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The optical Stark effect (OSE) has been studied in highly oriented J-aggregates of 1,1’-diethyl-2,2’-cyanine chloride (PIC-
Cl) in vertically spin-coated PVA film under far off-resonance pump by 1 ps pulses at 1055 nm. Blue shift of few tens of cm−1,
bleaching, and broadening of the J-band were observed. The induced changes in absorption showed instantaneous character
of OSE. Polarization dependence observed is qualitatively explained supposing the dual nature of the J-band. Observed Stark
shift of nearly the same magnitude in dye monomer solution indicates no exciton enhancement of the aggregate OSE response
induced by far off-resonance light pulses.
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1. Introduction

The fast control of optical properties of the organic
molecular systems with quantum confinement effects
by non-resonant light pulses has become a subject of
active study. The potentials of J-aggregates to be used
as elements for all optical computing are due to size
enhancement of absorption transitions and third order
nonlinear susceptibilities as a result of cooperative re-
sponse of 1D-confined Frenkel excitons to the light
field.

The exciton size effect on nonlinear optical prop-
erties of J-aggregates was examined for the first time
by theoretical work of Spano and Mukamel [1]. The
near resonance third order nonlinear optical suscepti-
bility was predicted to be scaled as square of the optical
(coherent) aggregate size N [1, 2] in the case of fast de-
phasing. For far off-resonance case, the nonlinear third
rank susceptibility was predicted to be linearly depen-
dent on N . The optical Stark effect was theoretically
treated by Mukamel et al [3]. Transients under virtual
excitation by slightly off-resonant femtosecond pulses
were reported by Sasaki et al [4, 5] in pseudoisocya-
nine bromide at low temperatures. However, the case
of non-resonant pump still remains poorly examined
experimentally.

In this paper, we report the results of the study
of optical Stark effect (OSE) in J-aggregates of 1,1’-

diethyl-2,2’-cyanine chloride (pseudoisocyanine chlo-
ride) at room temperature under the conditions of far
off-resonance pump. The exciton dephasing time was
short compared to the duration of pump and probe
pulses.

2. Materials and methods

The samples studied were vertically spin-coated
films of 1,1’-diethyl-2,2’-cyanine chloride (PIC) J-ag-
gregates in polyvinyl alcohol (PVA) (for prepara-
tion details see [6]). For preparing highly oriented
J-aggregates by this technique, primarily 80 mg PVA
was dissolved in distilled water at ∼95 ◦C. Then 8 mg
of PIC (Filmfabrik Wolfen GmbH, without further pu-
rification) was added into the hot solution. The sub-
strate – a rectangular glass plate – was attached to the
shaft of an electric motor with the shorter edge of sub-
strate parallel to the shaft. The solution was placed
on the plate before spinning, and it spread over along
the substrate surface in the radial direction by rota-
tion. Spinning speed of substrate was about 2000 rpm.
The J-aggregate absorption band had a maximum at
572 nm and a bandwidth of 275 cm−1 at the polariza-
tion parallel to orientation direction (the long rectangle
axis) of the film (Fig. 1). The absorption spectra had
been recorded using fibre optic spectrometer AvaSpec-
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Fig. 1. Absorption and linear dichroism spectra of PIC / PVA film.
Symbol ‖ marks absorption for polarization parallel to orientation
direction, ⊥ is for perpendicular polarization, LD is for linear

dichroism.

2048TEC-2 (Avantes BV) additionally placing a thin
film polarizer at entrance to spectrometer’s fibre.

The pump-probe experiments were carried out us-
ing mode-locked Nd : glass laser and optical paramet-
rical amplifier (OPA) (Light Conversion Ltd.). The
fundamental frequency of the laser (1055 nm) was
used to induce the off-resonance OSE in J-aggregates
at the detuning from resonance (J-band) of about
8000 cm−1. The Gaussian beam diameter on the sam-
ple was 0.72 mm at 1/e2 of the maximal intensity. The
FWHM of the pump pulse was 1.3 ps as determined
by the second harmonic generation (SHG) autocorre-
lation technique; the intensity profile was well fitted
by sech2(t). The energy of the pump pulse was var-
ied from 25 up to 150 µJ (7.5–45 GW cm−2 intensity
range). The second harmonic (527.5 nm) has been
used in experiments with resonance pump. Polariza-
tion of the pump beam was changed by using half-wave
plate. The pump induced absorption changes around
the J-band were scanned by tunable probe (second har-
monics of OPA). All the experiments were performed
at room temperature. Further in this article the orien-
tations of polarizations of pump and probe beams are
referred to with respect to orientation direction of the
film.

3. Results and discussion

Figure 1 shows the absorption spectra of aggregates
in the film at parallel and perpendicular polarizations of
the light with respect to the orientation direction. Lin-
ear dichroism LD = A‖ − A⊥ and absorption spec-
tra reveal that part of aggregates have been oriented
by shear force during the spinning so that their dipole

transitions become parallel to the direction of centrifu-
gal force. However, the anisotropy reached shows that
there is a part of aggregates which are less affected by
coating process and are distributed more isotropically.
The latter observation is well consistent with the as-
sumption of Kobayashi et al [7, 8] about the existence
of two kinds of species in the coated film: macroaggre-
gates and mesoaggregates. Although the shape of the
band is similar for both polarizations (Fig. 1), the ab-
sorption band for perpendicular polarization is slightly
red-shifted compared to that for parallel one. As a re-
sult, maximum of dichroism is observed at 571.5 nm,
which is “blue” fraction of absorption band. Thus, we
observe clear evidence of inhomogeneous nature of the
J-band as “blue” and “red” fractions differently respond
to aligning force. Similar conclusions have been drawn
by Misawa et al [9] from spectral hole burning experi-
ments as well as from electroabsorption [10].

Different polarizations of both pump and probe
beams were used in measurement of transient absorp-
tion spectra. As seen from Fig. 2 (middle), in all cases
the off-resonant pump-induced changes in absorption
have dispersion-like shape with zero at ∼571 nm,
which is close to wavelength of the peak of J-band. The
shape of the spectra are similar to what is attributed
to real excitons created by the absorption of resonant
pump (Fig. 2, top) but there are few major differences
between resonant and off-resonant pump. The first dif-
ference is the contribution of stimulated emission in
the resonant pump case which is not present at non-
resonance pump. Moreover, in the latter case a small
induced transient absorption is present at long wave-
length side (>580 nm). The second difference is dif-
ferent response to polarization of the pump. In the case
of resonant pump the changes of absorption measured
with parallel polarization of the probe were bigger for
perpendicular polarization of the pump (Fig. 2, top).
In the case of off-resonant pump the biggest absorp-
tion changes were detected in the case when both probe
and pump polarizations were parallel to orientation di-
rection (Fig. 2, middle). Third, the time behaviour
of off-resonant pump-induced changes show instanta-
neous character, the change in optical density exactly
following the intensity variation in the sech2(t) pulse
with 1.3 ps duration (Fig. 3). In contrast, real excitons
created by resonance pump result in slowly decaying
absorption changes with characteristic decay time of
(20±4) ps. Signatures of real excitons created due to
two-photon absorption (TPA) appear also in the case
of non-resonance pump as small residuals observed at
longer delays of the probe pulse, as seen from Fig. 3,
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Fig. 2. Top, spectra of zero delay differential absorption for res-
onance pump (527 nm, 37 MW cm−2): parallel pump - parallel
probe, (‖ ‖), ¥; (⊥‖), ¤. Middle, zero delay differential absorp-
tion normalized to steady state absorption for off-resonance pump
(1055 nm, 22.6 GW cm−2): (‖ ‖), ¥; (⊥‖), ¤; (‖⊥), ◦; (⊥⊥), •.
Bottom, absorption of non-affected (solid lines) and OSE affected
samples measured at zero delay. Symbols and lines for different

polarizations the same as in the middle graph.

Fig. 3. Time dependences of normalized absorption changes: off-
resonance (1055 nm) pumped aggregates at 572 nm (◦), monomers
at 540 nm (•), and resonance (527 nm) pumped aggregates at
572 nm (¨). Dotted line is a convolution of pump pulse with two-
exponential (exciton annihilation influenced) decay with time con-
stants of 0.5 and 18 ps. Solid line is an intensity profile of sech

2

pulse of 1.3 ps duration.

Fig. 4. Pump intensity dependences of the blue shift of aggregate
(¥) and monomer (◦) bands. Linear fits performed assuming zero

OSE shift at zero pump intensity.

and are small enough (less than 5%). Thus, the mea-
sured changes of absorption are associated mainly with
far off-resonance OSE.

Figure 2 (bottom) shows OSE affected absorption
band for different cases calculated from measured
steady state and differential absorption spectra. In or-
der to estimate the shift of the maximum of the J-band,
the OSE affected absorption band (we took 11–12
points around the peak) was fitted by Gaussian func-
tion. The same procedure has been applied for the
steady state spectrum. The main feature observed in all
cases is the OSE induced blue shift of the J-band which
is proportional to the intensity of the pump (Fig. 4). To
estimate the shift for monomers, the 10−4 M methanol
solution of the dye was prepared. To measure the shift,
the 540 nm probe wavelength has been chosen which
corresponds to the maximum slope of monomer ab-
sorption band. The calculated blue shift at zero delay
of probe pulse ∆ν̃ = ∆A/

(
dA/dν̃

)
was ∼39 cm−1

which is close to the shift of J-band (∆ν̃J ≈ 36 cm−1)
measured at the same pump intensity. The dressed-
atom theory predicts a blue shift 2Ω2/(ω0 − ωp) of
transition frequency for two-level system, where Ω2 is
the square of Rabi frequency, the latter being propor-
tional to pump intensity, ω0 is a transition frequency
between two atomic levels, and ωp is pump frequency.
The same prediction for the value of optical Stark shift
was showed to be valid for excitons at large below-gap
detuning in semiconductors by Combescot et al [11].
The simplification of the model at large detuning is pos-
sible by neglecting the Coulomb interactions whose en-
ergy is much less than the detuning. Hamiltonian for
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J-aggregates can be obtained within Heitler–London
approximation [12]:

Ĥe =
∑

n

~ωnb̂†nb̂n +
∑

n6=m

Jnm

(
b̂†nb̂m + b̂†mb̂n

)
. (1)

Here, b̂n and b̂†n denote the Pauli annihilation and cre-
ation operators for an excitation on molecule n, ~ωn is
the electronic excitation energy of the nth molecule,
and Jnm is the dipole–dipole interaction energy be-
tween nearest-neighbour molecules:

Jnm =
µn · µm − 3

(
r

0
mn · µn

)(
r

0
nm · µm

)

4πε0|rmn|3
, (2)

where r
0
mn = rmn/|rmn|, |rmn| is the distance

between the nearest-neighbour molecules, µn is the
dipole moment of the nth molecule.

In analogy with Combescot et al [11] where Cou-
lomb interactions were neglected (free-electron limit)
for large detuning of irradiation photon energy, the
nearest-neighbour interaction energy Jnm could be
neglected in this case, because the pump detuning
(∼8000 cm−1) was suitably larger than nearest-neigh-
bour interaction energy J = ∼790 cm−1. As a result,
we observed the OSE induced blue shift of the J-band
of almost the same magnitude as for dye monomers,
though dipole moment of J-aggregates was a few times
bigger than that of monomers [12]. The latter means
that no coherent exciton size enhancement of far off-
resonance OSE in aggregates is observed. Similarly,
no exciton size enhancement was found for nonlinear
third order optical susceptibility far off-resonance. For
far off-resonance case, the nonlinear third rank suscep-
tibility was predicted to be linearly dependent on ag-
gregates size [1, 2], what implies the same nonlinear
optical response of N monomers as of aggregate com-
posed of N coherently coupled molecules.

Another common feature of the difference spectra is
the bleaching which is expressed as decrease in absorp-
tion at the peak of the shifted band as well as decrease
of the area under the J-band shape. Finally, change
in the shape of the band is noticeable. It is most evi-
dent from the fact that the high-energy side of J-band
shifts less than the low-energy one (Fig. 2). Different
OSE responses of oriented J-aggregates to the polar-
ized pump seem to offer the key for qualitative expla-
nation of the results obtained. In the case of paral-
lel pump the macroaggregates are mainly affected by
OSE, the spectral signature of which is the blue shift
of the “blue” fraction or macroaggregates of the J-band
(see Fig. 2, middle). The characteristic changes in op-
tical density in the latter case are higher positive val-

ues in the blue wing of J-band ((‖ ‖) and (‖⊥) cases,
where the first symbol denotes the pump and the sec-
ond the probe polarizations). The evidences of broad-
ening of the band are observed as the positive values
of normalized absorption change in the red wing of
the band which can be due to overtones or combina-
tion modes of Raman as in [4] but with less contribu-
tion to differential spectra. The real excitons created
by two-photon absorption result in stimulated emission
well noticeable in the cases (‖⊥) and (⊥‖). The neg-
ative changes due to stimulated emission result in de-
crease of transient absorption in the red wing of the
band. Lower values of induced absorption in the blue
wing of J-band are the characteristic feature of the OSE
of isotropically dispersed mesoaggregates ((⊥‖) and
(⊥⊥) cases). Higher bleaching and broadening of the
J-band are observed for (⊥⊥) case. Also, the blue shift
of blue and red wings of J-band is distinctly bigger for
(‖ ‖) case than for other cases. This can be due to con-
siderable orientation not only of macroaggregates, but
also of significant part of mesoaggregates of which the
macroaggregates consist.

The J-band responds to the off-resonance pump by
fully reversible blue shift, bleaching, and broadening
of absorption band being due to optical Stark effect.
The observed polarization dependence of OSE induced
absorption changes can be qualitatively understood as-
suming the dual nature of the J-band as being com-
posed of “blue” dichroic macroaggregate contribution
and “red” isotropic mesoaggregate band.

4. Conclusion

The blue shift of aggregate transition energy, bleach-
ing, and broadening of J-band absorption due to OSE
have instantaneous character under our experimental
conditions and follow the intensity variation in the
pump pulse. The observed polarization dependence
of the OSE induced absorption changes of oriented
samples can be qualitatively understood as the dual
nature of the J-band. The far off-resonance OSE in
J-aggregates seems to exhibit no enhancement due to
coherent exciton size.

Taking into account the instantaneous character of
OSE induced changes in optical transmission, we find
off-resonance optical Stark shifting of aggregate band
to be fast and effective method to control optical signals
in visible range by infrared light. It could find applica-
tion for molecular switching devices in prospect.
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OPTINIS ŠTARKO EFEKTAS ORIENTUOTUOSE PSEUDOIZOCIANINO J AGREGATUOSE
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Santrauka
Darbe tiriamas optinis Štarko efektas (OŠE) stipriai orien-

tuotuose 1,1’-dietil-2,2’-cianino chlorido (PIC-Cl) J agregatuose,
įterptuose į PVA plėvelę, esant nerezonansiniam (nederinimas
8000 cm−1) impulsiniam (1 ps trukmės) žadinimui. Stebimi OŠE
sukelti sugerties pokyčiai yra kelių cm−1 dydžio J juostos mėlyna-

sis poslinkis, juostos blyškimas ir plitimas. Eksperimento sąlygo-
mis sugerties pokyčiai buvo momentinio pobūdžio. Stebima polia-
rizacinė priklausomybė kokybiškai paaiškinta nevienalyčiu J juos-
tos pobūdžiu. Panašaus dydžio Štarko poslinkis dažų monomeri-
niame tirpale ir agregatuose liudija apie neeksitoninės prigimties
OŠE atsaką J agregatuose didelio žadinimo nederinimo sąlygomis.


