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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.
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[. INTRODUCTION AND OVERVIEW pects of the order parameter in the nematic and sméctic-
phases using the guest-host effect were reported by Bauman
Dye doped liquid crystals exhibit a myriad of optical ef- and Wolarz[8] using polarized fluorescence and absorption,
fects which are intrinsic to their unique nature. Originally, and by Wu[9] using second harmonic generation. The pho-
the orientation of dichroic dyes by the cooperative alignmentochromism of azo dyes and their effect on liquid crystalline
of the liquid crysta(LC) molecules in the nematic phase was ordering was reported by Blinoet al.[10], while the funda-
discovered by Heilmeier, Castellano, and Zanfiji who ~ mental aspects of the optical torque enhancement in bulk dye
designated the effect amiest-host interactiarBy measuring doped LC’s were principally studied by miassy and co-
the polarized fluorescence of the dyes, the method was inWorkers[5,6,11 and Shen and co-worke{d2]. From the
mediately recognized as a powerful tool to gain microscopictandpoint of applications, dye doped liquid crystals were
information on the different liquid crystalline phag@3. The  investigated as possible candidates for optical cav]tles
guest-host effect has also been used for tailor-made electr@s Well as spatial filtering14,15, photothermal self-phase
optical LC devices with improved contrast ratios at specificmodulation[16], holograms[17,19, and optical recording
wavelengths in the visiblé3,4]. More recently, enhanced [18,20. Surface-mediated alignment in dye doped LC's un-
light-induced molecular reorientations in dye doped LC'sder laser light illumination was reported by Gibboetal.
were observed, and their understanding in terms of a micrd21l. In the latter work, the alignment of the LC becomes
scopic interaction between the excited dyes and the LC molPerpendicular on a macroscopic scale to the electric field
ecules was developed by the pioneering work ofaday[5].  Polarization of the laser, presumably by the indirect action of
It turns out that a ||ght beam acting on a dye doped LC ma)lhe dye and the aid of the surface interaction. It is worth
display an optical torque which is 2—3 orders of magnitude”o'fing at this stage that several of the dye-assisted reorienta-
larger than the usual one, which is proportional to the dielectional mechanisms delineated in the literature are not neces-
tric anisotropy of the LC molecules. This effect has dramaticsarily equivalent or related to each other. The transient reori-
consequences for the threshold of the opticaleBezicksz ~ €ntation observed in Ref7] is, in the simplest possible
transition[5]. The enhanced nonlinear optical properties and@PProach, not related to the enhanced optical torque seen
the variety of phenomena observed in dye doped LC’s hav&nder constant wave laser illumination in Ri]. Likewise,
recently triggered several studies. Notwithstanding, many othe surface-assisted reorientation used for pattern recording
the details of the observed phenomena, as well as their rel®Y optical means in Ref21] seems to be specifically related
tionships, are not fully worked out. Moreover, as pointed outt© the presence of a boundary. In fact, the reversible surface-
by Janossy[6], the connection between the microscopic mo-mediated optical alignment in a dye doped LC reported in
lecular properties of the dyes and LC’s and the resultingﬁef- [21] is such that the molecules orient themselves in a
macroscopic optical nonlinearities is not yet understood. ~ direction perpendicular to both the electric field of the light
Among the most salient results reported in the literatureE and the director fielah in a planar aligned LC cell. Con-
of dye doped LC’s we highlight the following: Khoo and versely, the enhanced bulk optical torque influencing the op-
co-workers[ 7] reported the existence of a negative reorien-tical Freedericksz transition in Ref5] is found to be pro-
tational effect in the transient regime of a dye doped nematiportional, and to have the same sign as the normal optical
LC after a short laser pulse illumination. Fundamental astorque exerted by the laser, implying that the molecules will
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tend to straighten along for LC’s with a positive dielectric Q y n @

anisotropy. Finally, the transient reorientational regime in \. ()% U

Ref. [7] indicates a torque that directs the LC molecules S~ - '

perpendicular tcE, but along the propagation direction of | O %"Q \I} Ei

the laserk. / ~ .
These caveats aside, it is fairly well established that the /O \ ' ~

different optical reorientations reported in the literature have LC / /

one feature in common—to wit, the simultaneous action of Dye

the dyes coupled to the optical field of the laser and the
interaction of the LC molecules with the excited dyes at a
molecular level. This is the basis of the molecular interpre-
tation of bulk absorption-induced optical reorientation pro-
cesses in dye doped LC'’s developed byaksy[5].

In this paper, we present a comprehensive study of polar-
ized fluorescence from resonantly excited dyes in a prototype
nematic LC for low excitation powers. We shall show clear
experimental evidence of the existence of polarized pho-
tobleaching under resonant excitation in the nematic state, as
well as selective coupling of the laser light producing a ro-
tation of the dyeswith respect to the nematic hoat low
powers. Extensive comparisons with simple models based on J
the mean-field Maier-Saupe thedi32] of the nematic state 085 090 095 100
are presented when necessary. The existence of a stable fluo- TT.
rescence photobleached signal is forthwith associated with _ _
the presence of dye diffusion through the nematic host. We FIG- 1. (@ Schematic representation of a dye doped LC cell
performed an independent optical experiment to measure tH’é'th plzjnar alignment shone by an incident laser with polarization
diffusion coefficient of the dyes, and to gain an understand@/ong Ei; The average orientation of the molecules is along the
ing of the photobleaching process. In addition, we show thaglirectorn. The fluorescence emission of the molecules is analyzed
the twisting of the dyes with respect to the nematic host is alongE,||n by a polarizer. We shall refer to this situationpallel
resonance phenomenon which depends not only on the exgixcitation By rotating the LC cell by 90° along the propagation
tation wavelength but also on the power density of the lasedirection of the laser, we achieve therpendicular excitatioron-

The paper is Organized as follows: Section Il presentgjition. (b) Model fluorescence emission from the dyes for both
different subsections with the setups for the various experi€xcitation conditions. The average geometric factors in Eqsand
ments and their results. A brief description of their interpre-(2) are evaluated by means of the Maier-Saupe model. Sofielr
tation with the necessary theoretical background is given ifYmMPols correspond to the model witholutith) corrections for
each subsection. The main results and the discussion abdiinradiative recombinations.
their origins are gathered in Sec. Ill and, finally, in Sec. IV a
few conclusions are bestowed. its frequency being above the absorption edge of the dyes.

Furthermore, let us assume that we analyze the fluorescence

emission of the dichroic dyes alorfg In what follows, we
shall refer to a situation like the one depicted in Figp) las
A. Outline parallel excitation If the liquid crystal cell is rotated by 90°
Let us briefly commence with the followingedanken ex- 210N the propagation direction of the laser in Figa) Lthe
periment a small quantity of a dichroic dye is dissolved into molecules should neither absorb nor emit, except for the fact

a nematic LC well below the solubility limit, and a cell with that the alignment along is of course not strict at a finite
planar alignment is prepared with the mixture. If the LC is intemperaturel but rather smeared out by the thermal spread
the nematic phase, it is expected to orient the elongated dysf orientations around. Henceforth, we shall refer to this
molecules along the directar through the guest-host inter- second situation agerpendicular excitation

action and, consequently, the absorption of the LC cell be- Consider first the case of parallel excitation. Every single

comes anisotropic. Let us consider the most frequent case gf,e molecule with a small deviatio® from n will gain an
a dichroic dye which predominantly absorbs and emits for anuyitation proportional to the absorption coefficient at the
optical field polarlzatlon parallel to its long axis, that is to laser frequency and to the projectionEbilong its long axis
say, parallel tan. The situation is schematically depicted in . j

Fi h it fLC and d lecules is sh i.e., «l,cof(0) andl,xE2. This latter factor takes into ac-
ig. 1(a), where a mixture o and dye molecules IS SNOWN 4 nt the amount of excitation being produced on the mol-

to have an average orientation alongforced upon by the ecule. On the other hand, since the light let off by the dyes is
internal elastic energy of the LC and the boundary conditiongnalyzed along the same direction by a polarizer, there is an
of the planar alignment. Suppose that a laser impinges upogdditional factor<cog(®) for the intensity reaching the de-
the sample with a polarization parallel m i.e., along the tector. The measured intensity for parallel excitation is there-
direction of maximum absorption and fluorescence emissiorfore expected to be

[m]

[a]
| —m——0O— parallel excitation 0ol |
—&——O— perp. excitation

Intensity (arb. units)

Il. EXPERIMENTS
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|H(T)o<|0<co§()>T, ) nescence emitted by the dy@pen symbolsfor both | and
I, . In Sec. Il B, we present an experimental attempt to verify
where( )1 denotes a thermal average at a temperatuigy  the predictions of this simple model, and underscore those
the same reasoning, for the perpendicular excitation we odeatures that do not suit this description and go beyond its
tain Scope.

|L(T)0<|0<Sin4(®)>T, 2 B. Sample preparation
The sample for our experiment was made from a mixture

where we expedt)(T)>1,(T) for T below the critical tran-  of the nematic liquid crystaE; (Merck) and the dye 3,3'-
sition temperature from the nematic to the isotropic state  diethylthiadicarbocyanine iodidéDTDCI). E- is a nemato-

For the purpose of modeling and a general comparisogen mixture of 4-alkyl-4’-cyanobiphenyls and terphenyls
with the experiment, let us consider what the thermal averf28] with a wide nematic range~ —10-63°C) and negli-
ages in Eqs(1) and(2) ought be by using the self-consistent gible residual absorption in the visible and near infrared.
mean-field Maier-Saupe theory of the nematic state. We shaDTDCI is one of the classic cyanines that have been studied
not dwell into the details of the Maier-Saupe theory, which issince the early days of molecular physics applied to dyes
described in the overwhelming majority of the classical[29]. The sample was prepared with a dye concentration of
books[22—25 and reviews[26] in the field, but rather de- 10~% mg/ml accomplished by successive dilutions. The pla-
scribe its usage for our present purposes. We avoid the selfar alignment of the cell was achieved by the Chatelain
consistent calculatioi22,23 of the distribution function Method[30] of rubbing the cell windows along a fixed di-
f(®) and the order paramet&(T) = — 1/2+ 3/2(coZ(0))r rection. A 100um mica spacer is used between the two

by using a simplified analytic form foB(T) like [24] scraped windows to form the cell that allows transmission
experiments to be performed. The alignment of the cell was
S(T)~(1-TIT,)2 (3)  tested by a birefringence measurement at room temperature

(T=23°C) between crossed polarizd&l]. A white light

which reproduces fairly well the general shape of the selfsource from a dichroic lamp with a very low power density
consistentS(T) obtained numerically from the Maier-Saupe On the sample {1 wW/mn?) was collimated from a long
theory and neglects the variation of the molar volume withdistance with pinholes and transmitted through the LC cell.
temperature. Onc&(T) is known, the distribution function The sample is placed in between two crossed polarizers at
f(0®) can be evaluated and the averages in Etjsand(2)  45° with respect t. The transmitted light is analyzed by a
obtained. This is shown in Fig(ld) (solid symbols for both ~ Jobin-Yvon T64000 triple spectrometer working in a sub-
Iy andl, . We have chosen a range of reduced temperatureigactive mode and coupled to a photomultiplier. The data are
t=T/T. which agrees with the temperature range of the exshown in Fig. 2a) for the visible range~450-800 nm. The
periments we shall describe in the next subsections. The irgnalysis of the curve follows that of Rdf32]. If the bire-
terpretation of the curves in Fig(ld) is quite simple: for the fringenceAn is dispersionles§.e., it does not depend on the
parallel excitation, the increase in temperature results in ghoton energyw), then indexing the peaks by successive

broader spread of orientations aroumdn view of the de- integers as a function of their energy position should bear a
crease inS(T). The molecules are less excited by the inci-Straight line. This is shown in the inset of Figa2not to be

dent laser, and also their emission along the vertical directiof€ case, revealing that there is a weak but noticeable effect
(parallel toﬁ) is less effective. Quite the opposite occurs forOf dispersion in this energy range. Inasmuch as we are inter-

. o >~ ested in a rapid characterization of the cell, we can assess a
the perpendicular excitation, where the spread aroond ,5imum valug32] for An of ~0.2 which is in excellent

helps in both the absorption and emission of the dyesT At a4reement with the technical data for this LC. It is important
=T, the two curves combine, as expected from an isotropiGy note that the incident polarization of the laser that excites

disltrigutigntﬁf orient?tionsd | of the d ded by th the dyes in the fluorescence experiment we shall describe
naeed, tis simple mocet of e dyes guided by e Mo rer i always kept either perpendicular or paralleﬁtcThe
lecular order of the nematic LC does take into account th(?dea is precisely to avoid the effect of the birefringence
orientational aspects of the Iight_ ab;orption and emiSSionWhich would introduce an unnecessary complication for the
processes, but falls short of considering the fact that the ﬂuo—nal sis of how the dves are being excited
rescence emission efficiency generally decreases with teriy Iny Fig. 2b) we sh)(/)w the absgrption aﬁd fluorescence

perature. _The latter is a na_ltural consequence of th_e mcrea%%ectra of DTDCI in ethanol, measured with a white light
in nonradiative recombination pathways for the excited mol-

ecules. The decrease in the fluorescence efficiency can paurce _and a He—Ne_ laser excitation, respectlvely. The char-
modeled by a prefactor of the forf@7] acteristic Stokes shift between the maxima of the fluores-

cence and absorption can be seen. The details of the spectra
are explained elsewhef29]. The selection of this particular
dye was made because it can be resonantly excited by a

whereksT* =U represents the characteristic or average enHie-Ne laser near the maximum of the absorption, thus facili-

ergy of the excitations participating in nonradiative recombi—tatmg experimentation.

nation channels. Equatigd) will therefore be a prefactor for ) o

the orientational contributions in Eqél) and (2). In Fig. C. Fluorescence decay, photobleaching, and diffusion

1(b) we show qualitatively the combined result $fT) and The first drawback one encounters when the doped LC
the nonradiative processes on the overall shape of the lumeell is prepared, and the He-Ne laser is pumping the dyes

lo(T)=lo(1—e 7'M, (4)
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FIG. 3. Fluorescence decay for both excitations at a fixed tem-
perature off=23 °C and a power density of 160@W/mn?. Note
that the two signals wane, but keepihg>1, . The power density
used here is relatively high with respect to the ones we used for the
temperature dependence of the fluorescence afterward. The laser
runs for 1800 sec on the sample, and is then interrupted for another
1800 sec foll | . If turned on again, there is only a partial reestab-
lishment of the fluorescence with respect to its value=ad. This
time is related to the diffusion of photobleached molecules at the
laser spot.

| He-Ne laser ]

| excitation ]

550 600 650 700 750 800 850
Wavelength (nm)

FIG. 2. (a) Transmission between crossed polarizers in the vis-S€veral fluorescence signdtwormalized by their values at
ible range for arE, sample doped with DTDCI. Note the presence =0) for different power densities as a function of time at
of maxima and minima due to the birefringence. The sample thick-T =23 °C. The data are taken for the perpendicular excita-
ness was 10Qum. The inset shows the energy position of the tion condition. It is clearly shown that the decay time be-
peaks as a function of an integer index. The line shows that a linesgomes smaller for larger power densities. On the other hand,
fit for the first three points cannot match the rest of the data pointsfFig. 4(b) displays the decay times obtained from exponential
showing the presence of dispersiondin. This allows us to obtain fits to the data for botty andl, . Note thatr, is systemati-
a maximum value folAn of 0.2. (b) Absorption and fluorescence

Intensity (arb. units)

spectra of DTDCI in ethanol. Note that the maximum of the fluo- 11 . .

rescence is at 695 nm, and that the dye can be resonantly excited (a)

almost at the maximum of the absorption by a He-Ne léskown 101 )

with an arrow. 0.9} 1
=08} _

with a fixed polarization, is a drift of the fluorescence signal

that persist for several seconds or minutes depending on the
laser power density. This effect occurs at a fixed tempera-
ture, and its understanding is, therefore, a prerequisite for the
observation of the temperature dependence of the fluores-
cence predicted in Fig.(h). We attribute this phenomenon
to the presence of photobleaching, based on reasons we
make clear in this subsection.

In Fig. 3 we show the decay of the fluorescence signal
measured at the maximum of the emissiol895 nm|[see
Fig. 2(b)] with a He-Ne laser excitation of 160Q.W/mn?
for both, parallel and perpendicular excitations &t
=23°C. The signal is at the beginning larger fgras ex-
pected from Egs(1l) and(2), and remains larger for subse-
qguent times. Both fluorescence signals have a pronounced
decay in 1800 sec at these relatively large power densities
and, furthermore, we show in Fig. 3 the effect of interrupting
the laser excitation for another 1800 sec and set it going
afterward. We observe that there is a partial recovery of the
fluorescence with respect to its valuetatO, but there is
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FIG. 4. () |, (t)/1, (t=0) for different incident power densities
at a fixed temperature df=23 °C. Note that the larger the power

some sort oimemory effecin the lighted up region. This is  yensity the faster the drop of the signal relative to its value at
shown in Fig. 3 forl, only, but the same phenomenon oc- —q_ (b) Time constants; and 7, as a function of incident power
curs forl. Depending on the power density under consid-for Iy andl, , respectively. The area of the laser spot is the same for
eration, one may have to wait up to 2—-3 h for a total recovll the data points. Mind the fact thaf< 7, but their ratior; /7, is

ery of the fluorescence at room temperature.
In Figs. 4a)—4(b), we show two additional and related
aspects of this drift in the fluorescence. FiguKe)4shows

almost constantinse). The dashed line in the inset is the prediction
of (sin*(®));/(cos(®)); from the Maier-Saupe theory af
=23°C. See the text for further details.
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cally larger thanr, suggesting that the decay is directly Fig. 3. In order to support this interpretation, we measure the
related to the amount of coupling between the laser and thaveragediffusion coefficient of DTDCI inE; in a separate
dye molecules. Furthermore, their ratig/7, remains al- experiment. Since this is not the main subject of this paper,
most intensity independent, as shown in the inset of Figwe comment on the results and refer the reader to [R&}.
4(b). for further details. We obtain an average diffusion coefficient
All these phenomena can be explained by the simultags D—1.0x10"7 cnfsec! for DTDCI in E;, at T
neous presence of dye photobleaching and diffusion, as we p3°c which is in excellent agreement with typical values
shall explain here. A temperature rise or any other indireCfor the self-diffusion coefficients in nematid5]. For
thermal effect can be readily discarded as being responsibi§Tpc in ethanol, on the other hand, the diffusion coeffi-
for the fluorescence decay. Typically, we use input powers ofjent is 1.5¢10°° cnPsec!, two orders of magnitude
the order of~0.1 mW distributed over an area of 2 mm in |arger. A simple estimation shows that this diffusion coeffi-
diameter and, due to the very low dye concentration, 1eSgjent is in good agreement with the time the illuminated area
than 1% of the total power will be absorbed. A very simple of the sample needs to recover, taking into account that the
calculation for the steady-state temperature distribution usinggjecules have to clear out photobleached molecules from a
typical thermal conductivities for LG26] shows that the reqion of the order of 2 mm in diametéa typical laser spot
temperature rise must be by all means negligible. In additionyseq in the experimentand replace them by normal dye
to the extremely low power being absorbed, a fluorescencgyglecules. Conversely, the same experiment of Fig. 3 in a
recovery time in the illuminated area of more than half angample of DTDCI in ethanol recovers the same amount of
hour (as shown in Fig. Bcannot be explained by a thermal forescence signal in 20 sec, which is two order of magni-
effect. In the photobleaching scenario, the laser illuminateg,qe smaller than irE,, and in agreement with the ratio
an area of the LC cell and resonantly pumps the dyes. Thgeyeen their diffusion coefficients. In ethanol, of course,
photobleaching of the dyes occurs from the excited stateé Ghere is no polarization dependence for the absorption but, on
the molecules, and can be thought of as coming from a tWene side of that, it is quite clear that diffusion and pho-
concatenated steps procegsexcitation of the dye, andi)  topleaching are two intertwined aspects governing the fluo-
photodissociation from the excited state. Thus the probabilityagcence signal. Furthermore, the time constants observed

to photobleach a moleculey, is experimentally, like those of Fig.(d), can be shown to be
directly related to the fact that the dyes are being excited
1 " )
Ppt=—=PexX Py, (5) resonantly. For the same power densities, the relaxation
Tpb times 7 and 7, are two to three orders of magnitude larger

when the exciting light is either the 514- or the 488-nm laser
where Pg, and Ppq are the probabilities for excitation and |ines of an Af* laser, respectively. The out-of-resonance ex-
photodissociation, respectively. Both, andPpgturn outto  citation condition of these two lingsee Fig. 2b)] results,
be proportional to the absorbed intensity,s. Moreover, accordingly, in a much lower fluorescence intensity when
sincel 45 is different for the two excitation conditiorjsand  compared to the 633-nm linéHe-Ne laser for the same
1 to n, we have two different relaxation timeg and 7, power density.

which, according to Eq(5), should follow It is important to note that the decay time of the fluores-
cence observed experimentally will be given by a expression
1 1 of the form of Eq.(6) only for sufficiently high input laser
TN S T (6) powers so that the photobleaching process dominates over
I5(cos'(@))+ 1(sin’(©))r the characteristic recovery time for diffusiegy. This turns

out to be the case for the experimental conditions and tem-

From Eq.(6) we observe that both and 7, are proportional perature used here. Conversely, if the laser power is too
to 113. Moreover, 7/ 7, =(sin(®))r/(cos(®))r, indepen-  small so thatrg~ 7),1 » the observed decay should follow and
dent of I, and, in addition,7, > 7 for T<T.. All these effective time constant of the form 4= 1/7) , + 1/74 [33].
features can be coarsely observed in the data of Rig. 4 To finish this subsection we would like to remark that the
Further, the dashed line in the inset of Figbyshows the observation of a coexistence between photobleaching and
prediction for (sin’(®))r/(cog(®)); from the Maier-Saupe diffusion is, actually, not new, but rather comprises one of
theory atT=23 °C, with aT. of 63 °C corresponding t&-. the well known techniques used in several branches of biol-
This is, of course, under the assumption that the order pasgy, and is known afiuorescence photobleaching recovery
rameter of the dye follows exactly that of the LC. Although spectroscopy¥FPRS [34]. The technique is mainly used to
the excellent quantitative agreement with the mean-fieldstudy the diffusion of fluorescently tagged dextrants or pro-
theory may be accidental, it is quite obvious that the fluoresteins through different types of tissug®4]. The new feature
cence drift can be interpreted within this framework. added in LC case is, perhaps, the fact that the absorption is

If the dye molecules were fixed in space, the illuminatedanisotropic due to the intrinsic order of the nematic state in
area would undergo photobleaching until the number of molan oriented sample. Furthermore, it also possible to image
ecules is exhausted and the fluorescence would approathe photobleaching and diffusion processes by working di-
zero. This situation is prevented by diffusion, and the finalrectly in adouble subtractivenode with the monochromator,
limiting value of the fluorescence at very long times will and forming an image of the output of the second stage di-
depend on the ability of the dyes to diffuse in and out of therectly onto a charge coupled devi@@CD) array. The tech-
illuminated region. This is, in fact, what produces the recov-nique depends on the illumination of the sample by two
ery of the signal after leaving off the laser for half an hour inHeNe laser beams: one with low intensity and expanded
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Temperature (°C) FIG. 6. Fluorescence signal for as a function of wavelength

for two temperatures in the nematfopen circley and isotropic

FIG. 5. Polarized fluorescence as a function of temperature foffull circles) states. Note that there is a shift of the maximum of
and an incident power density of 15@W/mn?. This result should ~~4 Nm between these two temperatures and theT =25°C)
correspond to the predicted curves in Figb)1(open symbols <1, (T=74°C), showing the explicit contribution of the nematic
Note that the main qualitative differences with the prediction in Fig.order which diminishes both the excitation and the emission at
1(b) are (i) the behavior neaf,, and(ii) the presence of oscilla- =25 °C with respect ta'=74°C.
tions inl, . The inset is an enlargement of the datalforshowing
that the distance between peaks shrinks wiigris approached is one of the most salient and well known shortcomings of
from below. the mean-field approach to phase transitions. The detailed

light dispersion neaf, i.e., around the clearing poifi23],

(which serves as a progeand one with high intensity and undoubtedly requires a more rigorous treatment of the tran-
focused on a reduced area within the first beam. The contrasition.

between the photobleaching effect of the former with respect Conversely, the existence of oscillations in the signal for
to the latter can be directly seen in the image which is fil-l, is very interesting and cannot be ascribed to a serious
tered at the emission of the dyes by the double subtractivereakness of the mean-field theory but rather to a missing
monochromator. These experiments have been performemgredient in the description. In Sec. lll, we shall present a
and are further inquired into elsewhd@s]. model that accounts for the experimental observations which

In Sec. IID, we shall be dealing with the temperatureis based on the existence of a resonant optical torque twisting
dependence of the fluorescence signals. However, we shahe dye molecules with respect to the main dielectric axes of
never be using a power density as high as that used in Fig. $1e LC. For the time being, however, we shall present a few
In any casewe understand hereafter that the fluorescencemore experimental facts to characterize the behavior of these
signals are those obtained once the initial decay is comoscillations.
pleted, and an equilibrium condition is established between Since we are taking the maximum of the fluorescence
photobleaching and diffusion signal[see Fig. ?b)] as representative for the emission in-
tensity of the dyes, we may worry about possible tempera-
ture shifts of the peak influencing the signal in Fig. 5. It is
well known that the maximum of a homogeneous fluores-

Once the photobleaching problem is accepted, we are nosence peak should both move toward larger wavelengths,
in a position to sweep the temperature and observe the effeahd its intensity should fall whefiis increased. In Fig. 6 we
of S(T) on the fluorescence signals of the dyes for bigth  show two fluorescence peaks in the nemafie-@5 °C) and
and |, . This is shown in Fig. 5 at a power density of isotropic (T=74°C) phases as a function of wavelength.
150 uW/mn?. The following features should be observed Both curves are obtained for the horizontal excitation condi-
in the data:(i) the general qualitative agreement with thetion, with a higher resolutiof0.5 nn) than the one we nor-
prediction of Fig. 1b) (open symbolsis good. The parallel mally use to measure the intensity at the maximum
excitation shows a continuous decay up to the transition t§~8 nm). Two interesting features can be seen in the data:
the nematic state, whilg displays a mild decrease followed (i) the maximum of the peak shifts by4 nm from 25 to
by an increment neaf.. (i) The intensities of | andl, for 74°C, and(ii) the intensity of the peak is larger foF
T>T, are almost equal in the isotropic state, as expected, but 74 °C in this particular excitation. The fact that the maxi-
the data have a more complicated behavior at and figar mum is displaced by only 4 nm in the whole temperature
which is not predicted by the model in Sec. Il Aii) |, range of our experiments, and that we measure the intensity
displays clear oscillations in the experimental data as funcef the fluorescence at 695 nm with a resolution of 8 nm, tells
tion of temperature. The inset of Fig. 5 shows the details olis that we can ignore the temperature shift of the peak as
these oscillations and the fact that the distance between subeing responsible for any of the features in Fig. 5 and the
cessive peaks contracts wh&pis approached from below. forthcoming figures. Changes in the fluorescence signal at a

The fact that the data fdr, andl in Fig. 5 behave dif- fixed wavelength of 695 nm come essentially from variations
ferently from the prediction in Fig.(b) nearT. is not at all  in the peak intensity at the maximum. Moreover, for a fluo-
surprising if we take into account that the averages in Eqsiescence to reduce its intensity at higher temperatures on
(1) and(2) have been obtained from the Maier-Saupe theoryaccount of the increase of nonradiative recombination pro-
Most predicted qualitative features of a mean-field theory areesses is not surprising, but Fig. 6 shows exactly the oppo-
expected to fail neaf., where fluctuations dominate. This site:l, (T=74°C)>I,(T=25°C). The latter is the result of

D. Temperature dependence of the polarized fluorescence
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and 514-nm lines of the Ar laser excite the dye out of

T T T
parallel excitation |

(@)

2 3 exetiaton resonance. As a consequence, the signal to noise ratio wors-
3 ens, as can be seen in Fig. 8. Notice that no oscillations can
£ be seen in the fluorescence data for 488 nm, while there is
:>.’ one visible peak neaf; for 514 nm. With the 633-nm exci-
‘a 1 tation line, the oscillations are clearly visible. One may argue
42 J\J L ] that the oscillations in the signal exist for the 488- and
T hilressing power . W 514-nm lines, but the signal to noise ratio does not allow
30 40 50 60 3'004'0 50 60 their observation. However, as we shall explain in Sec. Ill,
Temperature ("C) we believe that these data indicate a resonance effect in the
interaction producing the oscillations. In Sec. Ill, we deal

FIG. 7. Fluorescence emission flgr (&) andl (b) at 695 nm, as
a function of temperature for different input power densities. For
both graphs we use@from bottom to top 30, 60, 90, 120, and
150 pwW/mn? with the 633-nm He-Ne laser line as excitation.
Note thatl; shows no oscillations whilé¢, displays oscillations
with increasing amplitude for higher power densities. Note also that Ill. DISCUSSION
the amplitudes of the oscillations for a fixed power density are
somewhat larger nedr.. See the text for further details.

with a simple model that combines the existence of a reso-
nant optical torque and the LC elastic energy to account for
these observations.

In order to develop an explanation that accounts for the
experimental findings and the missing ingredients of the

the order imposed by the LC on the dyes and a direct viemedeI in Sec. Il A, we need to stress a few very basic facts

into the consequences of Eq(2), which gives on top of which we shall develop the description. It is very
(SIF(O))y_g > (SIF(O))7—ps oc. R important to realize the necessary conditions required to ob-

Having said this, we continue in Figs. 7 and 8 with aServe oscillations in the fluorescence as in Fig. 5. If the dye

further characterization of the oscillationslinas a function ~Molecules remained aligned exactly in the directionnof
of temperature. It has been established that oscillations ap-, following strictly the order parameter of the nematic
pear only inl, and notinl |, and that their amplitude swells S(T), the birefringence of the LC would never be seen by
with increasing input power density. This is shown in Fig. 7,the quoresce_nce of the dyes irrespective of the orientation of
where a series of temperature scans are showh, fand|, the LC cell with respect to the polarizers. It a straightforward
for different input power densities at 633 nm. As can be€Xercise of classical optid81] in the plane wave approxi-
readily seen, oscillations appearlin with increasing ampli- mation to §how that in O(der to perceive the birefringence of
tude for higher power densities, but they never come in view Sample in a transmission experiment between crossed po-
for 1. Further, we can see in Fig(d that the relative am- larizers, thelight sourcemust be polarized at some angle
plitude of the oscillations seems to be larger for temperature®ith respect to the principal dielectric axes. Additionally, the
close toT, than far from the transition. In addition in Fig. 8 Output polarizer preceding the detecteee Fig. 1 must not
we show the result of changing the input laser wavelength oR€ aligned with the principal dielectric axes to observe the
the fluorescence signal for for a fixed power density of blrefrlnge_nce. The ‘experiment performed in Sec._ IIB to
150 wW/mm?. Note that, as explained in Sec. Il C, the 488- characterize the birefringence of thea LC cell with two
crossed polarizers at 45° with respectrtas nothing but a
—] special case of these two conditions. The main difference
T with the experiment of Sec. II B is that the observed light

. . ¢l A . . .
perp. excitation 1 does not come from an external white light source, but that it
i 1 is rather generated inside the sample through the fluores-
633 nm ] cence of the dyes.

The model that describes all the basic features observed in
the experiment is as follows: there is a resonant optical
torque that competes with the internal elastic energy forced
1488 nm ] upon the dyes by the LC. The torque has no effect when the

polarization of the laseE, is || to n. If E,Ln, however, the

dyes are left in an unstable situation trying to cope with both
e the elastic energy interaction with the LC and the potential
10 20 30 40 50 60 70 energy of the interaction with the laser. Although the torque

Temperature (°C) itself is zero forE, strictly L ton, the potential energy of the
FIG. 8. 1, as a function ofT for three different exciting laser intera}ction with the Iaser. ?S in a local maximum and,.there-
lines—633, 514, and 488 nm—uwith the same power densitiedOre in an unstable condition. The reader may appreciate that
(150 wW/mmP). The signal is smaller for 514 and 488 nm due to this is, in fact, a simple generalization of one of the possible

the lower absorption of the dysee Fig. ?b)]. In addition, there is ~ configurations of the Fealericksz transition for statiedc)
no sign of oscillations in the data for 488 nm and perhaps onélE'dS, albeit as a rule the extension to the Opth&' frequenC|eS

visible peak neafl, for 514 nm. The data for 633 nm show very has to be taken with care and justified by experimental evi-
clear evidence of oscillations. The data are considtantnot con- dence. The main problem is that LC’s do not always behave
clusive, with a resonant torque put forth by the laser onto the dyesin the same manner when the dc behavior is compared to the

514 n

Intensity (arb. units)
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bearing in the optical range, as demonstrated in the wellto n will produce a state of polarization at the output that
known examples of adiabatic propagation of li§85] or i contains information on the birefringenden(T) of the LC
optical Freedericksz transitions that have no analog to dcat a given temperatur® The second condition needed to
fields[36]. If zis the propagation direction of the light, and observe the birefringence, i.e., the direction betwaeand

the departure angle of the dyes framin the direction  the output polarizer, can be fulfilled by either a small mis-
perpendicular ta and parallel to the cell windows, we obtain alignment of the output polarizer &’<k, or by a small

the equilibrium condition ag23] twist of the directom if k' ~k. We cannot distinguish be-
tween these two situations experimentally. In any event, pro-

2
i Kk’ (@ +a(w)l sinZ(G))}, (7)  Vided that both conditions are accomplished, the signal at the
etector contributed by the molecule will be of the
dz = | dz d ibuted by th lecule will be of the foi®d]
exactly as in the continuum theory of the Edericksz effect 27wAn(T)z
[23]. In Eq. (7), k’ is the elastic constant between the dyes I~ 1+C(0,0,l)co - — ®

and the LC moleculed,<E? the intensity of the laser, and
a(w) a function with a resonance at=w,, wherewg rep-  where \ is the wavelength of the light in vacuum and
resents the photon energy where the dyes absorb. The faC{®,w,|)xa(w)l. If ® were 45°, therC(45°)=1, reduc-

that Eq.(7) governs the stability of the dyes within the LC ing Eq. (8) to |~cog(7wAn(T)z/\), which is the well-
deserves specific attention. There are two types of elastiknown formula[31] for a birefringent medium between
interaction in the doped LC. The LC molecules interactcrossed polarizers. Likewise, the total contribution to the sig-
among themselves, and this produces the standard Framial comes from all the fluorescence emissions along the cell
elastic constant$23] (k). On the other hand, there is an of thicknessd. The emissions are incoherent among each
interaction between the dyes and the LC molecules whiclvther because the fluorescence decay implies a relaxation
defines areffectiveelastic constank’ for the deformation of  process through internal excitatiortgibrations, etg, and

the former with respect to the latter. The originkodindk’ is  these lose phase information from the exciting laser. The
at a molecular level. In a sense, the problem of twisting theotal contribution to the signal must be calculated, accord-
dyes with respect to the LC internal order is similar to twoingly, as a sum of partial intensities for differers given by
masses connected by two springs, one between them and the. (8), and not their electric fields, as would be the case if
other between one of the masses and a fixed reference wadloherence subsisted.

The first spring represents the elastic interaction between the By taking into account the effect of the torque as a small
dyes and the LCK"), while the second serves as a model forperturbation to the contributions given by EqR) and (4),

the elastic interactions between the LC and the boundarwe arrive at a total intensity of the form

conditions k). By pulling from the first mass, representing 2 wANT)d
the dyes, several situations are possible depending on the i mAn(T LT T

actual values ok andk’. If k>k' the dyes can be twisted '+ 7|1 An(m)>" A ”(1_(9 (sirt'(@))r,

with respect tan, while the LC may still obey the boundary 9)

conditions imposed by the cell. K<k’, the LC will follow ' . . .
the twist of the dyes, and this type aidirect torqueis where the first expression between brackets is the integrated

responsible for many of the phenomena reviewed in Sec. Effect of Eq.(8) (properly normalized by the first tepithe
In addition, if k~k’, both the dyes and the LC can be second_and third expressions come from Ed$.and (2),
twisted with respect to cell but not necessarily by the sam&eSPectively, andA=C(0,w,I)A/2m is a constant for a

amount. We believe that the situation for our sample and@iVen laser intensity and frequency. Equatih has two
experimental conditions can best be modeled by eittfer adjustable parameter#, which fixes theamplitudeof the
<k ork’~k. In this way, Eq/(7) represents, the equilibrium oscillations, andr'*, which corrects the downward shift of

of the dyes in their interaction with the LC and the optical h€ Signal due to nonradiative recombinations. £o(T) we
field. take the simplest possible model given [123]

The main difference between E) and the dc Freder-
icksz effect is perhaps the fact tha{w) is a resonant func-

tion at w=wqy, coming from theainteraction o, and the jth An(0)=0.2, suggested by the data in FigaR and
dynamic polarization induced bk, on the dye molecules. S(T) given by Eq.(3). In Fig. 9 we plot the prediction of Eq.
This has drastic consequences for the threshold condition @) together with the experiment. We took a valuefothat
the twist which is proportional ta’k’/a(w) and can, there- approximately reproduces the amplitude of the oscillations as
fore, be very small. Indeed, we believe that this, togethewell as an appropriate value ®f . Notice also that the num-
with k' <k, are the conditions that actually allow the twist of ber of peaks in the whole temperature range, related to the
the dyes with respect to the LC to be observed. The laseralue of An(0), is fairly well reproduced, since ten peaks
couples strongly to the dyes but, at the same time, it is to@re clearly seen in the model calculation and nine are ob-
weak to produce by itself a direct modification of the LC, asserved experimentally.
seen in the well known examples of optical reorientations In addition to the qualitative agreement in Fig. 9 there are
[24]. a few more aspects that can be interpreted by(8q.(i) the

A dye molecule emitting fluorescence at a distafitom  data in Fig. 8 can be explained by the resonant enhancement
the end face of the cell and with a twist an@ewith respect of Axa(w), which increases the amplitude of the oscilla-

A

An(T)=An(0) X S(T), (10)
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temperature dependence of the diffusion and elastic con-
stants. The equilibrium value of the photobleached signal in
Sec. IIC, as well as the final stable twist angle in Ef,

may change slightly ifD and k' depend on temperature.
These variations are probably needed to explain the fine de-
tails of the data in Fig. 5 close to the clearing point. Still, it
is quite clear from Fig. 9 that the gross features of the data,
except very close td;, can be easily explained without
these ingredients.

I experiment

Frmodel

Intensity (arb. units)

IV. CONCLUSIONS

. . We have studied the resonant interaction of dyes dis-
0.8 0.9 1.0 solved in a prototype LC. For the particular dye we used

TT. (DTDCI), we found evidence in the early stages of the laser

FIG. 9. Experiment(with the 633-nm excitationand model |II.um|r.1at|on of polarized phot'obleachlng coexisting with dye
[from Eq. (9)] for 1, . The model takes into account the averagedlffusmn through the nematic host. In addition, by way of

orientation from the mean-field theofiq. (2)], the nonradiative the temperature dependence of the polarized fluorescence,
recombinations from Eq4), and the existence of a twist given by We found evidence of the existence of a resonant torque act-

the integrated effect of Ed8). ing on the dyes and twisting their orientation with respect to
the principal axes of the LC director. The temperature depen-
tions; (ii) the fact thata(w) can be large forw~ w, may dence of the birefringence can be seen in this latter case by

explain why the twist of the dyes has a very low threshold,the dye fluorescence as oscillations in the detected intensity.

and can be observed at very low power densities, as seen e hope that our results will he!p to.augme.nt and_clanfy
Fig. 7(2); andiii) the amplitide of the oscillations depends SCMe ©Of the basic aspects of light interactions with dye
on temperature like(1/An(T))sin(27An(T)d/\), which doped LC.
gives larger amplitudes foF—T.. This may explain why
the amplitudes seem to be relatively larger clos&{o as
can be seen in Figs. 7-9. Special thanks are due to F. Tutzauer, R. Gludovats, C.
We judge the qualitative agreement between the moddtggenschwiler, R. Soto, and B. Eckardt for the construction
and the experiment in Fig. 9 as excellent, and we regard it asnd design of different parts of our experimental setup. It is
clear proof of the existence of a laser induced twist of thealso a pleasure to thank A. Fainstein for stimulating discus-
dyes with respect to the LC host. This selective twist has nosions, several hints, and ideas for the modeling and interpre-
been heretofore reported in the literature, to the very best ahtion of the experimental data, and for a critical reading of
our knowledge. the manuscript. M.N. and D.S. acknowledge financial sup-
To finish this discussion, we would like to comment on port from the Comisio Nacional de Energi Atomica of
two possible effects that were not included by virtue of theArgentina at the Instituto Balseiro. P.E. thanks the Fundacio
Ockham'’s razor principle, namely, the possible effects of theAntorchas for financial support through a reentry grant.
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