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Photobleaching and reorientational dynamics of dyes in a nematic liquid crystal
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The polarized fluorescence of excited dyes in a prototype nematic liquid crystal is studied as a function of
temperature, polarization of the light, and laser wavelength. We show explicitly the coexistence of pho-
tobleaching and dye diffusion through the nematic host as two mechanisms influencing the magnitude of the
fluorescence signal. In addition, we exhibit clear evidence of the presence of a torque at low input laser powers
that twist the dye molecules with respect to the director orientation of the liquid crystal, if the dyes are
resonantly excited. The fluorescence emission in this latter case is able to perceive the birefringence of the
nematic liquid crystal host, and this is shown as clear oscillations in the polarized fluorescence as a function of
temperature. Extensive qualitative comparisons of the experimental results with the mean-field Maier-Saupe
theory of the nematic state are presented, and a model is proposed to account for the observations.
@S1063-651X~99!10802-X#

PACS number~s!: 61.30.Gd, 87.64.Ni, 78.20.Fm, 32.80.Lg
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I. INTRODUCTION AND OVERVIEW

Dye doped liquid crystals exhibit a myriad of optical e
fects which are intrinsic to their unique nature. Original
the orientation of dichroic dyes by the cooperative alignm
of the liquid crystal~LC! molecules in the nematic phase w
discovered by Heilmeier, Castellano, and Zanoni@1#, who
designated the effect asguest-host interaction. By measuring
the polarized fluorescence of the dyes, the method was
mediately recognized as a powerful tool to gain microsco
information on the different liquid crystalline phases@2#. The
guest-host effect has also been used for tailor-made ele
optical LC devices with improved contrast ratios at spec
wavelengths in the visible@3,4#. More recently, enhance
light-induced molecular reorientations in dye doped LC
were observed, and their understanding in terms of a mi
scopic interaction between the excited dyes and the LC m
ecules was developed by the pioneering work of Ja´nossy@5#.
It turns out that a light beam acting on a dye doped LC m
display an optical torque which is 2–3 orders of magnitu
larger than the usual one, which is proportional to the diel
tric anisotropy of the LC molecules. This effect has drama
consequences for the threshold of the optical Fre´edericksz
transition@5#. The enhanced nonlinear optical properties a
the variety of phenomena observed in dye doped LC’s h
recently triggered several studies. Notwithstanding, many
the details of the observed phenomena, as well as their
tionships, are not fully worked out. Moreover, as pointed o
by Jánossy@6#, the connection between the microscopic m
lecular properties of the dyes and LC’s and the result
macroscopic optical nonlinearities is not yet understood.

Among the most salient results reported in the literat
of dye doped LC’s we highlight the following: Khoo an
co-workers@7# reported the existence of a negative reorie
tational effect in the transient regime of a dye doped nem
LC after a short laser pulse illumination. Fundamental
PRE 591063-651X/99/59~2!/1850~10!/$15.00
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pects of the order parameter in the nematic and smectA
phases using the guest-host effect were reported by Bau
and Wolarz@8# using polarized fluorescence and absorptio
and by Wu@9# using second harmonic generation. The ph
tochromism of azo dyes and their effect on liquid crystalli
ordering was reported by Blinovet al. @10#, while the funda-
mental aspects of the optical torque enhancement in bulk
doped LC’s were principally studied by Ja´nossy and co-
workers @5,6,11# and Shen and co-workers@12#. From the
standpoint of applications, dye doped liquid crystals we
investigated as possible candidates for optical cavities@13#
as well as spatial filtering@14,15#, photothermal self-phase
modulation @16#, holograms@17,19#, and optical recording
@18,20#. Surface-mediated alignment in dye doped LC’s u
der laser light illumination was reported by Gibbonset al.
@21#. In the latter work, the alignment of the LC becom
perpendicular on a macroscopic scale to the electric fi
polarization of the laser, presumably by the indirect action
the dye and the aid of the surface interaction. It is wo
noting at this stage that several of the dye-assisted reorie
tional mechanisms delineated in the literature are not ne
sarily equivalent or related to each other. The transient re
entation observed in Ref.@7# is, in the simplest possible
approach, not related to the enhanced optical torque s
under constant wave laser illumination in Ref.@5#. Likewise,
the surface-assisted reorientation used for pattern recor
by optical means in Ref.@21# seems to be specifically relate
to the presence of a boundary. In fact, the reversible surfa
mediated optical alignment in a dye doped LC reported
Ref. @21# is such that the molecules orient themselves in
direction perpendicular to both the electric field of the lig
EW and the director fieldnW in a planar aligned LC cell. Con
versely, the enhanced bulk optical torque influencing the
tical Fréedericksz transition in Ref.@5# is found to be pro-
portional, and to have the same sign as the normal opt
torque exerted by the laser, implying that the molecules w
1850 ©1999 The American Physical Society
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PRE 59 1851PHOTOBLEACHING AND REORIENTATIONAL DYNAMICS . . .
tend to straighten alongEW for LC’s with a positive dielectric
anisotropy. Finally, the transient reorientational regime
Ref. @7# indicates a torque that directs the LC molecu
perpendicular toEW , but along the propagation direction o
the laserkW .

These caveats aside, it is fairly well established that
different optical reorientations reported in the literature ha
one feature in common—to wit, the simultaneous action
the dyes coupled to the optical field of the laser and
interaction of the LC molecules with the excited dyes a
molecular level. This is the basis of the molecular interp
tation of bulk absorption-induced optical reorientation p
cesses in dye doped LC’s developed by Ja´nossy@5#.

In this paper, we present a comprehensive study of po
ized fluorescence from resonantly excited dyes in a protot
nematic LC for low excitation powers. We shall show cle
experimental evidence of the existence of polarized p
tobleaching under resonant excitation in the nematic state
well as selective coupling of the laser light producing a
tation of the dyeswith respect to the nematic hostat low
powers. Extensive comparisons with simple models base
the mean-field Maier-Saupe theory@22# of the nematic state
are presented when necessary. The existence of a stable
rescence photobleached signal is forthwith associated
the presence of dye diffusion through the nematic host.
performed an independent optical experiment to measure
diffusion coefficient of the dyes, and to gain an understa
ing of the photobleaching process. In addition, we show t
the twisting of the dyes with respect to the nematic host
resonance phenomenon which depends not only on the e
tation wavelength but also on the power density of the la

The paper is organized as follows: Section II prese
different subsections with the setups for the various exp
ments and their results. A brief description of their interp
tation with the necessary theoretical background is given
each subsection. The main results and the discussion a
their origins are gathered in Sec. III and, finally, in Sec. IV
few conclusions are bestowed.

II. EXPERIMENTS

A. Outline

Let us briefly commence with the followinggedanken ex-
periment: a small quantity of a dichroic dye is dissolved in
a nematic LC well below the solubility limit, and a cell wit
planar alignment is prepared with the mixture. If the LC is
the nematic phase, it is expected to orient the elongated
molecules along the directornW through the guest-host inter
action and, consequently, the absorption of the LC cell
comes anisotropic. Let us consider the most frequent cas
a dichroic dye which predominantly absorbs and emits for
optical field polarization parallel to its long axis, that is
say, parallel tonW . The situation is schematically depicted
Fig. 1~a!, where a mixture of LC and dye molecules is show
to have an average orientation alongnW , forced upon by the
internal elastic energy of the LC and the boundary conditi
of the planar alignment. Suppose that a laser impinges u
the sample with a polarization parallel tonW , i.e., along the
direction of maximum absorption and fluorescence emiss
s
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its frequency being above the absorption edge of the d
Furthermore, let us assume that we analyze the fluoresc

emission of the dichroic dyes alongnW . In what follows, we
shall refer to a situation like the one depicted in Fig. 1~a! as
parallel excitation. If the liquid crystal cell is rotated by 90°
along the propagation direction of the laser in Fig. 1~a!, the
molecules should neither absorb nor emit, except for the

that the alignment alongnW is of course not strict at a finite
temperatureT but rather smeared out by the thermal spre

of orientations aroundnW . Henceforth, we shall refer to thi
second situation asperpendicular excitation.

Consider first the case of parallel excitation. Every sin

dye molecule with a small deviationQ from nW will gain an
excitation proportional to the absorption coefficient at t

laser frequency and to the projection ofEW along its long axis,
i.e., }I 0cos2(Q) and I 0}E2. This latter factor takes into ac
count the amount of excitation being produced on the m
ecule. On the other hand, since the light let off by the dye
analyzed along the same direction by a polarizer, there is
additional factor}cos2(Q) for the intensity reaching the de
tector. The measured intensity for parallel excitation is the
fore expected to be

FIG. 1. ~a! Schematic representation of a dye doped LC c
with planar alignment shone by an incident laser with polarizat

along EW i . The average orientation of the molecules is along

directornW . The fluorescence emission of the molecules is analy

alongEW tinW by a polarizer. We shall refer to this situation asparallel
excitation. By rotating the LC cell by 90° along the propagatio
direction of the laser, we achieve theperpendicular excitationcon-
dition. ~b! Model fluorescence emission from the dyes for bo
excitation conditions. The average geometric factors in Eqs.~1! and
~2! are evaluated by means of the Maier-Saupe model. Solid~open!
symbols correspond to the model without~with! corrections for
nonradiative recombinations.
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1852 PRE 59NÖLLMANN, SHALÓM, ETCHEGOIN, AND SERENI
I i~T!}I 0^cos4~Q!&T , ~1!

where^ &T denotes a thermal average at a temperatureT. By
the same reasoning, for the perpendicular excitation we
tain

I'~T!}I 0^sin4~Q!&T , ~2!

where we expectI i(T).I'(T) for T below the critical tran-
sition temperature from the nematic to the isotropic stateTc .

For the purpose of modeling and a general compari
with the experiment, let us consider what the thermal av
ages in Eqs.~1! and~2! ought be by using the self-consiste
mean-field Maier-Saupe theory of the nematic state. We s
not dwell into the details of the Maier-Saupe theory, which
described in the overwhelming majority of the classic
books@22–25# and reviews@26# in the field, but rather de-
scribe its usage for our present purposes. We avoid the
consistent calculation@22,23# of the distribution function
f (Q) and the order parameterS(T)521/213/2̂ cos2(Q)&T
by using a simplified analytic form forS(T) like @24#

S~T!;~12T/Tc!
0.22, ~3!

which reproduces fairly well the general shape of the s
consistentS(T) obtained numerically from the Maier-Saup
theory and neglects the variation of the molar volume w
temperature. OnceS(T) is known, the distribution function
f (Q) can be evaluated and the averages in Eqs.~1! and ~2!
obtained. This is shown in Fig. 1~b! ~solid symbols! for both
I i and I' . We have chosen a range of reduced temperat
t5T/Tc which agrees with the temperature range of the
periments we shall describe in the next subsections. The
terpretation of the curves in Fig. 1~b! is quite simple: for the
parallel excitation, the increase in temperature results
broader spread of orientations aroundnW in view of the de-
crease inS(T). The molecules are less excited by the in
dent laser, and also their emission along the vertical direc
~parallel tonW ) is less effective. Quite the opposite occurs f
the perpendicular excitation, where the spread arounnW
helps in both the absorption and emission of the dyes. AT
5Tc the two curves combine, as expected from an isotro
distribution of orientations.

Indeed, this simple model of the dyes guided by the m
lecular order of the nematic LC does take into account
orientational aspects of the light absorption and emissi
processes, but falls short of considering the fact that the fl
rescence emission efficiency generally decreases with
perature. The latter is a natural consequence of the incr
in nonradiative recombination pathways for the excited m
ecules. The decrease in the fluorescence efficiency ca
modeled by a prefactor of the form@27#

I 0~T!5I 0~12e2T* /T!, ~4!

wherekBT* [U represents the characteristic or average
ergy of the excitations participating in nonradiative recom
nation channels. Equation~4! will therefore be a prefactor fo
the orientational contributions in Eqs.~1! and ~2!. In Fig.
1~b! we show qualitatively the combined result ofS(T) and
the nonradiative processes on the overall shape of the lu
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nescence emitted by the dyes~open symbols! for both I i and
I' . In Sec. II B, we present an experimental attempt to ver
the predictions of this simple model, and underscore th
features that do not suit this description and go beyond
scope.

B. Sample preparation

The sample for our experiment was made from a mixt
of the nematic liquid crystalE7 ~Merck! and the dye 3,3’-
diethylthiadicarbocyanine iodide~DTDCI!. E7 is a nemato-
gen mixture of 4-alkyl-4’-cyanobiphenyls and terpheny
@28# with a wide nematic range (;210–63 °C) and negli-
gible residual absorption in the visible and near infrare
DTDCI is one of the classic cyanines that have been stud
since the early days of molecular physics applied to d
@29#. The sample was prepared with a dye concentration
1023 mg/ml accomplished by successive dilutions. The p
nar alignment of the cell was achieved by the Chatel
method@30# of rubbing the cell windows along a fixed d
rection. A 100-mm mica spacer is used between the tw
scraped windows to form the cell that allows transmiss
experiments to be performed. The alignment of the cell w
tested by a birefringence measurement at room tempera
(T523 °C) between crossed polarizers@31#. A white light
source from a dichroic lamp with a very low power dens
on the sample (,1 mW/mm2) was collimated from a long
distance with pinholes and transmitted through the LC c
The sample is placed in between two crossed polarizer
45° with respect tonW . The transmitted light is analyzed by
Jobin-Yvon T64000 triple spectrometer working in a su
tractive mode and coupled to a photomultiplier. The data
shown in Fig. 2~a! for the visible range;450–800 nm. The
analysis of the curve follows that of Ref.@32#. If the bire-
fringenceDn is dispersionless~i.e., it does not depend on th
photon energyv), then indexing the peaks by successi
integers as a function of their energy position should bea
straight line. This is shown in the inset of Fig. 2~a! not to be
the case, revealing that there is a weak but noticeable e
of dispersion in this energy range. Inasmuch as we are in
ested in a rapid characterization of the cell, we can asse
maximum value@32# for Dn of ;0.2 which is in excellent
agreement with the technical data for this LC. It is importa
to note that the incident polarization of the laser that exc
the dyes in the fluorescence experiment we shall desc
later is always kept either perpendicular or parallel tonW . The
idea is precisely to avoid the effect of the birefringen
which would introduce an unnecessary complication for
analysis of how the dyes are being excited.

In Fig. 2~b! we show the absorption and fluorescen
spectra of DTDCI in ethanol, measured with a white lig
source and a He-Ne laser excitation, respectively. The c
acteristic Stokes shift between the maxima of the fluor
cence and absorption can be seen. The details of the sp
are explained elsewhere@29#. The selection of this particula
dye was made because it can be resonantly excited b
He-Ne laser near the maximum of the absorption, thus fac
tating experimentation.

C. Fluorescence decay, photobleaching, and diffusion

The first drawback one encounters when the doped
cell is prepared, and the He-Ne laser is pumping the d
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PRE 59 1853PHOTOBLEACHING AND REORIENTATIONAL DYNAMICS . . .
with a fixed polarization, is a drift of the fluorescence sign
that persist for several seconds or minutes depending on
laser power density. This effect occurs at a fixed tempe
ture, and its understanding is, therefore, a prerequisite for
observation of the temperature dependence of the fluo
cence predicted in Fig. 1~b!. We attribute this phenomeno
to the presence of photobleaching, based on reasons
make clear in this subsection.

In Fig. 3 we show the decay of the fluorescence sig
measured at the maximum of the emission;695 nm @see
Fig. 2~b!# with a He-Ne laser excitation of 1600mW/mm2

for both, parallel and perpendicular excitations atT
523 °C. The signal is at the beginning larger forI i as ex-
pected from Eqs.~1! and ~2!, and remains larger for subse
quent times. Both fluorescence signals have a pronoun
decay in 1800 sec at these relatively large power dens
and, furthermore, we show in Fig. 3 the effect of interrupti
the laser excitation for another 1800 sec and set it go
afterward. We observe that there is a partial recovery of
fluorescence with respect to its value att50, but there is
some sort ofmemory effectin the lighted up region. This is
shown in Fig. 3 forI' only, but the same phenomenon o
curs for I i . Depending on the power density under cons
eration, one may have to wait up to 2–3 h for a total rec
ery of the fluorescence at room temperature.

In Figs. 4~a!–4~b!, we show two additional and relate
aspects of this drift in the fluorescence. Figure 4~a! shows

FIG. 2. ~a! Transmission between crossed polarizers in the
ible range for anE7 sample doped with DTDCI. Note the presen
of maxima and minima due to the birefringence. The sample th
ness was 100mm. The inset shows the energy position of t
peaks as a function of an integer index. The line shows that a li
fit for the first three points cannot match the rest of the data poi
showing the presence of dispersion inDn. This allows us to obtain
a maximum value forDn of 0.2. ~b! Absorption and fluorescenc
spectra of DTDCI in ethanol. Note that the maximum of the flu
rescence is at;695 nm, and that the dye can be resonantly exci
almost at the maximum of the absorption by a He-Ne laser~shown
with an arrow!.
l
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several fluorescence signals~normalized by their values att
50) for different power densities as a function of time
T523 °C. The data are taken for the perpendicular exc
tion condition. It is clearly shown that the decay time b
comes smaller for larger power densities. On the other ha
Fig. 4~b! displays the decay times obtained from exponen
fits to the data for bothI i andI' . Note thatt' is systemati-
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FIG. 3. Fluorescence decay for both excitations at a fixed te
perature ofT523 °C and a power density of 1600mW/mm2. Note
that the two signals wane, but keepingI i.I' . The power density
used here is relatively high with respect to the ones we used for
temperature dependence of the fluorescence afterward. The
runs for 1800 sec on the sample, and is then interrupted for ano
1800 sec forI' . If turned on again, there is only a partial reesta
lishment of the fluorescence with respect to its value att50. This
time is related to the diffusion of photobleached molecules at
laser spot.

FIG. 4. ~a! I'(t)/I'(t50) for different incident power densitie
at a fixed temperature ofT523 °C. Note that the larger the powe
density the faster the drop of the signal relative to its value at
50. ~b! Time constantst i andt' as a function of incident powe
for I i andI' , respectively. The area of the laser spot is the same
all the data points. Mind the fact thatt i,t' but their ratiot i /t' is
almost constant~inset!. The dashed line in the inset is the predictio
of ^sin4(Q)&T /^cos4(Q)&T from the Maier-Saupe theory atT
523 °C. See the text for further details.
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1854 PRE 59NÖLLMANN, SHALÓM, ETCHEGOIN, AND SERENI
cally larger thant i , suggesting that the decay is direct
related to the amount of coupling between the laser and
dye molecules. Furthermore, their ratiot i /t' remains al-
most intensity independent, as shown in the inset of F
4~b!.

All these phenomena can be explained by the simu
neous presence of dye photobleaching and diffusion, as
shall explain here. A temperature rise or any other indir
thermal effect can be readily discarded as being respons
for the fluorescence decay. Typically, we use input power
the order of;0.1 mW distributed over an area of 2 mm
diameter and, due to the very low dye concentration, l
than 1% of the total power will be absorbed. A very simp
calculation for the steady-state temperature distribution us
typical thermal conductivities for LC@26# shows that the
temperature rise must be by all means negligible. In addi
to the extremely low power being absorbed, a fluoresce
recovery time in the illuminated area of more than half
hour ~as shown in Fig. 3! cannot be explained by a therm
effect. In the photobleaching scenario, the laser illumina
an area of the LC cell and resonantly pumps the dyes.
photobleaching of the dyes occurs from the excited state
the molecules, and can be thought of as coming from a
concatenated steps process:~i! excitation of the dye, and~ii !
photodissociation from the excited state. Thus the probab
to photobleach a moleculePpb is

Ppb[
1

tpb
5Pex3Ppd, ~5!

where Pex and Ppd are the probabilities for excitation an
photodissociation, respectively. BothPex andPpd turn out to
be proportional to the absorbed intensityI abs. Moreover,
sinceI abs is different for the two excitation conditionsi and
' to nW , we have two different relaxation timest i and t'

which, according to Eq.~5!, should follow

t i}
1

I 0
2^cos4~Q!&T

, t'}
1

I 0
2^sin4~Q!&T

. ~6!

From Eq.~6! we observe that botht i andt' are proportional
to 1/I 0

2 . Moreover,t i /t'5^sin4(Q)&T /^cos4(Q)&T , indepen-
dent of I 0 and, in addition,t'.t i for T,Tc . All these
features can be coarsely observed in the data of Fig. 4~b!.
Further, the dashed line in the inset of Fig. 4~b! shows the
prediction for ^sin4(Q)&T /^cos4(Q)&T from the Maier-Saupe
theory atT523 °C, with aTc of 63 °C corresponding toE7 .
This is, of course, under the assumption that the order
rameter of the dye follows exactly that of the LC. Althoug
the excellent quantitative agreement with the mean-fi
theory may be accidental, it is quite obvious that the fluor
cence drift can be interpreted within this framework.

If the dye molecules were fixed in space, the illuminat
area would undergo photobleaching until the number of m
ecules is exhausted and the fluorescence would appr
zero. This situation is prevented by diffusion, and the fi
limiting value of the fluorescence at very long times w
depend on the ability of the dyes to diffuse in and out of
illuminated region. This is, in fact, what produces the reco
ery of the signal after leaving off the laser for half an hour
he
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Fig. 3. In order to support this interpretation, we measure
averagediffusion coefficient of DTDCI inE7 in a separate
experiment. Since this is not the main subject of this pap
we comment on the results and refer the reader to Ref.@33#
for further details. We obtain an average diffusion coefficie
of D̄51.031027 cm2 sec21 for DTDCI in E7 at T
523 °C, which is in excellent agreement with typical valu
for the self-diffusion coefficients in nematics@25#. For
DTDCI in ethanol, on the other hand, the diffusion coef
cient is 1.531025 cm2 sec21, two orders of magnitude
larger. A simple estimation shows that this diffusion coef
cient is in good agreement with the time the illuminated a
of the sample needs to recover, taking into account that
molecules have to clear out photobleached molecules fro
region of the order of 2 mm in diameter~a typical laser spot
used in the experiments! and replace them by normal dy
molecules. Conversely, the same experiment of Fig. 3 i
sample of DTDCI in ethanol recovers the same amount
fluorescence signal in 20 sec, which is two order of mag
tude smaller than inE7 , and in agreement with the rati
between their diffusion coefficients. In ethanol, of cours
there is no polarization dependence for the absorption but
the side of that, it is quite clear that diffusion and ph
tobleaching are two intertwined aspects governing the fl
rescence signal. Furthermore, the time constants obse
experimentally, like those of Fig. 4~b!, can be shown to be
directly related to the fact that the dyes are being exci
resonantly. For the same power densities, the relaxa
timest i andt' are two to three orders of magnitude larg
when the exciting light is either the 514- or the 488-nm la
lines of an Ar1 laser, respectively. The out-of-resonance e
citation condition of these two lines@see Fig. 2~b!# results,
accordingly, in a much lower fluorescence intensity wh
compared to the 633-nm line~He-Ne laser! for the same
power density.

It is important to note that the decay time of the fluore
cence observed experimentally will be given by a express
of the form of Eq.~6! only for sufficiently high input laser
powers so that the photobleaching process dominates
the characteristic recovery time for diffusiontd . This turns
out to be the case for the experimental conditions and t
perature used here. Conversely, if the laser power is
small so thattd;t i ,' , the observed decay should follow an
effective time constant of the form 1/teff51/t i ,'11/td @33#.

To finish this subsection we would like to remark that t
observation of a coexistence between photobleaching
diffusion is, actually, not new, but rather comprises one
the well known techniques used in several branches of b
ogy, and is known asfluorescence photobleaching recove
spectroscopy~FPRS! @34#. The technique is mainly used t
study the diffusion of fluorescently tagged dextrants or p
teins through different types of tissues@34#. The new feature
added in LC case is, perhaps, the fact that the absorptio
anisotropic due to the intrinsic order of the nematic state
an oriented sample. Furthermore, it also possible to im
the photobleaching and diffusion processes by working
rectly in adouble subtractivemode with the monochromator
and forming an image of the output of the second stage
rectly onto a charge coupled device~CCD! array. The tech-
nique depends on the illumination of the sample by t
HeNe laser beams: one with low intensity and expand
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~which serves as a probe!, and one with high intensity and
focused on a reduced area within the first beam. The con
between the photobleaching effect of the former with resp
to the latter can be directly seen in the image which is
tered at the emission of the dyes by the double subtrac
monochromator. These experiments have been perform
and are further inquired into elsewhere@33#.

In Sec. II D, we shall be dealing with the temperatu
dependence of the fluorescence signals. However, we
never be using a power density as high as that used in Fi
In any case,we understand hereafter that the fluorescen
signals are those obtained once the initial decay is co
pleted, and an equilibrium condition is established betwe
photobleaching and diffusion.

D. Temperature dependence of the polarized fluorescence

Once the photobleaching problem is accepted, we are
in a position to sweep the temperature and observe the e
of S(T) on the fluorescence signals of the dyes for bothI i
and I' . This is shown in Fig. 5 at a power density
150 mW/mm2. The following features should be observe
in the data:~i! the general qualitative agreement with t
prediction of Fig. 1~b! ~open symbols! is good. The parallel
excitation shows a continuous decay up to the transition
the nematic state, whileI' displays a mild decrease followe
by an increment nearTc . ~ii ! The intensities ofI i andI' for
T.Tc are almost equal in the isotropic state, as expected,
the data have a more complicated behavior at and neaTc
which is not predicted by the model in Sec. II A.~iii ! I'

displays clear oscillations in the experimental data as fu
tion of temperature. The inset of Fig. 5 shows the details
these oscillations and the fact that the distance between
cessive peaks contracts whenTc is approached from below

The fact that the data forI' and I i in Fig. 5 behave dif-
ferently from the prediction in Fig. 1~b! nearTc is not at all
surprising if we take into account that the averages in E
~1! and~2! have been obtained from the Maier-Saupe theo
Most predicted qualitative features of a mean-field theory
expected to fail nearTc , where fluctuations dominate. Th

FIG. 5. Polarized fluorescence as a function of temperature
and an incident power density of 150mW/mm2. This result should
correspond to the predicted curves in Fig. 1~b! ~open symbols!.
Note that the main qualitative differences with the prediction in F
1~b! are ~i! the behavior nearTc , and ~ii ! the presence of oscilla
tions in I' . The inset is an enlargement of the data forI' showing
that the distance between peaks shrinks whenTc is approached
from below.
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is one of the most salient and well known shortcomings
the mean-field approach to phase transitions. The deta
light dispersion nearTc , i.e., around the clearing point@23#,
undoubtedly requires a more rigorous treatment of the tr
sition.

Conversely, the existence of oscillations in the signal
I' is very interesting and cannot be ascribed to a seri
weakness of the mean-field theory but rather to a miss
ingredient in the description. In Sec. III, we shall presen
model that accounts for the experimental observations wh
is based on the existence of a resonant optical torque twis
the dye molecules with respect to the main dielectric axe
the LC. For the time being, however, we shall present a f
more experimental facts to characterize the behavior of th
oscillations.

Since we are taking the maximum of the fluorescen
signal @see Fig. 2~b!# as representative for the emission i
tensity of the dyes, we may worry about possible tempe
ture shifts of the peak influencing the signal in Fig. 5. It
well known that the maximum of a homogeneous fluor
cence peak should both move toward larger waveleng
and its intensity should fall whenT is increased. In Fig. 6 we
show two fluorescence peaks in the nematic (T525 °C) and
isotropic (T574 °C) phases as a function of waveleng
Both curves are obtained for the horizontal excitation con
tion, with a higher resolution~0.5 nm! than the one we nor-
mally use to measure the intensity at the maximum
(;8 nm). Two interesting features can be seen in the d
~i! the maximum of the peak shifts by;4 nm from 25 to
74 °C, and ~ii ! the intensity of the peak is larger forT
574 °C in this particular excitation. The fact that the max
mum is displaced by only 4 nm in the whole temperatu
range of our experiments, and that we measure the inten
of the fluorescence at 695 nm with a resolution of 8 nm, te
us that we can ignore the temperature shift of the peak
being responsible for any of the features in Fig. 5 and
forthcoming figures. Changes in the fluorescence signal
fixed wavelength of 695 nm come essentially from variatio
in the peak intensity at the maximum. Moreover, for a flu
rescence to reduce its intensity at higher temperatures
account of the increase of nonradiative recombination p
cesses is not surprising, but Fig. 6 shows exactly the op
site: I'(T574 °C).I'(T525 °C). The latter is the result o

or

.

FIG. 6. Fluorescence signal forI' as a function of wavelength
for two temperatures in the nematic~open circles! and isotropic
~full circles! states. Note that there is a shift of the maximum
;4 nm between these two temperatures and thatI'(T525 °C)
,I'(T574 °C), showing the explicit contribution of the nemat
order which diminishes both the excitation and the emission aT
525 °C with respect toT574 °C.
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the order imposed by the LC on the dyes and a direct v
into the consequences of Eq.~2!, which gives
^sin4(Q)&T574 °C.^sin4(Q)&T525 °C.

Having said this, we continue in Figs. 7 and 8 with
further characterization of the oscillations inI' as a function
of temperature. It has been established that oscillations
pear only inI' and not inI i , and that their amplitude swell
with increasing input power density. This is shown in Fig.
where a series of temperature scans are shown forI' and I i
for different input power densities at 633 nm. As can
readily seen, oscillations appear inI' with increasing ampli-
tude for higher power densities, but they never come in v
for I i . Further, we can see in Fig. 7~a! that the relative am-
plitude of the oscillations seems to be larger for temperatu
close toTc than far from the transition. In addition in Fig.
we show the result of changing the input laser wavelength
the fluorescence signal forI' for a fixed power density of
150 mW/mm2. Note that, as explained in Sec. II C, the 48

FIG. 7. Fluorescence emission forI' ~a! andI i ~b! at 695 nm, as
a function of temperature for different input power densities. F
both graphs we used~from bottom to top! 30, 60, 90, 120, and
150 mW/mm2 with the 633-nm He-Ne laser line as excitatio
Note that I i shows no oscillations whileI' displays oscillations
with increasing amplitude for higher power densities. Note also
the amplitudes of the oscillations for a fixed power density
somewhat larger nearTc . See the text for further details.

FIG. 8. I' as a function ofT for three different exciting lase
lines—633, 514, and 488 nm—with the same power densi
(150 mW/mm2). The signal is smaller for 514 and 488 nm due
the lower absorption of the dye@see Fig. 2~b!#. In addition, there is
no sign of oscillations in the data for 488 nm and perhaps
visible peak nearTc for 514 nm. The data for 633 nm show ver
clear evidence of oscillations. The data are consistent~but not con-
clusive!, with a resonant torque put forth by the laser onto the dy
w

p-

,

w

s

n

and 514-nm lines of the Ar1 laser excite the dye out o
resonance. As a consequence, the signal to noise ratio w
ens, as can be seen in Fig. 8. Notice that no oscillations
be seen in the fluorescence data for 488 nm, while ther
one visible peak nearTc for 514 nm. With the 633-nm exci-
tation line, the oscillations are clearly visible. One may arg
that the oscillations in the signal exist for the 488- a
514-nm lines, but the signal to noise ratio does not all
their observation. However, as we shall explain in Sec.
we believe that these data indicate a resonance effect in
interaction producing the oscillations. In Sec. III, we de
with a simple model that combines the existence of a re
nant optical torque and the LC elastic energy to account
these observations.

III. DISCUSSION

In order to develop an explanation that accounts for
experimental findings and the missing ingredients of
model in Sec. II A, we need to stress a few very basic fa
on top of which we shall develop the description. It is ve
important to realize the necessary conditions required to
serve oscillations in the fluorescence as in Fig. 5. If the d
molecules remained aligned exactly in the direction ofnW ,
i.e., following strictly the order parameter of the nema
S(T), the birefringence of the LC would never be seen
the fluorescence of the dyes irrespective of the orientatio
the LC cell with respect to the polarizers. It a straightforwa
exercise of classical optics@31# in the plane wave approxi
mation to show that in order to perceive the birefringence
a sample in a transmission experiment between crossed
larizers, thelight sourcemust be polarized at some ang
with respect to the principal dielectric axes. Additionally, t
output polarizer preceding the detector~see Fig. 1! must not
be aligned with the principal dielectric axes to observe
birefringence. The experiment performed in Sec. II B
characterize the birefringence of the LC cell with tw
crossed polarizers at 45° with respect tonW is nothing but a
special case of these two conditions. The main differe
with the experiment of Sec. II B is that the observed lig
does not come from an external white light source, but tha
is rather generated inside the sample through the fluo
cence of the dyes.

The model that describes all the basic features observe
the experiment is as follows: there is a resonant opt
torque that competes with the internal elastic energy for
upon the dyes by the LC. The torque has no effect when
polarization of the laserEW l is i to nW . If EW l'nW , however, the
dyes are left in an unstable situation trying to cope with b
the elastic energy interaction with the LC and the poten
energy of the interaction with the laser. Although the torq
itself is zero forEW l strictly' to nW , the potential energy of the
interaction with the laser is in a local maximum and, the
fore, in an unstable condition. The reader may appreciate
this is, in fact, a simple generalization of one of the possi
configurations of the Fre´edericksz transition for static~dc!
fields, albeit as a rule the extension to the optical frequen
has to be taken with care and justified by experimental e
dence. The main problem is that LC’s do not always beh
in the same manner when the dc behavior is compared to
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bearing in the optical range, as demonstrated in the w
known examples of adiabatic propagation of light@35# or in
optical Fréedericksz transitions that have no analog to
fields @36#. If z is the propagation direction of the light, an
Q the departure angle of the dyes fromnW in the direction
perpendicular toz and parallel to the cell windows, we obta
the equilibrium condition as@23#

d

dzFk8S dQ

dz D 2

1a~v!I sin2~Q!G , ~7!

exactly as in the continuum theory of the Fre´edericksz effect
@23#. In Eq. ~7!, k8 is the elastic constant between the dy
and the LC molecules,I}El

2 the intensity of the laser, an
a(v) a function with a resonance atv5v0 , wherev0 rep-
resents the photon energy where the dyes absorb. The
that Eq.~7! governs the stability of the dyes within the L
deserves specific attention. There are two types of ela
interaction in the doped LC. The LC molecules intera
among themselves, and this produces the standard F
elastic constants@23# (k). On the other hand, there is a
interaction between the dyes and the LC molecules wh
defines aneffectiveelastic constantk8 for the deformation of
the former with respect to the latter. The origin ofk andk8 is
at a molecular level. In a sense, the problem of twisting
dyes with respect to the LC internal order is similar to tw
masses connected by two springs, one between them an
other between one of the masses and a fixed reference
The first spring represents the elastic interaction between
dyes and the LC (k8), while the second serves as a model
the elastic interactions between the LC and the bound
conditions (k). By pulling from the first mass, representin
the dyes, several situations are possible depending on
actual values ofk andk8. If k.k8 the dyes can be twiste
with respect tonW , while the LC may still obey the boundar
conditions imposed by the cell. Ifk,k8, the LC will follow
the twist of the dyes, and this type ofindirect torque is
responsible for many of the phenomena reviewed in Se
In addition, if k;k8, both the dyes and the LC can b
twisted with respect to cell but not necessarily by the sa
amount. We believe that the situation for our sample a
experimental conditions can best be modeled by eitherk8
,k or k8;k. In this way, Eq.~7! represents, the equilibrium
of the dyes in their interaction with the LC and the optic
field.

The main difference between Eq.~7! and the dc Fre´eder-
icksz effect is perhaps the fact thata(v) is a resonant func-
tion at v5v0 , coming from the interaction ofEW l and the
dynamic polarization induced byEW l on the dye molecules
This has drastic consequences for the threshold conditio
the twist which is proportional toAk8/a(v) and can, there-
fore, be very small. Indeed, we believe that this, toget
with k8,k, are the conditions that actually allow the twist
the dyes with respect to the LC to be observed. The la
couples strongly to the dyes but, at the same time, it is
weak to produce by itself a direct modification of the LC,
seen in the well known examples of optical reorientatio
@24#.

A dye molecule emitting fluorescence at a distantz from
the end face of the cell and with a twist angleQ with respect
ll-
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to nW will produce a state of polarization at the output th
contains information on the birefringenceDn(T) of the LC
at a given temperatureT. The second condition needed
observe the birefringence, i.e., the direction betweennW and
the output polarizer, can be fulfilled by either a small m
alignment of the output polarizer ifk8,k, or by a small
twist of the directornW if k8;k. We cannot distinguish be
tween these two situations experimentally. In any event, p
vided that both conditions are accomplished, the signal at
detector contributed by the molecule will be of the form@31#

I;F11C~Q,v,I !cosS 2pDn~T!z

l D G , ~8!

where l is the wavelength of the light in vacuum an
C(Q,v,I )}a(v)I . If Q were 45°, thenC(45°)51, reduc-
ing Eq. ~8! to I;cos2„pDn(T)z/l…, which is the well-
known formula @31# for a birefringent medium betwee
crossed polarizers. Likewise, the total contribution to the s
nal comes from all the fluorescence emissions along the
of thicknessd. The emissions are incoherent among ea
other because the fluorescence decay implies a relaxa
process through internal excitations~vibrations, etc.!, and
these lose phase information from the exciting laser. T
total contribution to the signal must be calculated, acco
ingly, as a sum of partial intensities for differentz’s given by
Eq. ~8!, and not their electric fields, as would be the case
coherence subsisted.

By taking into account the effect of the torque as a sm
perturbation to the contributions given by Eqs.~2! and ~4!,
we arrive at a total intensity of the form

I';F11
A

Dn~T!
sinS 2pDn~T!d

l D G~12e2T* /T!^sin4~Q!&T ,

~9!

where the first expression between brackets is the integr
effect of Eq.~8! ~properly normalized by the first term!, the
second and third expressions come from Eqs.~4! and ~2!,
respectively, andA[C(Q,v,I )l/2p is a constant for a
given laser intensity and frequency. Equation~9! has two
adjustable parameters:A, which fixes theamplitudeof the
oscillations, andT* , which corrects the downward shift o
the signal due to nonradiative recombinations. ForDn(T) we
take the simplest possible model given by@23#

Dn~T![Dn~0!3S~T!, ~10!

with Dn(0)50.2, suggested by the data in Fig. 2~a!, and
S(T) given by Eq.~3!. In Fig. 9 we plot the prediction of Eq
~9! together with the experiment. We took a value ofA that
approximately reproduces the amplitude of the oscillations
well as an appropriate value ofT* . Notice also that the num
ber of peaks in the whole temperature range, related to
value of Dn(0), is fairly well reproduced, since ten peak
are clearly seen in the model calculation and nine are
served experimentally.

In addition to the qualitative agreement in Fig. 9 there a
a few more aspects that can be interpreted by Eq.~9!: ~i! the
data in Fig. 8 can be explained by the resonant enhancem
of A}a(v), which increases the amplitude of the oscill
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tions; ~ii ! the fact thata(v) can be large forv;v0 may
explain why the twist of the dyes has a very low thresho
and can be observed at very low power densities, as see
Fig. 7~a!; and ~iii ! the amplitude of the oscillations depen
on temperature like„1/Dn(T)…sin„2pDn(T)d/l…, which
gives larger amplitudes forT→Tc . This may explain why
the amplitudes seem to be relatively larger close toTc , as
can be seen in Figs. 7–9.

We judge the qualitative agreement between the mo
and the experiment in Fig. 9 as excellent, and we regard
clear proof of the existence of a laser induced twist of
dyes with respect to the LC host. This selective twist has
been heretofore reported in the literature, to the very bes
our knowledge.

To finish this discussion, we would like to comment o
two possible effects that were not included by virtue of t
Ockham’s razor principle, namely, the possible effects of

FIG. 9. Experiment~with the 633-nm excitation! and model
@from Eq. ~9!# for I' . The model takes into account the avera
orientation from the mean-field theory@Eq. ~2!#, the nonradiative
recombinations from Eq.~4!, and the existence of a twist given b
the integrated effect of Eq.~8!.
nc
.

n.
,

,
in

el
as
e
ot
of

e

temperature dependence of the diffusion and elastic c
stants. The equilibrium value of the photobleached signa
Sec. II C, as well as the final stable twist angle in Eq.~7!,
may change slightly ifD̄ and k8 depend on temperature
These variations are probably needed to explain the fine
tails of the data in Fig. 5 close to the clearing point. Still,
is quite clear from Fig. 9 that the gross features of the d
except very close toTc , can be easily explained withou
these ingredients.

IV. CONCLUSIONS

We have studied the resonant interaction of dyes d
solved in a prototype LC. For the particular dye we us
~DTDCI!, we found evidence in the early stages of the la
illumination of polarized photobleaching coexisting with dy
diffusion through the nematic host. In addition, by way
the temperature dependence of the polarized fluoresce
we found evidence of the existence of a resonant torque
ing on the dyes and twisting their orientation with respect
the principal axes of the LC director. The temperature dep
dence of the birefringence can be seen in this latter cas
the dye fluorescence as oscillations in the detected inten
We hope that our results will help to augment and clar
some of the basic aspects of light interactions with d
doped LC.
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