, is 110
and 250mW for Sample 1 and Sample 2, respec-
tively; for completeness, a pure twisted LC cell of
70 um thickness has been tested, and there is no
polarization switching effect observed using the
same experimental procedure. For smaller beam
size, the power threshold is reduced correspondingly.
For example, using the same measurement proce-
dure, the threshold for Sample 1 with another unfo-
cused 532 nm laser with a beam diameter of 1.5 mm
is about 30 mW. The underlying mechanism could be
laser-induced LC molecular axis reorientation (as-
sisted by dye) and/or order parameter modifications,
from whence the LC cell stops rotating the polariza-
tion direction of the light, showing that the crossed
polarizer pair can switch off light effectively as
shown in Fig. 4 [10]. This polarization switching pro-
cess can operate at microsecond speeds for higher
input intensities [11].

To further investigate the cw configuration, we
made another composite, using the dye EUT-57, at
roughly 0.76% weight ratio in 5-CB and placed it
in a 70 um LC cell with alignment layers and orien-
tation as described above. The threshold power in
this case is 25 mW as shown in Fig. 5; a picture of
the fabricated cell is shown in the inset. With a smal-
ler beam size, the power threshold is reduced. For ex-
ample, with a focused beam (diameter of 80 ym), the
power threshold was reduced to about 1.5 mW, indi-
cating that very low power operation is possible with
further optimization.

In conclusion, we have presented RSA and polar-
ization switching effects in one sample of a nonlinear
absorber dye (PbTCPc) doped in nematic liquid
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Fig. 4. (Color online) Transmitted power as a function of the
input laser power for an unfocused laser.
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Fig. 5. (Color online) Transmitted power as a function of the

input laser power for an unfocused laser for the EUT-57/5-CB
composite; the inset shows a photograph of the sample.

crystals and have further investigated cw operation
in another composite of EUT-57 and LC. The PbTCPc
device works for both nanosecond pulses as well as
cw and provides a promising approach to fabricating
passive all-optical switches for multiple-time-scale
lasers.

We acknowledge support from the U.S. Army
through the Natick Soldier Center, Nanomaterial
Science Team. This paper is also based on work
supported in part by the U.S. Army Research Office
(ARO) under contract/grant number 50372-CH-
MUR.

References

1. X. Yang, S. Qi, K. Chen, C. Zhang, J. Tian, and Q. Wu, “Optical
limiting characteristics of mercury dithizonate in polymer
film,” Opt. Mater. 27, 1358-1362 (2005).

2. 1. C. Khoo, J.-H. Park, and J. Liou, “All-optical switching of
continuous wave, microsecond lasers with a dye-doped
nematic liquid crystal,” Appl. Phys. Lett. 90, 151107 (2007).

2734 APPLIED OPTICS / Vol. 48, No. 14 / 10 May 2009

10.

11.

12.

13.

14.

. A. Santhi,

. C.-X. Sheng, R. A. Norwood, J. Wang, J. Thomas, Y. Wu,

Z. Zheng, N. Tabirian, D. M. Steeves, B. R. Kimball, and
N. Peyghambarian, “T'ime-resolved studies of photoinduced
birefringence in azobenzene dye-doped polymer films,” Appl.
Opt. 47, 5074-5077 (2008).

. N. Venkatram, D. N. Rao, and M. A. Akundi, “Nonlinear

absorption, scattering and optical limiting studies of CdS
nanoparticles,” Opt. Express 13, 867-872 (2005).

. Y.-P. Sun and J. E. Riggs, “Organic and inorganic optical limit-

ing materials. From fullerenes to nanoparticles,” Int. Rev.
Phys. Chem. 18, 43-90 (1999).

. D.T. Nguyen, C.-X. Sheng, J. Thomas, R. Norwood, B. Kimball,

D. M. Steeves, and N. Peyghambarian, “Observation of
nonlinear transmission enhancement in cavities filled with
nonlinear organic materials,” Appl. Opt. 47, 5777-5783
(2008).

. C. C. Byeon, M. M. McKerns, W. Sun, T. M. Nordlund, and

C. M. Lawson, “Excited state lifetime and intersystem
crossing rate of asymmetric pentaazadentate porphyrin-
like metal complexes,” Appl. Phys. Lett. 84, 5174-5176
(2004).

. J.S. Shirk, R. G. S. Pong, F. J. Bartoli, and A. W. Snow, “Optical

limiter using a lead phthalocyanine,” Appl. Phys. Lett. 63,
1880-1882 (1993).

V. V. Namboodiri, P. Radhakrishnan, and
V. P. N. Nampoori, “Spectral dependence of third order non-
linear optical susceptibility of zinc phthalocyanine,” J. Appl.
Phys. 100, 053109 (2006).

J. W. Perry, K. Mansour, S. R. Marder, K. J. Perry, S. Alvarrez,
Jr., and 1. Choong, “Enhanced reverse saturable absorption
and optical limiting in heavy-atom-substituted phthalocya-
nines,” Opt. Lett. 19, 625-627 (1994).

J. W. Perry, K. Mansour, J. Y. S. Lee, X. L. Xu, P. V. Bedwhorth,
C.T. Chen, D. Ng, S. R. Marder, P. Miles, T. Wada, M. Tian, and
H. Sasabe, “Organic optical limiter with a strong non-
linear absorptive response,” Science 273, 1533-1536
(1996).

I. C. Khoo, J. H. Park, and J. Liou, “Theory and experimental
studies of all-optical transmission switching in a twist-align-
ment dye-doped nematic liquid crystal,” J. Opt. Soc. Am. B 25,
1931-1937 (2008).

T. Xia, D. J. Hagan, A. Dogariu, A. A. Said, and
E. W. Van Stryland, “Optimization of optical limiting devices
based on excited-state absorption,” Appl. Opt. 36, 4110-4122
(1997).

P. A. Miles, “Bottleneck optical limiters: the optimal use of
excited-state absorbers,” Appl. Opt. 33, 6965-6979
(1994).



