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Enhanced optical nonlinearity by photoinduced molecular orientation in absorbing liquids
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We present a theoretical and experimental study of the molecular orientation induced in a light-absorbing
liquid of rodlike molecules by a laser pulse that explains the large enhancement of anisotropic optical Kerr
nonlinearity observed in liquids in which a small amount of dye has been dissolved. Our model is based on the
assumption that a molecule changes significantly its rotational kinetic and equilibrium behavior when it is
electronically excited by the absorption of a photon. The anisotropy of the absorption probability then results
in a corresponding orientational anisotropy of the molecules involved in electronic transitions, which in turn
orient the whole liquid via intermolecular interactions. To test our model, we performed nanosecond pump-
and-probe measurements of nonlinear birefringence at varying pump pulse energy and temperature. In our
experiments the host was a liquid-crystal mixture in its isotropic phase and the dye was an anthraquinone
derivative. Both the decrease in the nonlinearity enhancement observed for increasing pulse energies and the
pretransitional behavior occurring for temperatures approaching the isotropic-nematic transition point are in
good agreement with the predictions of our model. The contribution of secondary effects related to light
absorption and light-induced heating has been also taken into account in order to properly compare the
nonlinearity of an absorbing liquid with that of a transparent ¢84050-294{@8)03612-9

PACS numbg(s): 42.65.An, 34.20.Gj, 42.70.Nq

[. INTRODUCTION duced in an absorbing liquid by a laser light pulse and of the
associated optical nonlinearity. Part of our work has already

The electric field of a light beam exerts a torque on an-been reported in Ref3]. In this paper we describe in detail
isotropic molecules by coupling to the oscillating dipole in- the theoretical model and its derivation and compare its pre-
duced in the molecule by the field itself. The resulting light- dictions with our experimental results, taking into proper ac-
induced molecule reorientation is the main mechanism fofount secondary effects due to light absorption. In particular,
optical nonlinearity in transparent liquids, the so-called opti-S€c. Il is devoted to the theory and is divided into three
cal Kerr effect[1,2]. In light-absorbing liquids other phe- subseptlons on the definition of the model and its bas!c as-
nomena, such as thermal lensing and incoherent electronfUmptions(Sec. Il A, the system dynamical equations in a
excitation, may contribute to the material nonlinearity. How-convenient representatioiSec. 11B), the system’s steady-
ever, the phenomenon of light-induced molecular orientatiorstate response to a long light pulggec. 11Q. Section Il
itself can be strongly modified when the liquid is absorbing.discusses the experiment and is divided into three subsec-
In particular, as observed recently, mixing small fractions oftions on the measurement technique of nonlinear birefrin-
some dyes in transparent liquids can enhance their nonline§€nce(Sec. Il A), the data corrections for the effects of ab-
birefringence resulting from light-induced molecular orienta-SOrption losses and light-induced heating, necessary for a
tion by orders of magnitudg3,4]. Although still related to  Proper comparison with _the case of a transparent material
molecular reorientation, this effect cannot be explained by 4S€c- Il B), and the experimental resuliSec. Il O. Finally,
simple enhancement of the optical dipole torque. Its explad discussion of the results and some conclusive remarks are
nation must be sought instead in the transformations occufl Sec. IV.
ring in dye molecules as a result of photoinduced electronic
excitation and in the consequently altered equilibrium of mo- Il. THEORY
lecular orientational interactions.

The idea of searching for a dye-induced enhancement of
the optical Kerr nonlinearity in liquids came after a similar  Let us consider a light-absorbing liquid composed of rod-
phenomenon had been observed in the nematic phase of dyld&e molecules in the presence of a linearly polarized optical
doped liquid crystal§5-7]. For transparent materials, in- wave. In our experiments, the material is a mixture of a
deed, the driving mechanism of light-induced molecular retransparent liquid host and a dye. Therefore, we will refer to
orientation of nematic liquid crystals and isotropic liquids is this case in presenting the model. However, the same model
substantially the same. It was then natural to suppose thataan be applied also to the case of a pure absorbing material.
similar analogy could be valid also for the still unknown We assume that only one excited electronic state of dye
mechanism at work in absorbing materials. molecules is effectively populated by the photoinduced tran-

Here we present a study of the molecular orientation insitions. Therefore, three molecular populations must be con-

A. Model
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sidered, i.e., ground- and excited-state dye molecules anfdlly nonradiative transitions, which involve a much larger
host molecules, which will be denoted by the index amount of energy converted into heat. This heat could ran-
=g,e,h, respectively. Let the number af-type molecules domize the orientation of those molecules that decay nonra-
per unit volume and solid angle bg(s,), wheres, is a unit  diatively. However, by the time they decay, the orientation
vector specifying the direction of the molecule long axis.of these molecules will already have been largely random-
Because the system will always exhibit azimuthal symmetnjzed by rotational Brownian motion occurring in the excited
around the optical electric field,, will actually depend only state (as discussed later Therefore, neglecting this effect
on the angled betweens, and the field direction. The three will not alter much the model results.

functionsf, completely define the state of the system in our Besides the photoinduced electronic transitions, the mol-
model and their dependence on timdefines its dynamics. ecules are subject to rotational drift and diffusidie.,
They can be expanded in a series of Legendre polynomialgrownian motion in angle spagen the so-called diffusional

P, as approximation, corresponding to the assumption that the re-
orientation of a molecule occurs in small angular steps, all
these processes can be combined in the following set of dy-

1
- )
fa(0.0)= 72— O;le 2+ 1)Q, (Pi(cost), (1) namical rate equations for the angular distributions:

where of, -
W‘FAafa:Wa, a=g,e,h. (5)

Q)= f £ .(6,0Py(cos6)d @

Here W,=0, as host molecules are not involved in popula-

are the Legendre moments of the distributions. Because tr{[(leon transitions, and\, is an operator accounting for the

system also exhibits inversion symmetry, all ddahoments rotational diffusion and drift, defined as
vanish identically. The infinite set of momer@(t), with A 1 g
evenl, therefore provides an equivalent description of the A,=—D,=— —sin 0(
system dynamics. In particular, the zeroth-order moments sing d¢

Q®=N, are the total number densities of the populations

- ~(2) S ) _wherekT is thermal energyU,(6) is a potential energy
and the ratioXQ, /Na.are their orientational or_der param controlling the rotational drift and, is a rotational diffu-
eters. The host densitMy,, the total dye densityNg=N,4

N d th | densitN. =N + N : sion constant. Two contributions to the orientational poten-
foeé, and the total densitN=Np+Nq are, of course, sy must be considered in our case, i.e.,

We suppose that the dye electronic transition dipole is _yjemy qi
. ) X . U,=u"+u,, )
parallel to the molecule’s geometrical long axis. The light
absorption probability per unit time can then be written as

9 19U,
), (6)

20 kT 90

accounting for the direct coupling to the external electromag-
netic field and for the mean-field effect of intermolecular
| co<0, ©) interactions, respectively. The first term corresponds to the
hvNg polarization energy

3010

p(o)=

wherel andv are light intensity and frequency, respectively, 74
ag is the absorption coefficient, artis Planck’s constant. U= — 2—ac0320, (8)
The rate of dye electronic transitions from the ground state to nc

he exci n KW, is given . . . .
the excited staté, and backWg is given by where /47 is the anisotropy of molecular optical polariz-

f.(6) ability, corrected for local-field effects; is the refractive
(4) index, andc is light speed in vacuum. More precisely, we
havey,/4m=F?A«k,, whereF = (n+2)/3 is the local-field
factor andA «, is the anisotropy of optical polarizabilifi2].

We(6)=—Wy(6)=p(6)f4(6)— o
where 7, is the excited-state lifetime. Note that this expres- i : : : .
sion is based on two important assumptions. One is tha-{_he second _termJa requires a little more d|scu53|o_n.
stimulated emission is negligible. This is reasonable as, in A €onvenient approach is to start from the Gibbs free
most dyes, the Stokes shift between absorption and fluore§NErgy per unit volumé. In a _me_an-fleld approximatio
cence spectra makes the excited molecules almost corfp @ functional of the set of distributiorfs, . Therefore, we
pletely off resonance. The other assumption is that the prg'@y €xpand it in a power series and truncate the expansion
cess of vibrational relaxation immediately following each © the quadratic term, which provides the first nontrivial con-
electronic transitionboth excitation and decaas no sig- tHeution 0 G:
nificant effect on the molecule orientation. For the case of

excitation, the success of models of time-resolved fluores- Gzi Z
cence based on this assumption supports its valitsly 2Nt o
Moreover, unless the dye molecules are very small, the heat

generated by the vibrations is estimated to diffuse away towhereg(s,,s;)/2N; is the coefficient of the expansion and
fast for a large molecular reorientation to occur. In the decayach integration is over the whole solid an§®. Without
case, however, we must also consider the contribution oibss of generalityg can be taken to be symmetric with re-

jdﬂaf dQ gg(s,,8p) fof g, 9)
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spect to the exchange ef ands,. The potentiall!, is then ~ The symmetric matrix of energy coefficientg, gauges the
obtained as the functional derivative @fwith respect td ,, : orientational intermolecular interactions between pairs of
molecules of populationg and 8. We note, however, that
these coefficients are not strictly molecular quantities. In
general, as our derivation shows, they may contain both en-
ergy and entropy contributions and may depend on tempera-
Next we may expand(s,,S) in @ Legendre series in terms tyre, pressure, and dye concentration, although probably the
of the angle betwees, ands,. However, here we consider dependence is weak. Similar considerations apply to the dif-
only the contribution of the lowest Legendre term, i.e., Wefysion “constants”"D, andDy.
assume Equation(5), together with Eqs(6)—(8), and (12), pro-
1 vides a closed set of integral-differential equations for the
g(Sa.Sﬁ)I—EUaB(Sa'Sﬁ)Z, (11)  system dynamics and completely defines our model. The
case of a pure material is obtained by setting=0 in all
whereu,; are constants and the isotropic terms are omitte@duations.

for brevity. Inserting Eq(11) into Eq. (10) and performing
the integration, our final expression for the interaction mean-

;oG

field potential is obtained: B. Dynamical equations for the orientational moments
2 Using Egs.(1) and (2), Eq. (5) can be converted into an
U (6)=— lz u Qg c020 (12) equivalent set of ordinary differential equations for the mo-
@ 249G PN, ' mentsQ{(t). Lengthy but straightforward calculations yield

N0 m, [ 7l UapQy [ -1 -2 L o
Qu +'('+1)DQ[Q“+ e > N || @ D@0 @ D
|42
= U+t _p
2T 2+ 3) Qe ]‘Ra ’ (13

with R{"=0 and

1 3apl [(1—-1) ~ 212(21+3)—1 (I+1)(1+2)
RY=-R)=-—QV+ | — 0724 —— Wt QU 2|, (14
Te hvNgl (21—1)(21+1) (21-1)(21+1)(21+3) (21 +1)(21+3)
|
These equations can be solved numerically by neglecting all _ Ne apl
| moments withl >1,,,,, wherel ., must be increased until Net+ —= thd(Nd_ Net+2Qq). (15
e

numerical convergence is achieved. In the following, we will
instead adopt an analytical approximate approach that Wepo oqations for=0 anda=g,h are unnecessary, &b, is
estimate to be accurate enough for a significant comparisof) - - ut and\ (1) = Ng— Ng(t) ’NeglectingQ Eq ’(15) is

with our experiments. In the dye-doped mixture case, the g\ d el . 9 =
approximation is based on the following assumptiofi: feduced to the standard rate equation for two-level systems.

laht- X . . The corresponding characteristic saturation intensity is
ight-induced host anisotropy is always very small, i.e.,

Q1Q(P<1 for all 1=2; (ii) the dye momentR® are hwNy
negligible with respect t§'? ; and(iii) dye concentration is =
small, i.e.,Ny/N;<<1. As we will see, the first two assump-
tions are automatically verified if the light intensitys very  £qr our casd ~10" Wicr?.

small, but they may remain valid even at relatively high light  Next let us consider Eq13) for |=2. Fora=h, i.e., the
intensities. In our experiments we estimag=Q{/Q{”  nost population, the right-hand side vanishes. Moreover, by
<103 and Q{V/QP~Q{"1Q{?»<0.2 at the highest light assumption(i), of the three terms included in the square
intensities. MoreoverNy/N;<0.01. In the case of a pure brackets on the left-hand side only the first is significant.

absorbing liquid, for whictiNg=N,, assumptior{iii) cannot  Rearranging the remaining terms, one obtains
be made. Therefore, this case needs a separate treatment that

(16)

S agTe

remains simple only in the limit of very small light intensity. . UnnNp
In this limit, the pure material behaves just as the dye-host Qn+6Dy| 1= 15k TN, Qn
mixture, as will be shown.
For brevity, hereafter we ush,=Q'”) andQ,=Q?. _ 2DpNp[ 7Nl
Then Eq.(13) for |=0 anda=e is rewritten as ~ BKTN,| nc FUnQetUngQq |- (17)
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In this equation the second term on the left-hand side is theegligible is not justifieda priori for | > |4. However, we
relaxation term due to rotational diffusion, weakened by theperformed some numerical calculations including higher

self-interaction energy;,,. At the critical temperature contributions and found that the results changed little, even
in this high-intensity range.
T* = UnpNp (18) Let us now consider the pure liquid case. There is no host,
15kN;’ only g ande molecules, antNy=N;=N,,. For simplicity, we

] ] ) . . restrict the discussion to the small intensity liri& |5 and
the relaxation term vanishes and the isotropic phase is spop— |, (therefore we give up describing the saturation behav-

taneously unstable. IF* is above the transition point to the ior). After retaining only terms of the lowest order in both
solid phase, then the system will exhibit a nematic liquid-|/| _ and1/1,, we obtain

crystalline mesophase below a transition temperalyrihat
is slightly higher thanT* [10]. From the relaxation term in ) R
Eqg. (17), we obtain the relaxation time for the host orienta- Ne+ T hy!
tional order, i.e., ¢

Qe 2ag

1 7T Qet —=zr—
= . (19 Qet o " 5m, 22
6Dp| T—T*
. 6D, T* N .
Let us now consider Eq13) for | =2 anda=e,g. On the Qq+ Q_ L( 7o, +ugeQe) —Qe—6DQ.,
left-hand side, only the first term of those in curly brackets Tg  Uggl | NC

must be retained, i.eQ,”. This corresponds to considering . .7+ — Ugy/15 and ry=T/6D4(T—T*).

only light absorption as a driving term for the dye anisot- Before looking for the solutions to EG0) or (22), let us

ropy, and neglecting the effect of orientational interactionsexpress the nonlinear birefringence measured by a weak
with the host, which is almost isotropic, and with the other

q lecul hich far f h oth | h Iprobe light pulse in terms of the dynamical variables of the
ye molecules, which are far from each other. In othel, e The birefringence is related to the dielectric anisot-
words, the latter terms are of the order®f or N4/N; and

heref liib| di L q ropy Ae=¢|— €, , where|| and_L stand for parallel and per-
are therefore negligible according to as§umptl<ﬁr)3?n pendicular to the pump electric field, respectively. It can be
(iii). Moreover, we may neglect the contribution @fa in

Rf), in accordance with assumptigm). shown that
The whole model is therefore finally reduced to the set of ,
four differential equations Ae= Ea: 7.Qua (23
N+ Ne = ol (Ng—Ne+2Qy), where ! /4r=F'?A«/, is the local-field-corrected polariz-
7e  hvNg ability anisotropy at the probe wavelength. If A€ is small,
the birefringence is given bAn=Ae/2n. The ratioAn/I
ot Qe _ 2ayl (Nd—N . 5_5Q ) characterizes the anisotropic optical Kerr nonlinearity of the
¢ 19 5hvNy ¢ 1479 material.
: : (20
Qgt+6DyQy=—Qc—6DeQe, C. Steady-state solution
. Qn 6D T*( 7N, Here we report and discuss the st_eady-state solution cor-
Qnt T_h: Turr ( e |+ UnQet uthg), responding to a constant pump light intenditgnd to a sta-

tionary value of all molecular-distribution moments. This
where we introduced the overall decay time for the dye moparticular solution. can be found by.solving the algebraic set
mentQ,, of equations obtained from EqGZO) in the dye-dqped case
or Egs.(22) in the pure material case, after setting all time
rd=(7-g1+ 6D,) 1. (2D derivatives to zero. In actual experiments the pump light is
pulsed and this steady-state solution will represent the
A more formal derivation of these approximate equationsasymptotic behavior that is reached by the system after a
can be based on a iterative solution of E&3) for small light  transient following the beginning of the pulse provided the
intensityl and dye concentratioNy/N,. However, we point  pulse duration is much longer than the material respapse
out that Eqs.(20) include terms that are not of the lowest (or 7, for the pure liquid.
order in the ratiol/l5 in order to describe the effect of ab-  Let us consider first the dye-doped liquid case. The sta-
sorption saturatior(dye bleaching On the contrary, only tionary solutions to Eq920) are
terms of the lowest order ilNyg/N; and I/l are retained,
wherel=15kTnd 7, is the intensity for saturation of the 0 :Zaon (1) (24)
ordinary optical Kerr effect due to polarization. This proce- ¢ Bhy '
dure is justified ifl ;<1 , which is usually the case. In our
casel «~10'2 W/cn?, five orders of magnitude larger than
Is. We expect Eqs(20) to be appropriate for intensitids N :l_
< I andl < | . Assumption(ii) thatl >4 dye moments are ¢ st

N 2De
d Dng 1



4930 L. MARRUCCI et al. PRA 58

D. 0.7
Qg:_D_Qe7
9 0.6
1 T [N ~
= 0.5
O Unh T—T*( nc '+ AUQe), Z—o
. Q 04
where we introduced the molecular parameter l\_,o
v
- 03
Au=u —Eu (25 O;D
he Dg hg 02
and the function 0.1
11D 74\ [ | 2™ rg\ [ 11271
_ - _ 0
f(l)=]1+( 1+ 7DgTe)(|s)+(35DgTe I .

S

The total dielectric anisotropy is then . . o
Py FIG. 1. Theoretical excited-dye distribution momepg, nor-

P malized to Zr4N4/57., versus light intensityl, normalized to the
T /”hNI dye saturation intensityl for several values of the ratio
Qe+ I+AuQ,]|. Y Vs

Ae=
Uhh(T—T*)\ nc Der/DgTe~

7]! 677’
e Dg g

(27)
. . . . . rocesses, i.e., photon absorption and rotational Brownian
Let us now discuss the physical meaning of this solutlonp P P

otion. On the other hand, the photoinduced orientation of

First, note that light absorption is an anisotropic process a”TFEe host is a collective effect driven by dye-host intermolecu-

therefore it tends (o generate an orjentet_:i population Of.exfar interactions and enhanced by host-host interactions.
cited dye molecules. At the same time, it leaves an aniso- The dielectric anisotropyand hence the nonlinear bire-

tropic hole in the population of ground-state dye m°|ECUIeSfringence) exhibits two contributions, which can be associ-

Thlshfor.cmg. rTecthan_lsrg IS oppotseﬁl db{) t%ﬁo l.;eltaxat'onated respectively with the direct dispersive effect of dye mol-
mechanisms. electronic decay, controlled by the ietme o\ g (terms with 77{, and ;) and the effect of host

and rotational diffusion, controlled by the constabts and 9 .
Dy. The balance between these effects gives rise to the nomolecules_(terms W'th 7h)- The former is due_ bOt.h fo the
overall anisotropy induced in the dye populatiorDif# D 4

zero dye moment®), and Qq. Note, however, thaQ, : . o .
+Qy#0 only if Do#Dg. In other words, the overall dye and to the dn‘fergnce in pola'n’zablI:ty of dye moleculgs in the
ground and excited states if,# 7. The host term is in-

distribution remains isotropic unless the rotational diffusion X X . .
has different rates in the excited and ground states. The funSi€@d refated only to the host orientation, driven by the opti-

tion f(1) here describes the nonlinear behavior of the dyef@! field via the direct coupling with molecule polarization

anisotropy due to saturation of absorption; in particular,and by the additional photoinduced dye molecule field. The

f(1)=1, so thatQI for | <1, andf(1)—0, so thatQ host term is expected to dominate the nonlinear birefringence
1 e S ! e

in all materials where collective orientational effects are suf-

forseveral valus of e perameyz/Dy . Note i L SUOHG, I PRI, 1 Sfee = g e e
particular, that the dye momemlfzoc I7(1) has & maximum temgerature and it tends to diverge for— T)’/* Such gen-
at | =1 ma=14(27734D/357.Dy) "7~ Once the dye popula- X S o ;

: : . ._hancement can indeed be observeditprid crystals in their
tlpns become anlsotro'plc,' they start.toi act upon the host IIqi-sotropic phasewvhen approaching thgntrans)i/tion to nematic
lfdA generstl:gtsnt onentlngupi)otentlf)lh N uh%Q‘athu“gQg phas€11]. However, this pretransitional divergence is trun-
g thUQ?. th N ? I ata nc_)ndzer h dcar: € ats_cbr : t'e .(_) (_)rr;]e O cated because the actual transition temperalyris always

0 I? d el ovl\n?'g mbepen en qontr| u Ionbél-) € slightly larger thanT*. In liquids that do not exhibit a nem-
ivgra )(;e‘t Lgr(])pufa lon ecomefthanlrs]o rtoplc, _eiange atic phase, the constamt is usually well below the liquid-

g, anditineretore can orient the host everug_,te—uhg solid transition temperature and therefore a strong pretransi-
and(ii) the ov_erall dye population remains Isotropic, _becaus_qional enhancement cannot be observed. Note that the
De=D,, butits effect on the host is nonetheless anisotropi,seyation of this pretransitional temperature behavior is
because the interaction energy in the excited state is differ

Bhe signature of a collective orientational respotalthough
from that in the ground state, i.@l,.# U,g. The combined not ngcessarily due to the dye figld po( g
effect of these two contributions is expressed by the energy g ratig of the total host nonlinear birefringence to the

constantAu. Finally, the molecular potentidlly, together  gg1e ordinary Kerr contribution is the dye-induced enhance-
with the usual polarization potentitl™ of the optical field, ment of optical nonlinearity
orients the liquid host molecules, i.e., produces a nonzero
host order parametép,, .

We point out that the anisotropy of dye molecules can be A(N=1+ AuQe 14 2nagh 74Au )
understood as the result of essentially all single-molecule '

—0 for | —oo. Examples of this behavior are plotted in Fig.

(maN¢/no)l 57nN¢h
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In particularA(0) is the enhancement factor fbr I5. To joule-meter M4
estimate it, we need to determine the valuengf We may oscilloscope ‘
consider the case of a nematic liquid crystal, for which the

optical dielectric anisotropy i€,~ 7,N;S, whereS is the A
order parameter. As typically,~S, we obtainy,N,~1. A
more precise estimate should take into account also the
variation of density and local-field factors when passing
from the isotropic to the nematic phase. Taking=1 ns and
Au~0.1 eV, we getA(0)=~1+10*\ag). ForA=0.5 um
anday=20 cm !, we obtainA(0)~10.

Let us now consider the case of a pure absorbing liquid. X
The steady-state solution in this case is 1064 nmjy
M3
Ne= ak?TeL FIG. 2. Experimental setup. Legend; mirror; L, lens;F, filter;
v BS, beam splitter; BSP, beam-splitter polarizer; GLP, Glan laser
polarizer; D, detector; VA, variable attenuatoi/2, half-wave
:Zaon (29) plate; A/4, quarter-wave plate; LCS, liquid-crystal sample; VD,
€& Bhy ' variable delay arm.
™ /ﬂgNtH DT E63 by Merck, whose components are listed in R&g].
Qo= Ugg(T—T* )\ nc UgeQe Dy(T-T%) Qe The dye concentration was of 0.26% by weight. This specific
mixture was chosen because it shows a large absorption-
The nonlinear dielectric anisotropy is then induced enhancement of the optical nonlinearity in the nem-
atic phase[5]. At the pump wavelengthh =532 nm, this
Ae=7.Q+ 7'Q :( 77,_%7],>Q mixture hasay=22 cm 1. The sample was made by sand-
exe Toxo | Ye pgre)E wiching a liquid film of thicknes¢. =600 wm between two
. plane glass substrates. Another sample of pure E63 was used
79T / ’79Nt| +AUQ ) (30) as a reference. During the experiment, the sample was placed
ugg(T—T)*\ nc ¢’ in a oven for temperature control within 0.1 K.
To measure the nonlinear birefringence, we used the
with pump and probe experimental geometry shown in Fig. 2. The
pump beam was generated by a frequency-doubled Nd:YAG
AU= U — Deu (31) laser(where YAG denotes yttrium aluminum garidiaving
ge 99

D_g N =532 nm, within the absorption band of the dye, and it was

o _ focused on the sample in a spot having a>lvadius wy
Note the similarity between these results for the nonlinear 57q um. The pulse duratioffull width at half maximum
birefringence and the dye-doped case. Indeed, the latter 'f7as,=22 ns and the repetition rate was 10 Hz. For probing
duces to the former for < I [so thatf(I)=1] and with the \ye ysed the fundamental radiation of the Nd:YAG laser at
substitution of the subscrigt with g. In the pure material ' — 1064 nm, outside the absorption band, to minimize the

case one cannot distinguish the contributions of the groundyirect contribution of dye molecule to the nonlinear birefrin-
state dye and host. However, one still has separate individuglapce.

and collective contributions having the same physical mean- e polarization plane of the probe beam at the input of

ing as in the case of dye-doped materials. The saturatiofhe sample formed an angle of 45° with that of the pump. As
behavior, not investigated here, is instead expected to0 bg eyt of the birefringence induced by the pump, the polar-
different in the pure material case because the condNign  zation of the probe becomes elliptical after passing through

<N, does not holdon the contraryNq=N). the sample. Its ellipticity is given by the Stokes parameter
s3=(l,—1_)/(I.+1_), wherel , andl_ are the right and
Ill. EXPERIMENT left circular polarization intensity components. To measure

We now discuss the predictions of the model in compari-I+ andl_ and thus_determlneg, we used a\/4 plate, a
son with the results of our experiment. polarizing beam splitter, and the detect@4 andD2, as

shown in Fig. 2. A small phase shift between ordinary and
extraordinary waves results 8y=sing=d¢.

However, unless the probe spot sizg is much smaller

The material employed in our experiment was obtained byhan the pump onev, the transverse spatial dependence of
dissolving a small amount of dye in a transparent liquid hostthe phase shift cannot be ignored. The transverse profile of
The dye was the 1,8-dihydroxy 4,5-diamino 2,7-diisopentylthe pump intensityl (r) is reflected in a similar bell-shaped
anthraquinone, an anthraquinone derivative that has goaqarofile ¢(r) of the phase shift. What we actually measured
stability and is not liable to photoinduced conformational orwas the total poweP.. = [1.dA of each circular component
chemical transformations in the visible domain. The host wa®f the probe, where the integration is over the cross section
the isotropic phase of the commercial liquid crystal mixtureof the beam. The recorded signal was then obtained as

A. Measurement of nonlinear birefringence
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sity reduction and local temperature increase. The probe
phase shiftp is related to the birefringencn by the equa-
tion

[y
T

o
o0

L
¢=(27-r/)\’)f0 An(z)dz, (33

o
o

S
~

wherez is a coordinate along the probe propagation direc-
tion. In transparent samplesn is independent of and we
obtain the simple proportionalitg(l)=(27L/N")An(l). In
absorbing samples, however, the light intensignd there-
fore the nonlinear birefringencAn(l) are functions ofz

. . . . because of absorption losses. In particular, for small intensi-
0 20 40 60 ties, we haveAn(z)1(z) =1qexp(—aq2). For higher inten-
sities, when dye bleaching effects are important, both func-
tions 1(z) and An(z) must be determined numerically for

FIG. 3. Time behavior of the signal differenée. —P_ of the ~ EVerY given input intensity,. In this way, we calculated

readings of the two fast detectdsl andD2. The dotted line is the € nonlinear’ loss  factorry(lo) such that ¢(l)
pump pulse. The solid line is a fit to the signal, as described in thé="1(l0)(27L/N")An(lo) in the absorbing sample. In the
text. limit of small light intensity, this factor is reduced to the

standard expressian =[1—exp(—aglL)]/agL.
Light-absorption-induced heating has two effects that
J A ropd A must be taken into account. First, it may directly modify the
P,—P_ _ P 32) refractive index, so that there is a thermal optical nonlinear-

o
[\

Signal amplitudes [arb. units]
o

Time [ns]

S3_P++P_ N ity (thermal lensing that must not be confused with the
f lorobd A photoinduced nonlinearity. This should not occur in principle
because we measure only the anisotropic nonlinearity, i.e.,
) the nonlinear birefringence, which is unaffected by the iso-
In other words, our signal corresponds to the average phasgypic thermal lensing. However small misalignments in the
shift experienced by the probe beam, weighted with thesetup could give rise to a spurious signal. To distinguish the
probe intensity profile. In our case, the probe diameter wagpisotropic signal from this spurious isotropic contribution,
somewhat larger than the pump one, for practical reasonggr each data point we switched the pump polarization plane
Then the approximate resuli;=K¢(0) holds for suffi- from 45° to —45° with respect to the probe polarization
ciently small pump intensity, wittK=wZ/(w3+w?). For plane. The anisotropic contribution is then sign inverted
larger pump intensities, when the phase shift saturates, thishile the spurious one is unchanged. By this method we
simple result is modified. Other factors can also contribute tdound that the spurious contribution was actually less than
complicate the above result or to modify the expressio of 20% of the anisotropic signal. To cancel it almost com-
as, for example, the fraction of probe light effectively de- pletely, we then took the difference between the two signals.
tected(light-diffusing plates were placed before the detectors The second effect of heating is the modification of all
to minimize the sensitivity to setup misalignments and lightconstants that depend on temperature and that entedRBq.
diffraction) and the diffraction induced in the probe beam byfor Ae. In particular, in our case, the most sensitive to heat-
the phase-shift transverse profile. For this reason, we preng is clearly the factor T—T*) 1. A local temperature
ferred not to perform absolute measurements pbut rather  increase byAT is therefore expected to reduce the nonlin-
to refer all measurements to the transparent sample. earity of the absorbing sample approximately by a factor
The phase-shift signal was detected by fast photodiodes,(15)=(T—T*)/[T—T* +AT(ly)], whereT is the sample
(D1 andD2), so that its time behavior could be followed. background temperature.
The pump-probe pulse delay was adjusted to zero. An ex- To take into account this effect, we performed a numeri-
ample of the recorded pump and signal pulses is shown ioal simulation of the process of heat generation and diffu-
Fig. 3, referred to the same origin of time. A delay of severalsion. An example is shown in Fig. 4. After each pulse, the
nanoseconds of the signal rise with respect to the pump ikcal temperature within the illuminated region is instanta-
evident. This delay was observed in both the absorbing andeously (i.e., during the pulse passageaised by AT,
transparent samples. Therefore, we ascribed it essentially t93.5 K/mJ of incident energyat the birefringence peak
the finite orientational response timg of the liquid, as dis- AT,~2 K/mJ). This corresponds to the expressiai,
cussed in detail later. =AE,/pVc,, whereAE, is the light energy absorbed in the
liquid volumeV, p is density, andc, is the specific heat
capacity at constant pressure. Next, the heat diffuses away,
but the temperature does not relax completely before the next
For a correct comparison of the nonlinearitiéa(l) of  pulse arrives. Therefore, there is also a cumulative effect
the absorbing and transparent samples, it is necessary to tatt@t, after a few pulses, stabilizes to an average increase of
into account two secondary effects of absorption: light intenAT.~3 K/mJ of single-pulse incident energy.

B. Secondary effects of light absorption
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7 - - taneous heating. This almost complete compensation can be
explained if the free-energy coefficiemy;, controlling T* is
61 . mainly of entropic naturéfor example, due to excluded vol-
_ ume effects In such a case, indeedf{ constant densityve
S5t 1 would haveT* «cu,,«cT and the factofT*/(T—T*) would
be approximately independent of temperattlirdn view of
4t 1 this analysis, we neglected the contribution of instantaneous
: heating and calculated the factgrincluding only the effect
< 3 of cumulative heating\ T, .
— In conclusion, the phase shift signal measured in the ab-
2r A . sorbing sample was related to the birefringence by the ex-
— ression
A P AT, P
2mL
0 - - v ¢(IO):rl(IO)rZ(IO)TAn(IO)- (34)
0 0.5 1 1.5
Time [s] Actually, in our case the factar;(1o)r,(l,) turns out to be
weakly dependent on the pump energy,r$0,~0.6 almost
laser pulse AT [K] independently ofy. The nonlinearity enhancement ratio was
calculated from the measured phase shifts as
LC A(|0)= Ar"abs _ 1 ¢ab4|0) . (35)
ANyansp T1(10)r2(l1o) @ransf o)
0 C. Experimental results
before next pulse AT [K] An anisotropic phase-shift signal was observed both with

in the latter, but for other features they were rather similar. A

‘ typical phase-shift signal is shown in Fig. 3. We investigated
--- the dependence of the phase-shift signal peak in the dye-
0 doped sample and in the pure reference sample on pump
> pulse energy at fixed background temperature and on tem-

perature at fixed pump energy. Moreover, we studied the
response timer, of the signal at varying temperatures. Al-

the dye-doped sample and with the reference pure sample. In
--- 3 all cases the signal in the former was significantly larger than

laser beam diameter = 270 pm

FIG. 4. Results of simulations of laser-induced heating in the

sample for a pulse energy of 1 mJ: top, time behavior of temperatholjgh 7, Was several nanoseconds, we assumed that the

ture increase averaged over the sample illuminated volume; bottorPUMP Pulse was long enough that the signal peak approxi-

spatial distribution of thermal effects just after a laser pulse and jus’@ted well a steady-state condition. Therefore, we compared
before the next one. the signal peak with the theoretical predictions of Sec. Il C.

Let us consider the energy dependence first. The phase-

) ) shift data versus energy measured with the pure sample are

However, we must take into account still another effect:gpq\n in Fig. 5 as squares. In the investigated range of pump

The birefringence is probed at a time that is within 10 NSgpergies no saturation of the orientational response can oc-
after the peak of the absorbed pulse. In such a time, th@ur, as the pump peak intensity- 107 Wicr? is five orders

liquid density cannot follow the temperature incr_ease,. as thgf magnitude smaller thahy . The data were therefore fitted
sound wave front travels away from the beam in a time ofyy 5 gyraight line. Actually, in Fig. 5, both data and line are

order 7s=wo/vs~200 ns, wheres~1500 m/s is the sound  jn ersely corrected for the factor {f,) %, in order to com-
speed. Therefore, the heating |r]|t|ally occurs at constant vol: are them with the results in the dye-doped santpleich
ume rather than pressure. This has two important consgye preferred to leave unaltered, as they are our main rgsults
quences: First, the immediate temperature increase to be con- 14 phase-shift data for the dye-doped sample are shown
sidered isAT,=(cp/c,)AT,, wherec, is the heat capacity i, Fig. 5 as circles. In this case a saturation behavior is evi-
gt constant volume; second, the effects of a Iarge Pressugfent, which must be related to dye bleaching, as light peak
increaseAp=(Jp/dT)yAT, must also be taken into ac- jntensities are of the order ¢f. Figure 6 shows the nonlin-
count. FromAp=3pvZaAT,, wherea=1/3V(dV/JT), is  earity enhancemenh versus energy calculated from these
the thermal linear expansion coefficient, we estimatedata using Eq(35). The line in Fig. 6 is our theoretical
Ap/AT,~3 MPa/K. For our purposes, the most importantprediction based on Eq(28) or, equivalently, A(1)=1
effect of this pressure increase is the shifting of the isotropic-+[A(0)—1]f (1), with f(I) given by Eq.(26). The constant
nematic transition poinT. and therefore off*. A typical ~ A(0) was adjusted for the best fit, obtainidg0)=21+4.
value isdT./dp~0.3 K/MPa. ThereforeAT*~ATF’) and  We note , however, thak(0) can be obtained also without
the factor T—T*) ! is only weakly affected by the instan- any reference to a definite model, by direct extrapolation of
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FIG. 5. Measured phase shiftfeak valuesversus pump pulse FIG. 7. Difference between the phase shift measured in the dye-

energy in the transparent pure ligUghuaresand in the dye-doped doped sample and the corresponding one in the transparent sample

absorbing liquid(circles. The lines are our theoretical predictions. versus the pump pulse energy, providing the contribution to the
optical nonlinearity of the photoinduced molecular field only. The

the enhancement data to a vanishing pump energy, althougdihe is our theoretical prediction.

this procedure leads to a greater uncertainty. The line shown :

in Fig. 5 is from Eq.(27) corrected for laser-induced heating measurements of time-resolved fluorescence. The pump en

. . . . ergy scale of the theoretical curves was determiagutiori
and absorption losses, witQ (1) as given in Eq(24) [the . : . .
direct effect of dye, i.e., the first term in E(R7), was ne- from the peak intensity, using the experimental values of

. the beam waistvy and pulse duratiorr,. To calculatef ()
.
glected. The unknown constan-ts in EQ7) were referred tq we had to make an assumption about the rBtigD, . First
A(0) and to the pure-sample signal, so that no further adjust- _ . Bt
e we assumed.=Dgy. This already led to good agreement
ment was needed in this case.

In Fig. 7 we plotted the points obtained as the differencebetween theory and data, but for the best agreement the en-
' T i I 0,
between the dye-doped data and the corresponding pure_rgy scale had to be finely adjusted by approximately 30%.

sample(corrected data. These points show the contribution %ssummg instea®y /D=2, t.h|s energy-scale adjustm'ent IS
not necessary. However, this result cannot be considered a

to molecular orientation of the photoinduced intermolecular- . ; . S
force fieldU! only. The line is the prediction of our model reliable estimate ODnge.’ as small discrepancies |n.the
h ) " energy scale can be easily ascribed to several experimental

o . . e
Considering that there is only one adjustable parameter in thﬁonidealities(ranging from the imperfect Gaussian shape of

theory, the agreement with the experiment is certainly satls,[-he spatial or temporal profile of the pump pulse to effects

factory. . - related to the transverse profile of the probe bpam

In evaluating the theory predictions, the value'Srgfand Let us now discuss the temperature behavior. The inverse
D. were taken from Ref.8], where they are obtained from peak signal measured at a given pump pulse energy and for
varying temperature is shown in Fig. 8. The straight lines are
from the linear best fit. Similar results are obtained for dif-
ferent pump pulse energies. The pretransitioffat *) 1
power law expected for an orientational optical nonlinearity
] is well reproduced in both the absorbing and transparent
Y . sample. We obtai* =78 °C in the transparent sample. In
the absorbing sample, the apparent valugdfis shifted by
laser-induced heatingthe data here are not corrected for
X heating and therefore is pulse-energy dependent. We ob-
serve a decrease of about 5 K/mJ, in reasonable agreement
with the results of our laser-induced heating calculations.

We also analyzed the time behavior of the signal in more
detail in order to extract information on the material response
time as a function of temperature. We assumed that the phase
shift ¢(t) of the material follows a standard relaxation law

0 0.5 1 1.5 of the form r¢+ ¢=kI(t), wherel(t) is the pump pulse
Pump energy [mJ] time profile andr is the response time. This relaxation law
can be numerically integrated with the experimental pulse
FIG. 6. Measured optical nonlinearity enhancemnue to the  profile I(t) as the driving term. We used these numerical
dye effect versus pump pulse energy. The line is a best fit of theorgolutions to fit the measured phase-shift pulse by adjusting
on the data, as described in the text. the time constant. Our results for the case of the dye-doped

25¢

— .Y
5y S
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The model is based on the assumption that a photoexcited
molecule interacts with its neighbor molecules differently
from the ground-state molecules. This results in an enhance-
ment of the optical Kerr effect of a transparent liquid when it
is doped with a small amount of dye. Such a prediction has
been verified in our experiment of pump-and-probe nonlinear
birefringence. For our choice of materials, the observed en-
hancement is of about one order of magnitude for dye con-
centrations of 0.1%, but we cannot exclude the possibility of
having even larger enhancements for different materials. The
model correctly predicts also the saturation behavior of the
birefringence for increasing pump pulse energy and the tem-
perature dependence of the signal peak and rise time.
. , . In the presence of light absorption one has to be very
070 8.0 90 100 110 careful when interpreting the optical nonlinear response be-
o cause thermal and dye saturation effects can be strong. We
Temperature [° C] modeled both these effects in order to estimate their contri-

_ bution. We made sure that the nonlinearity we observed was
FIG. 8. Inverse phase-shift signal versus sample temperature for

X . indeed anisotropic, i.e., it corresponded to a light-induced
a pump pulse energy of 1 mJ in the pure santptpiaresand in the birefri d theref Id not b ibed to heati
dye-doped samplgircles. The lines are from the linear best it Irefringence an erefore could not be ascribead 1o heating

is the critical temperature for instability of the isotropic phdae or ot.her Isotropic effects. Mor.eov.er, we ver|f|ed.that the
few degrees lower than the transition poiny. prmmpa}l axes of 'Fhe_lnduced blrefrlng_ence were dictated by
the optical electric field, thus excluding effects related to
sample are shown in Fig. 9 for a given pump energy. Similaflow, gradients, or any other anisotropic effects unrelated to
results were obtained at different pump energies and with thehe light field. The direct dye contribution to nonlinearity,
transparent sampl@lthough in the latter the data are very which can also be anisotropic, was minimized by adopting a
noisy as the signal was smalleAgain we find a pretransi- probe wavelength outside the absorption band of the dye.
tional behavior in good agreement with the power law However, the strongest evidence that the birefringence was
«(T—T*)"%, whereT* is consistent with the value ob- indeed due to photoinduced molecule reorientation is pro-
tained from the birefringence pretransitional behavior. It isyigeq py the pretransitional effects observed when the tem-
then natural to identifyr with the host orientational response peratyre of our material approached the transition point from
time 7,, which is predicted to exhibit a pretransitional be- e jsotropic liquid phase to the nematic liquid-crystal phase.

havior accord_mg_ to Eq(19). Our results are also in good These effects were observed both in the signal amplitude and
agreement with independent measurements,obased on in the response time

the pump and probe optical Kerr effect in pure E63 with The only unknown molecular quantity contained in our

picosecond pulsefs 3. model is the energy constadtu=u,—UpgDe/Dgy, Which
quantifies the variation of intermolecular interactions be-
tween the dye and host occurring when the dye is photoex-

We developed a model of the molecular orientation in-cited and determines the magnitude of the nonlinarity en-
duced in an absorbing liquid made of elongated moleculeshancementA(0). From the measured value @(0)=21

0.2 +4 we obtainAu=0.18+0.05 eV[14].

Let us now analyze this result in more detail. In Ré6],
the value ofu,4 was estimated from the measured dichroism
when the mixture is in its nematic liquid-crystal phase, ob-
taining up4~0.6 eV. If we assum® =D, we then obtain
une~0.8 eV, i.e., an increase by 30% in the orientational
energy. If we assume insteag,e=upy we obtainDy/D,
~1.4. These results are not unreasonable, although they im-
ply significant variations of molecular properties as a conse-
quence of electronic excitation.

However, measurements performed in the nematic phase
on the same mixture used in our experiment have shown that
the “constant” quantityAury controlling the enhancement
factor A actually depends on the pump wavelengtf6,17.

. . . . . . This unexpected behavior could be explained by the pres-
75 80 85 90 95 100 105 ence of more than one excited ley&6]. The wavelength for

Temperature [° C] which the enhancement is maximum in the nematic phase is

A=630 nm. If we apply to the isotropic phase the same

FIG. 9. Inverse orientational response timeversus tempera- Wavelength dependence observed in the nematic phase, we
ture, as measured for a pump pulse energy of 0.6 mJ. The line BbtainAu=0.3 eV forA =630 nm (74 was determined from
from the linear best fit. Ref. [8]). This corresponds either tape/upg=1.5 if Dg

1/¢peak [arb. units]

IV. DISCUSSION
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=Dy, or to D4/De~2.1 if upe=upq. Of course also inter- nomenon of photoinduced molecular orientation in absorbing
mediate cases are possible with the contributionsuaom-  liquids will be substantially understood.

ing from both changes. These estimates may appear not very
plausible, as the relative variations are quite large. However,

there are theoretical reasons supporting the possibility of

large changes in the rotational diffusion constant, as dis-

cussed in Ref[16]. Moreover, the preliminary results of an ~ We wish to thank T. Tschudi for his valuable help and
experiment of nonlinear dichroism currently under way alsosupport. This work was realized within the framework of the
seem to imply a ratid4/D, greater than 218]. If these  European HCM Network 119, LC-MACRONET, and the
surprising results are confirmed, we may say that the phesuropean Brite-Euram Network LC-PHOTONET.
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