Applied Physics “
Letters

\‘.\‘r \
) N\

Different chromophore concentration dependence of photoinduced
birefringence and second-order susceptibility in all-optical poling
Matti Virkki, Martti Kauranen, and Arri Priimagi

Citation: Appl. Phys. Lett. 99, 183309 (2011); doi: 10.1063/1.3657829
View online: http://dx.doi.org/10.1063/1.3657829

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v99/i18
Published by the American Institute of Physics.

Related Articles

Different chromophore concentration dependence of photoinduced birefringence and second-order susceptibility
in all-optical poling
APL: Org. Electron. Photonics 4, 244 (2011)

Two-photon-excited luminescence from a Eu3+-doped lithium niobate crystal pumped by a near-infrared
femtosecond laser
J. Appl. Phys. 108, 063511 (2010)

Dense wavelength conversion and multicasting in a resonance-split silicon microring
Appl. Phys. Lett. 93, 081113 (2008)

Phasematching in semiconductor nonlinear optics by linear long-period gratings
Appl. Phys. Lett. 92, 181110 (2008)

All-optical polymeric interferometeric wavelength converter comprising an excited state intramolecular proton
transfer dye
Appl. Phys. Lett. 84, 4221 (2004)

Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

Explore AIP’s new
open-access journal

AlP

Article-level metrics
now available

Join the conversation!
Submit Now Rate & comment on articles

Downloaded 04 Nov 2011 to 130.230.124.173. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://aipadvances.aip.org?ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Matti Virkki&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Martti Kauranen&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Arri Priimagi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3657829?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v99/i18?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3657829?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3480818?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2976123?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2918013?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1755839?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 99, 183309 (2011)

Different chromophore concentration dependence of photoinduced
birefringence and second-order susceptibility in all-optical poling

Mattl Virkki,'® Martti Kauranen,' and Arri Priimagi®*

Depal tment of Physics, Tampere University of Technology, P.O. Box 692, FI-33101 Tampere, Finland
’Department of Applied Physics, Aalto University, P.O. Box 13500, FI-00076 Aalto, Finland
3Chemical Resources Laboratory, Tokyo Institute of Technology, Japan

(Received 7 September 2011; accepted 13 October 2011; published online 2 November 2011)

We study photoinduced axial and polar ordering in Disperse Red 1 azobenzene—poly(4-vinylpyridine)
polymer systems by monitoring both birefringence and second-harmonic generation during all-optical
poling. The two responses are found to exhibit very distinct dependences on chromophore
concentration: the photoinduced birefringence increasing up to 51 wt. % concentration and the
second-order response reaching its peak already at 23 wt. %. The results show that the polar order
required for second-order response is highly sensitive to chromophore-chromophore intermolecular
interactions, whereas the birefringence is much more robust against such effects. © 2011 American

Institute of Physics. [doi:10.1063/1.3657829]

The linear and nonlinear optical properties of azobenzene-
containing polymeric materials arise from the reversible
photoisomerization of the azobenzene derivatives.' The isom-
erization process provides the possibility to photo-orient the
chromophores with polarized light* and to induce macroscopic
mass transport in the material.® Such photoinduced motions
render azo-polymers promising for optical data storage,
switching, diffractive optics, and nanotechnology.”®

The light-induced molecular ordering in azo-polymers is
greatly affected by the properties of the exciting light. Exci-
tation with a single linearly polarized beam orients the mole-
cules perpendicular to the polarization direction, and the
resulting anisotropic ordering gives rise to birefringence.’
On the other hand, excitation with a superposition of beams
at a fundamental frequency and its second-harmonic gives
rise to two- and one-photon excitation of the chromophores
redistributing the molecules into a noncentrosymmetric polar
ordering (Fig. 1). This process is known as all-optical
poling.”®

The polar ordering depends delicately on electrostatic
interactions between the chromophores. Such interactions
account for the fact that the second-order nonlinear optical
response of azo-polymers does not increase linearly with
chromophore concentration, but exhibits a maximum at a
concentration value dictated by the dipole moment of the
chromophores.”'® This optimal concentration has been stud-
ied in noncovalently'' and covalently'*'"? coupled azo-
polymer systems using electric field poling. On the other
hand, we have shown that, as long as chromophore aggrega-
tion can be suppressed, the photoinduced birefringence
increases linearly with concentration'* and that intermolecu-
lar interactions can even enhance the photo-orientation pro-
cess when efficient packing of the molecules is possible.'>'®
Hence, chromophore-chromophore interactions seem to play
a distinct role in the axial and polar molecular alignment.
All-optical poling leads to polar as well as axial molecular
ordering.® Hence, it is important to understand whether the
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same or different mechanisms constrain the birefringence
and second-order response that can be achieved by all-
optical poling.

In this letter, we simultaneously monitor the photoin-
duced birefringence and second-harmonic generation (SHG)
during all-optical poling and show that the two processes ex-
hibit distinct concentration dependences. The photoinduced
birefringence levels off only at very high azobenzene con-
centrations. The photoinduced noncentrosymmetry, on the
other hand, reaches its maximum at much lower concentra-
tion. This result provides important information about the
molecular-level interactions that take place in azo-polymer
systems during photoinduced chromophore redistribution,
and highlights the different role of electrostatic interactions
in photoinduced birefringence and all-optical poling.

In order to access a wide concentration range, we take
advantage of the selective hydrogen bonding between the chro-
mophores and the polymer matrix, which allows high chromo-
phore concentration without deteriorating sample quality.'”'®
Thin film samples were fabricated from Disperse Red 1 (DR1)
and poly(4-vinylpyridine) (P4VP, M,,=22000 g/mol), which
were used as received. Their molecular structures are show in
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FIG. 1. (Color online) Redistribution of the in-plane molecular alignment
of an isotropic structure (left) into a noncentrosymmetric structure (upper
right) through selective excitation with a dual-frequency beam and into a
birefringent structure (lower right) through excitation with a single linearly
polarized beam.
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FIG. 2. (Color online) (a) Molecular structure of Disperse Red 1 hydrogen
bonded to poly(4-vinylpyridine). (b) Absorption spectra for samples with
low (13 wt. %), medium (31 wt. %), and high (59 wt. %) chromophore mass
fraction. (c) Wavelength of the absorption maximum as a function of chro-
mophore concentration. The dashed line is a linear fit to the data.

Fig. 2(a). The chromophore and polymer were separately dis-
solved in dimethylformamide and filtered through a syringe fil-
ter with 200nm pore size. The solutions were mixed in
different proportions to form eight complex solutions with
chromophore mass fraction ranging from 5.6 to 59 wt. %. The
solutions were spin-coated on glass substrates. The absorbance
of the samples at 532 nm was fixed to ca. 0.7 by controlling the
film thickness.

All-optical poling was performed with a similar setup as
in Ref. 8. The dual-frequency poling beam was a combination
of the fundamental beam (1064 nm) of a Q-switched diode-
pumped Nd:YAG laser (8ns, 100Hz), and its second-
harmonic at 532nm. The pulse energies were 20 uJ for the
fundamental writing beam and 0,4 pJ for the second-harmonic
seeding beam. The same ratio of the writing and seeding
beams could be used for all samples due to their equal absorb-
ance at 532 nm.® The phase difference between the beams was
found to have minimal effect on the photoinduced noncentro-
symmetry due to the coherence properties of the multimode
laser used, hence no phase optimization was required.

The photoinduced birefringence was measured with a
probe beam at small angle to the poling beam line. The probe
was produced with a 5mW diode laser at 780 nm. The sam-
ple was placed between crossed polarizers with +45° orien-
tation with respect to the polarization of the poling beams.
The transmitted intensity was measured with a photodiode
and the birefringence |An| was obtained from'’

]:Iosin2<w>, (1)

where [ is the photodiode signal with the two polarizers in
parallel orientation, d is the film thickness, and 4 the wave-
length of the probe beam.

The photoinduced noncentrosymmetry was probed by
measuring the second-harmonic produced by the sample.
The seeding beam was periodically blocked by placing a
long-pass filter before the sample. During the brief interrup-

FIG. 3. (Color online) Saturation values of (a) photoinduced birefringence
and (b) second-order susceptibility as a function of chromophore concentra-
tion during all-optical poling.

tion of poling, the SHG from the sample, I§HG, was measured
using a photomultiplier tube. A reference signal, ISQHG, was
measured from the maximum of the Maker fringes of a
quartz crystal. The effective second-order susceptibility yg,;f)
of the sample is then

IgHG 2w,s 100D )
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where ,()(Oz()‘Q =0.6pm/V (Ref. 20) is the relevant suscepti-

bility component of quartz, n,, s and n, o are the refractive
indices of the sample and quartz at the fundamental fre-
quency and 7y, s and ny, o at the second-harmonic fre-
quency, Akg=0.15 x 10°m~" (Ref. 8) is the wave vector
mismatch in quartz, and OD is the optical density of the sam-
ple at the second-harmonic wavelength.

The absorption spectra for selected samples are shown
in Fig. 2(b) and the wavelengths of maximum absorption in
Fig. 2(c). Increasing chromophore concentration leads to
broadening and almost linear blue shift of the DR1 absorp-
tion maximum at ca. 500 nm. We attribute this gradual blue
shift mainly to the fact that the increasing chromophore con-
centration changes the polarity of the local environment of
the chromophores, which gives rise to solvatochromic shift
in the absorption maximum.*! Large-scale chromophore
aggregates, on the other hand, would lead to much more pro-
nounced changes in the absorption spectra,'’* but here their
formation is prevented by the noncovalent coupling between
the chromophores and the polymer matrix.

The saturation values for the photoinduced birefringence
and second-order susceptibility are shown in Fig. 3. The bire-
fringence increases systematically with chromophore concen-
tration, before leveling off at the highest concentrations (Fig.
3(a)). The maximum value of 0.029 was obtained at 51 wt. %
azobenzene concentration. Similar concentration dependence,
with a more pronounced drop after 51 wt. %, was found also
when the birefringence was induced with a 514nm beam in
separate measurements (data not shown). The concentration
dependence of the second-order susceptibility, on the other
hand, was very different compared to the birefringence (Fig.
3(b)), with a maximum value of 3.6 pm/V already at 23 wt. %
chromophore concentration. Assuming homogeneous chromo-
phore distribution, this corresponds to chromophore number
density of 53x10%1/cm® and 1.2nm average distance
between the chromophores. Our results are in reasonable agree-
ment with reports for other Disperse Red type molecules. '’

The notable difference in the concentration dependence
of photoinduced birefringence and noncentrosymmetry can

Downloaded 04 Nov 2011 to 130.230.124.173. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



183309-3 Virkki, Kauranen, and Priimagi

be understood by considering the interactions between the
chromophores at high concentrations. For high-dipole-
moment chromophores, such as DR1, antiparallel molecular
packing is favored over parallel one,” and such centrosym-
metric packing is detrimental for the second-order
response.>**> The macroscopic second-order response is
thus determined by the competition between the poling field,
which drives the molecules into noncentrosymmetric
arrangement and the chromophore-chromophore interac-
tions, which drive the molecules into centrosymmetric
arrangement.” The latter is more prominent at high concen-
trations, hence decreasing the second-order susceptibility. At
the same time, hydrogen bonding between the chromophores
and the polymer matrix prevents the formation of large chro-
mophore aggregates. The dipolar interactions that play
against noncentrosymmetric chromophore alignment do not
prevent their axial ordering, provided that the aggregates
remain sufficiently small. We also note that the dynamics
and the temporal stability of the photoinduced processes can
depend on intermolecular interactions.'>'® In the present
case, however, both the dynamics and stability for different
samples were essentially the same.

The results are in good agreement with Refs. 11 and 12
for electrically poled samples as well as with our previous
work on photoinduced birefringence, demonstrating (1) that
the concentration dependence of the second-order suscepti-
bility is similar in all-optically poled and electrically poled
polymer films and (2) that the concentration dependence of
photoinduced birefringence is independent of whether it is
induced directly with continuous-wave irradiation or during
all-optical poling as here.

In conclusion, we have studied the effect of chromo-
phore concentration on photoinduced birefringence and
second-order nonlinear response in hydrogen-bonded
DR1-P4VP complexes. The two effects exhibit very differ-
ent concentration dependences even when induced simulta-
neously during all-optical poling. The second-order response
is diminished at high concentrations due to chromophore-
chromophore intermolecular interactions, whereas the photo-
induced birefringence is more robust against such effects.

Appl. Phys. Lett. 99, 183309 (2011)

This work was supported by Academy of Finland
(135043). A.P. acknowledges the support of the Japan Soci-
ety for the Promotion of Science and the Foundations’ Post
Doc Pool in Finland. The authors thank Anni Lehmuskero
for refractive index measurements.

17. Sekkat and W. Knoll, Photoreactive Organic Thin Films (Academic,
San Diego, 2002).

>M. Dumont and A. E. Osman, Chem. Phys. 245, 437 (1999).

3N. K. Viswanathan, D. Yu Kim, S. Bian, J. Williams, W. Liu, L. Li, L.
Samuelson, J. Kumar, and S. K. Tripathy, J. Mater. Chem. 9, 1941 (1999).
“A. Shishido, Polym. J. 42, 525 (2010).

SU. A Hrozhyk, S. V. Serak, N. V. Tabiryan, L. Hoke, D. M. Steeves, and
B. R. Kimball, Opt. Express 18, 8697 (2010).

A, Kravchenko, A. Shevchenko, V. Ovchinnikov, A. Priimagi, and M.
Kaivola, Adv. Mater. 23, 4174 (2011).

F. Charra, F. Kajzar, J. M. Nunzi, P. Raimond, and E. Idiart, Opt. Lett. 18,
941 (1993).

8C. Fiorini, F. Charra, J. M. Nunzi, and P. Raimond, J. Opt. Soc. Am. B 14,
1984 (1997).

°L. R. Dalton, A. W. Harper, and B. H. Robinson, Proc. Natl. Acad. Sci.
U.S.A. 94, 4842 (1997).

104 W. Harper, S. Sun, L. R. Dalton, S. M. Garner, A. Chen, S. Kalluri, W.
H. Steier, and B. H. Robinson, J. Opt. Soc. Am. B 15, 329 (1998).

ML . Banach, M. D. Alexander, S. Caracci, and R. A. Vaia, Chem. Mater.
11, 2554 (1999).

2R, Kajzar, O. Krupka, G. Pawlik, A. Mitus, and I. Rau, Mol. Cryst. Liq.
Cryst. 522, 180 (2010).

13G. Pawlik, 1. Rau, F. Kajzar, and A. C. Mitus, Opt. Express 18, 18793
(2010).

"A. Priimagi, M. Kaivola, F. J. Rodriguez, and M. Kauranen, Appl. Phys.
Lett. 90, 121103 (2007).

SA. Priimagi, J. Vapaavuori, F. J. Rodriguez, C. F. J. Faul, M. T. Heino, O.
Ikkala, M. Kauranen, and M. Kaivola, Chem. Mater. 20, 6358 (2008).

16y, Vapaavuori, V. Valtavirta, T. Alasaarela, J.-I. Mamiya, A. Priimagi, A.
Shishido, and M. Kaivola, J. Mater. Chem. 21, 15437 (2011).

7A. Priimagi, S. Cattaneo, R. H. A. Ras, S. Valkama, O. Ikkala, and M.
Kauranen, Chem. Mater. 17, 5798 (2005).

18A. Priimagi, M. Kaivola, M. Virkki, F. J. Rodriguez, and M. Kauranen, J.
Nonlinear Opt. Phys. Mater. 19, 57 (2010).

19T. Todorov, L. Nikolova, and N. Tomova, Appl. Opt. 23, 4309 (1984).

20R. W. Boyd, Nonlinear Optics (Academic, San Diego, 2008).

e Reichardt, Chem. Rev. 94, 2319 (1994).

22A, Priimagi, A. Shevchenko, M. Kaivola, F. J. Rodriguez, M. Kauranen,
and P. Rochon, Opt. Lett. 35, 1813 (2010).

2F, Wiirthner, S. Yao, T. Debaerdemaeker, and R. Wortmann, J. Am.
Chem. Soc. 124, 9431 (2002).

24A. Datta and S. K. Pati, J. Chem. Phys. 118, 8420 (2003).

2A. M. Kelley, J. Chem. Phys. 119, 3320 (2003).

Downloaded 04 Nov 2011 to 130.230.124.173. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1016/S0301-0104(99)00096-8
http://dx.doi.org/10.1039/a902424g
http://dx.doi.org/10.1038/pj.2010.45
http://dx.doi.org/10.1364/OE.18.008697
http://dx.doi.org/10.1002/adma.201101888
http://dx.doi.org/10.1364/OL.18.000941
http://dx.doi.org/10.1364/JOSAB.14.001984
http://dx.doi.org/10.1073/pnas.94.10.4842
http://dx.doi.org/10.1073/pnas.94.10.4842
http://dx.doi.org/10.1364/JOSAB.15.000329
http://dx.doi.org/10.1021/cm9902725
http://dx.doi.org/10.1080/15421401003720017
http://dx.doi.org/10.1080/15421401003720017
http://dx.doi.org/10.1364/OE.18.018793
http://dx.doi.org/10.1063/1.2714292
http://dx.doi.org/10.1063/1.2714292
http://dx.doi.org/10.1021/cm800908m
http://dx.doi.org/10.1039/c1jm12642c
http://dx.doi.org/10.1021/cm051103p
http://dx.doi.org/10.1142/S0218863510005091
http://dx.doi.org/10.1142/S0218863510005091
http://dx.doi.org/10.1364/AO.23.004309
http://dx.doi.org/10.1021/cr00032a005
http://dx.doi.org/10.1364/OL.35.001813
http://dx.doi.org/10.1021/ja020168f
http://dx.doi.org/10.1021/ja020168f
http://dx.doi.org/10.1063/1.1565320
http://dx.doi.org/10.1063/1.1588995

