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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 one.@S1050-2947~98!03612-9#

PACS number~s!: 42.65.An, 34.20.Gj, 42.70.Nq
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I. INTRODUCTION

The electric field of a light beam exerts a torque on a
isotropic molecules by coupling to the oscillating dipole i
duced in the molecule by the field itself. The resulting ligh
induced molecule reorientation is the main mechanism
optical nonlinearity in transparent liquids, the so-called op
cal Kerr effect @1,2#. In light-absorbing liquids other phe
nomena, such as thermal lensing and incoherent electr
excitation, may contribute to the material nonlinearity. Ho
ever, the phenomenon of light-induced molecular orientat
itself can be strongly modified when the liquid is absorbin
In particular, as observed recently, mixing small fractions
some dyes in transparent liquids can enhance their nonli
birefringence resulting from light-induced molecular orien
tion by orders of magnitude@3,4#. Although still related to
molecular reorientation, this effect cannot be explained b
simple enhancement of the optical dipole torque. Its exp
nation must be sought instead in the transformations oc
ring in dye molecules as a result of photoinduced electro
excitation and in the consequently altered equilibrium of m
lecular orientational interactions.

The idea of searching for a dye-induced enhancemen
the optical Kerr nonlinearity in liquids came after a simil
phenomenon had been observed in the nematic phase of
doped liquid crystals@5–7#. For transparent materials, in
deed, the driving mechanism of light-induced molecular
orientation of nematic liquid crystals and isotropic liquids
substantially the same. It was then natural to suppose th
similar analogy could be valid also for the still unknow
mechanism at work in absorbing materials.

Here we present a study of the molecular orientation
PRA 581050-2947/98/58~6!/4926~11!/$15.00
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duced in an absorbing liquid by a laser light pulse and of
associated optical nonlinearity. Part of our work has alrea
been reported in Ref.@3#. In this paper we describe in deta
the theoretical model and its derivation and compare its p
dictions with our experimental results, taking into proper a
count secondary effects due to light absorption. In particu
Sec. II is devoted to the theory and is divided into thr
subsections on the definition of the model and its basic
sumptions~Sec. II A!, the system dynamical equations in
convenient representation~Sec. II B!, the system’s steady
state response to a long light pulse~Sec. II C!. Section III
discusses the experiment and is divided into three sub
tions on the measurement technique of nonlinear biref
gence~Sec. III A!, the data corrections for the effects of a
sorption losses and light-induced heating, necessary fo
proper comparison with the case of a transparent mate
~Sec. III B!, and the experimental results~Sec. III C!. Finally,
a discussion of the results and some conclusive remarks
in Sec. IV.

II. THEORY

A. Model

Let us consider a light-absorbing liquid composed of ro
like molecules in the presence of a linearly polarized opti
wave. In our experiments, the material is a mixture of
transparent liquid host and a dye. Therefore, we will refer
this case in presenting the model. However, the same m
can be applied also to the case of a pure absorbing mate

We assume that only one excited electronic state of
molecules is effectively populated by the photoinduced tr
sitions. Therefore, three molecular populations must be c
4926 © 1998 The American Physical Society
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PRA 58 4927ENHANCED OPTICAL NONLINEARITY BY . . .
sidered, i.e., ground- and excited-state dye molecules
host molecules, which will be denoted by the indexa
5g,e,h, respectively. Let the number ofa-type molecules
per unit volume and solid angle bef a(sa), wheresa is a unit
vector specifying the direction of the molecule long ax
Because the system will always exhibit azimuthal symme
around the optical electric field,f a will actually depend only
on the angleu betweensa and the field direction. The thre
functionsf a completely define the state of the system in o
model and their dependence on timet defines its dynamics
They can be expanded in a series of Legendre polynom
Pl as

f a~u,t !5
1

4p (
l 50,2,4, . . .

~2l 11!Qa
~ l !~ t !Pl~cosu!, ~1!

where

Qa
~ l !~ t !5E f a~u,t !Pl~cosu!dV ~2!

are the Legendre moments of the distributions. Because
system also exhibits inversion symmetry, all odd-l moments
vanish identically. The infinite set of momentsQa

( l )(t), with
even l, therefore provides an equivalent description of t
system dynamics. In particular, the zeroth-order mome
Qa

(0)5Na are the total number densities of the populatio
and the ratiosQa

(2)/Na are their orientational order param
eters. The host densityNh , the total dye densityNd5Ng
1Ne , and the total densityNt5Nh1Nd are, of course,
fixed.

We suppose that the dye electronic transition dipole
parallel to the molecule’s geometrical long axis. The lig
absorption probability per unit time can then be written a

p~u!5
3a0

hnNd
I cos2u, ~3!

whereI andn are light intensity and frequency, respective
a0 is the absorption coefficient, andh is Planck’s constant
The rate of dye electronic transitions from the ground stat
the excited stateWe and backWg is given by

We~u!52Wg~u!5p~u! f g~u!2
f e~u!

te
, ~4!

wherete is the excited-state lifetime. Note that this expre
sion is based on two important assumptions. One is
stimulated emission is negligible. This is reasonable as
most dyes, the Stokes shift between absorption and fluo
cence spectra makes the excited molecules almost c
pletely off resonance. The other assumption is that the p
cess of vibrational relaxation immediately following ea
electronic transition~both excitation and decay! has no sig-
nificant effect on the molecule orientation. For the case
excitation, the success of models of time-resolved fluor
cence based on this assumption supports its validity@8#.
Moreover, unless the dye molecules are very small, the
generated by the vibrations is estimated to diffuse away
fast for a large molecular reorientation to occur. In the de
case, however, we must also consider the contribution
nd

.
y

r

ls

he

e
ts
s

s
t

to

-
at
in
s-

m-
o-

f
s-

at
o
y
of

fully nonradiative transitions, which involve a much larg
amount of energy converted into heat. This heat could r
domize the orientation of those molecules that decay no
diatively. However, by the time they decay, the orientati
of these molecules will already have been largely rando
ized by rotational Brownian motion occurring in the excite
state ~as discussed later!. Therefore, neglecting this effec
will not alter much the model results.

Besides the photoinduced electronic transitions, the m
ecules are subject to rotational drift and diffusion~i.e.,
Brownian motion in angle space!. In the so-called diffusional
approximation, corresponding to the assumption that the
orientation of a molecule occurs in small angular steps,
these processes can be combined in the following set of
namical rate equations for the angular distributions:

] f a

]t
1L̂a f a5Wa , a5g,e,h. ~5!

Here Wh50, as host molecules are not involved in popu
tion transitions, andL̂a is an operator accounting for th
rotational diffusion and drift, defined as

L̂a52Da

1

sinu

]

]u
sinuS ]

]u
1

1

kT

]Ua

]u D , ~6!

where kT is thermal energy,Ua(u) is a potential energy
controlling the rotational drift andDa is a rotational diffu-
sion constant. Two contributions to the orientational pote
tial Ua must be considered in our case, i.e.,

Ua5Ua
em1Ua

i , ~7!

accounting for the direct coupling to the external electrom
netic field and for the mean-field effect of intermolecul
interactions, respectively. The first term corresponds to
polarization energy

Ua
em52

haI

2nc
cos2u, ~8!

whereha/4p is the anisotropy of molecular optical polariz
ability, corrected for local-field effects,n is the refractive
index, andc is light speed in vacuum. More precisely, w
haveha/4p5F2Dka , whereF5(n212)/3 is the local-field
factor andDka is the anisotropy of optical polarizability@2#.
The second termUa

i requires a little more discussion.
A convenient approach is to start from the Gibbs fr

energy per unit volumeG. In a mean-field approximation,G
is a functional of the set of distributionsf a . Therefore, we
may expand it in a power series and truncate the expan
to the quadratic term, which provides the first nontrivial co
tribution to G:

G.
1

2Nt
(
a,b

E dVaE dVbg~sa ,sb! f a f b , ~9!

whereg(sa ,sb)/2Nt is the coefficient of the expansion an
each integration is over the whole solid angle@9#. Without
loss of generality,g can be taken to be symmetric with re



s
r
we

te

an

of
t
In
en-
era-
the

dif-

the
he

o-
d

4928 PRA 58L. MARRUCCI et al.
spect to the exchange ofsa andsb . The potentialUa
i is then

obtained as the functional derivative ofG with respect tof a :

Ua
i 5

dG

d f a
5(

b
E dVbg~sa ,sb! f b /Nt . ~10!

Next we may expandg(sa ,sb) in a Legendre series in term
of the angle betweensa andsb . However, here we conside
only the contribution of the lowest Legendre term, i.e.,
assume

g~sa ,sb!52
1

2
uab~sa•sb!2, ~11!

whereuab are constants and the isotropic terms are omit
for brevity. Inserting Eq.~11! into Eq. ~10! and performing
the integration, our final expression for the interaction me
field potential is obtained:

Ua
i ~u!52

1

2(b uab

Qb
~2!

Nt
cos2u. ~12!
a
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The symmetric matrix of energy coefficientsuab gauges the
orientational intermolecular interactions between pairs
molecules of populationsa and b. We note, however, tha
these coefficients are not strictly molecular quantities.
general, as our derivation shows, they may contain both
ergy and entropy contributions and may depend on temp
ture, pressure, and dye concentration, although probably
dependence is weak. Similar considerations apply to the
fusion ‘‘constants’’De andDg .

Equation~5!, together with Eqs.~6!–~8!, and ~12!, pro-
vides a closed set of integral-differential equations for
system dynamics and completely defines our model. T
case of a pure material is obtained by settingf h50 in all
equations.

B. Dynamical equations for the orientational moments

Using Eqs.~1! and ~2!, Eq. ~5! can be converted into an
equivalent set of ordinary differential equations for the m
mentsQa

( l )(t). Lengthy but straightforward calculations yiel
Q̇a
~ l !1 l ~ l 11!DaH Qa

~ l !1S haI

kTnc
1(

b

uabQb
~2!

kTNt
D F2

l 21

~2l 21!~2l 11!
Qa

~ l 22!2
1

~2l 21!~2l 13!
Qa

~ l !

1
l 12

~2l 11!~2l 13!
Qa

~ l 12!G J 5Ra
~ l ! , ~13!

with Rh
( l )50 and

Re
~ l !52Rg

~ l !52
1

te
Qe

~ l !1
3a0I

hnNd
F l ~ l 21!

~2l 21!~2l 11!
Qg

~ l 22!1
2l 2~2l 13!21

~2l 21!~2l 11!~2l 13!
Qg

~ l !1
~ l 11!~ l 12!

~2l 11!~2l 13!
Qg

~ l 12!G . ~14!
ms.

by
re
nt.
These equations can be solved numerically by neglecting
l moments withl . l max, wherel max must be increased unt
numerical convergence is achieved. In the following, we w
instead adopt an analytical approximate approach that
estimate to be accurate enough for a significant compar
with our experiments. In the dye-doped mixture case,
approximation is based on the following assumptions:~i!
light-induced host anisotropy is always very small, i.
Qh

( l )/Qh
(0)!1 for all l>2; ~ii ! the dye momentsQa

(4) are
negligible with respect toQa

(2) ; and~iii ! dye concentration is
small, i.e.,Nd /Nt!1. As we will see, the first two assump
tions are automatically verified if the light intensityI is very
small, but they may remain valid even at relatively high lig
intensities. In our experiments we estimateSh5Qh

(2)/Qh
(0)

,1023 and Qe
(4)/Qe

(2)'Qg
(4)/Qg

(2)<0.2 at the highest light
intensities. Moreover,Nd /Nt!0.01. In the case of a pur
absorbing liquid, for whichNd5Nt , assumption~iii ! cannot
be made. Therefore, this case needs a separate treatmen
remains simple only in the limit of very small light intensity
In this limit, the pure material behaves just as the dye-h
mixture, as will be shown.

For brevity, hereafter we useNa5Qa
(0) and Qa5Qa

(2) .
Then Eq.~13! for l 50 anda5e is rewritten as
ll

l
e

on
e

,

t

that

st

Ṅe1
Ne

te
5

a0I

hnNd
~Nd2Ne12Qg!. ~15!

The equations forl 50 anda5g,h are unnecessary, asNh is
constant andNg(t)5Nd2Ne(t). NeglectingQg , Eq. ~15! is
reduced to the standard rate equation for two-level syste
The corresponding characteristic saturation intensity is

I s5
hnNd

a0te
. ~16!

For our caseI s;107 W/cm2.
Next let us consider Eq.~13! for l 52. Fora5h, i.e., the

host population, the right-hand side vanishes. Moreover,
assumption~i!, of the three terms included in the squa
brackets on the left-hand side only the first is significa
Rearranging the remaining terms, one obtains

Q̇h16DhS 12
uhhNh

15kTNt
DQh

5
2DhNh

5kTNt
S hhNtI

nc
1uheQe1uhgQgD . ~17!
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In this equation the second term on the left-hand side is
relaxation term due to rotational diffusion, weakened by
self-interaction energyuhh . At the critical temperature

T* 5
uhhNh

15kNt
, ~18!

the relaxation term vanishes and the isotropic phase is s
taneously unstable. IfT* is above the transition point to th
solid phase, then the system will exhibit a nematic liqu
crystalline mesophase below a transition temperatureTc that
is slightly higher thanT* @10#. From the relaxation term in
Eq. ~17!, we obtain the relaxation time for the host orient
tional order, i.e.,

th5
1

6Dh
S T

T2T*
D . ~19!

Let us now consider Eq.~13! for l 52 anda5e,g. On the
left-hand side, only the first term of those in curly bracke
must be retained, i.e.,Qa

(2) . This corresponds to considerin
only light absorption as a driving term for the dye anis
ropy, and neglecting the effect of orientational interactio
with the host, which is almost isotropic, and with the oth
dye molecules, which are far from each other. In oth
words, the latter terms are of the order ofSh or Nd /Nt and
are therefore negligible according to assumptions~i! and
~iii !. Moreover, we may neglect the contribution ofQa

(4) in
Ra

(2) , in accordance with assumption~ii !.
The whole model is therefore finally reduced to the se

four differential equations

Ṅe1
Ne

te
5

a0I

hnNd
~Nd2Ne12Qg!,

Q̇e1
Qe

td
5

2a0I

5hnNd
S Nd2Ne1

55

14
QgD ,

~20!
Q̇g16DgQg52Q̇e26DeQe ,

Q̇h1
Qh

th
5

6DhT*

Tuhh
S hhNt

nc
I 1uheQe1uhgQgD ,

where we introduced the overall decay time for the dye m
mentQe ,

td5~te
2116De!

21. ~21!

A more formal derivation of these approximate equatio
can be based on a iterative solution of Eq.~13! for small light
intensityI and dye concentrationNd /Nt . However, we point
out that Eqs.~20! include terms that are not of the lowe
order in the ratioI /I s in order to describe the effect of ab
sorption saturation~dye bleaching!. On the contrary, only
terms of the lowest order inNd /Nt and I /I K are retained,
where I K515kTnc/hh is the intensity for saturation of th
ordinary optical Kerr effect due to polarization. This proc
dure is justified ifI s!I K , which is usually the case. In ou
caseI K;1012 W/cm2, five orders of magnitude larger tha
I s . We expect Eqs.~20! to be appropriate for intensitiesI
! I K andI < I s . Assumption~ii ! that l .4 dye moments are
e
e

n-

-

-

s

-
s
r
r

f

-

s

-

negligible is not justifieda priori for I @ I s . However, we
performed some numerical calculations including highel
contributions and found that the results changed little, e
in this high-intensity range.

Let us now consider the pure liquid case. There is no h
only g ande molecules, andNd5Nt5Nh . For simplicity, we
restrict the discussion to the small intensity limitI ! I s and
I ! I K ~therefore we give up describing the saturation beh
ior!. After retaining only terms of the lowest order in bo
I /I s and I /I K , we obtain

Ṅe1
Ne

te
5

a0I

hn
,

Q̇e1
Qe

td
5

2a0

5hn
I , ~22!

Q̇g1
Qg

tg
5

6DgT*

uggT
S hgNt

nc
I 1ugeQeD2Q̇e26DeQe ,

whereT* 5ugg/15k andtg5T/6Dg(T2T* ).
Before looking for the solutions to Eqs.~20! or ~22!, let us

express the nonlinear birefringence measured by a w
probe light pulse in terms of the dynamical variables of t
model. The birefringence is related to the dielectric anis
ropy De5e i2e' , wherei and' stand for parallel and per
pendicular to the pump electric field, respectively. It can
shown that

De5(
a

ha8Qa , ~23!

whereha8 /4p5F82Dka8 is the local-field-corrected polariz
ability anisotropy at the probe wavelengthl8. If De is small,
the birefringence is given byDn.De/2n. The ratioDn/I
characterizes the anisotropic optical Kerr nonlinearity of
material.

C. Steady-state solution

Here we report and discuss the steady-state solution
responding to a constant pump light intensityI and to a sta-
tionary value of all molecular-distribution moments. Th
particular solution can be found by solving the algebraic
of equations obtained from Eqs.~20! in the dye-doped case
or Eqs.~22! in the pure material case, after setting all tim
derivatives to zero. In actual experiments the pump ligh
pulsed and this steady-state solution will represent
asymptotic behavior that is reached by the system afte
transient following the beginning of the pulse provided t
pulse duration is much longer than the material responseth
~or tg for the pure liquid!.

Let us consider first the dye-doped liquid case. The s
tionary solutions to Eqs.~20! are

Qe5
2a0td

5hn
I f ~ I !, ~24!

Ne5
I

I s1I S Nd22
De

Dg
QeD ,
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Qg52
De

Dg
Qe ,

Qh5
1

uhh

T*

T2T*
S hhNt

nc
I 1DuQeD ,

where we introduced the molecular parameter

Du5uhe2
De

Dg
uhg ~25!

and the function

f ~ I ! 5F11S 11
11Detd

7Dgte
D S I

I s
D1S 27Detd

35Dgte
D S I

I s
D 2G21

.

~26!

The total dielectric anisotropy is then

De 5S he82
De

Dg
hg8DQe1

hh8T*

uhh~T2T* !
S hhNt

nc
I 1DuQeD .

~27!

Let us now discuss the physical meaning of this soluti
First, note that light absorption is an anisotropic process
therefore it tends to generate an oriented population of
cited dye molecules. At the same time, it leaves an an
tropic hole in the population of ground-state dye molecul
This forcing mechanism is opposed by two relaxati
mechanisms: electronic decay, controlled by the lifetimete ,
and rotational diffusion, controlled by the constantsDe and
Dg . The balance between these effects gives rise to the
zero dye momentsQe and Qg . Note, however, thatQe
1QgÞ0 only if DeÞDg . In other words, the overall dye
distribution remains isotropic unless the rotational diffusi
has different rates in the excited and ground states. The f
tion f (I ) here describes the nonlinear behavior of the d
anisotropy due to saturation of absorption; in particul
f (I ).1, so thatQe}I for I ! I s , and f (I )→0, so thatQe
→0 for I→`. Examples of this behavior are plotted in Fi
1 for several values of the parameterDetd /Dgte . Note, in
particular, that the dye momentQe } I f (I ) has a maximum
at I 5I max5I s(27tdDe/35teDg)21/2. Once the dye popula
tions become anisotropic, they start to act upon the host
uid generating an orienting potentialUh

i } uheQe1uhgQg

5DuQe . Note that a nonzeroUh
i can be ascribed to one o

both of the following independent contributions:~i! The
overall dye population becomes anisotropic, becauseDe
ÞDg , and it therefore can orient the host even ifuhe5uhg
and~ii ! the overall dye population remains isotropic, becau
De5Dg , but its effect on the host is nonetheless anisotro
because the interaction energy in the excited state is diffe
from that in the ground state, i.e.,uheÞuhg . The combined
effect of these two contributions is expressed by the ene
constantDu. Finally, the molecular potentialUh

i , together
with the usual polarization potentialUh

em of the optical field,
orients the liquid host molecules, i.e., produces a nonz
host order parameterQh .

We point out that the anisotropy of dye molecules can
understood as the result of essentially all single-molec
.
d

x-
o-
.

n-

c-
e
,

q-

e
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nt

y

ro

e
le

processes, i.e., photon absorption and rotational Brown
motion. On the other hand, the photoinduced orientation
the host is a collective effect driven by dye-host intermole
lar interactions and enhanced by host-host interactions.

The dielectric anisotropy~and hence the nonlinear bire
fringence! exhibits two contributions, which can be assoc
ated respectively with the direct dispersive effect of dye m
ecules ~terms with hg8 and he8) and the effect of host
molecules~terms with hh8). The former is due both to the
overall anisotropy induced in the dye population ifDeÞDg
and to the difference in polarizability of dye molecules in t
ground and excited states ifhe8Þhg8 . The host term is in-
stead related only to the host orientation, driven by the o
cal field via the direct coupling with molecule polarizatio
and by the additional photoinduced dye molecule field. T
host term is expected to dominate the nonlinear birefringe
in all materials where collective orientational effects are s
ficiently strong. In particular, its effect is larger when th
temperature factorT* /(T2T* ) is increased by lowering the
temperature and it tends to diverge forT→ T* . Such en-
hancement can indeed be observed forliquid crystals in their
isotropic phasewhen approaching the transition to nema
phase@11#. However, this pretransitional divergence is tru
cated because the actual transition temperatureTc is always
slightly larger thanT* . In liquids that do not exhibit a nem
atic phase, the constantT* is usually well below the liquid-
solid transition temperature and therefore a strong pretra
tional enhancement cannot be observed. Note that
observation of this pretransitional temperature behavio
the signature of a collective orientational response~although
not necessarily due to the dye field!.

The ratio of the total host nonlinear birefringence to t
sole ordinary Kerr contribution is the dye-induced enhan
ment of optical nonlinearity

A~ I !511
DuQe

~hhNt /nc!I
511

2na0ltdDu

5hhNth
f ~ I !. ~28!

FIG. 1. Theoretical excited-dye distribution momentQe , nor-
malized to 2tdNd/5te , versus light intensityI, normalized to the
dye saturation intensityI s , for several values of the ratio
Detd /Dgte .
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PRA 58 4931ENHANCED OPTICAL NONLINEARITY BY . . .
In particularA(0) is the enhancement factor forI ! I s . To
estimate it, we need to determine the value ofhh . We may
consider the case of a nematic liquid crystal, for which
optical dielectric anisotropy isea'hhNtS, where S is the
order parameter. As typicallyea'S, we obtainhhNt'1. A
more precise estimate should take into account also
variation of density and local-field factors when pass
from the isotropic to the nematic phase. Takingtd'1 ns and
Du'0.1 eV, we getA(0)'11104(la0). For l50.5 mm
anda0520 cm21, we obtainA(0)'10.

Let us now consider the case of a pure absorbing liqu
The steady-state solution in this case is

Ne5
a0te

hn
I ,

Qe5
2a0td

5hn
I , ~29!

Qg5
T*

ugg~T2T* !
S hgNt

nc
I 1uqeQeD2

DeT

Dg~T2T* !
Qe .

The nonlinear dielectric anisotropy is then

De5he8Qe1hg8Qg5S he82
De

Dg
hg8DQe

1
hg8T*

ugg~T2T!*
S hgNt

nc
I 1DuQeD , ~30!

with

Du5uge2
De

Dg
ugg . ~31!

Note the similarity between these results for the nonlin
birefringence and the dye-doped case. Indeed, the latte
duces to the former forI ! I s @so thatf (I )51] and with the
substitution of the subscripth with g. In the pure material
case one cannot distinguish the contributions of the grou
state dye and host. However, one still has separate indivi
and collective contributions having the same physical me
ing as in the case of dye-doped materials. The satura
behavior, not investigated here, is instead expected to
different in the pure material case because the conditionNd
!Nt does not hold~on the contrary,Nd5Nt).

III. EXPERIMENT

We now discuss the predictions of the model in compa
son with the results of our experiment.

A. Measurement of nonlinear birefringence

The material employed in our experiment was obtained
dissolving a small amount of dye in a transparent liquid ho
The dye was the 1,8-dihydroxy 4,5-diamino 2,7-diisopen
anthraquinone, an anthraquinone derivative that has g
stability and is not liable to photoinduced conformational
chemical transformations in the visible domain. The host w
the isotropic phase of the commercial liquid crystal mixtu
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E63 by Merck, whose components are listed in Ref.@12#.
The dye concentration was of 0.26% by weight. This spec
mixture was chosen because it shows a large absorp
induced enhancement of the optical nonlinearity in the ne
atic phase@5#. At the pump wavelengthl5532 nm, this
mixture hasa0522 cm21. The sample was made by san
wiching a liquid film of thicknessL5600 mm between two
plane glass substrates. Another sample of pure E63 was
as a reference. During the experiment, the sample was pl
in a oven for temperature control within 0.1 K.

To measure the nonlinear birefringence, we used
pump and probe experimental geometry shown in Fig. 2. T
pump beam was generated by a frequency-doubled Nd:Y
laser~where YAG denotes yttrium aluminum garnet!, having
l5532 nm, within the absorption band of the dye, and it w
focused on the sample in a spot having a 1/e2 radius w0
5270 mm. The pulse duration~full width at half maximum!
wastp522 ns and the repetition rate was 10 Hz. For prob
we used the fundamental radiation of the Nd:YAG laser
l851064 nm, outside the absorption band, to minimize
direct contribution of dye molecule to the nonlinear birefri
gence.

The polarization plane of the probe beam at the input
the sample formed an angle of 45° with that of the pump.
a result of the birefringence induced by the pump, the po
ization of the probe becomes elliptical after passing throu
the sample. Its ellipticity is given by the Stokes parame
s35(I 12I 2)/(I 11I 2), whereI 1 and I 2 are the right and
left circular polarization intensity components. To measu
I 1 and I 2 and thus determines3 , we used al/4 plate, a
polarizing beam splitter, and the detectorsD1 and D2, as
shown in Fig. 2. A small phase shiftf between ordinary and
extraordinary waves results ins35sinf.f.

However, unless the probe spot sizew1 is much smaller
than the pump onew0 , the transverse spatial dependence
the phase shift cannot be ignored. The transverse profil
the pump intensityI (r ) is reflected in a similar bell-shape
profile f(r ) of the phase shift. What we actually measur
was the total powerP65* I 6dA of each circular componen
of the probe, where the integration is over the cross sec
of the beam. The recorded signal was then obtained as

FIG. 2. Experimental setup. Legend:M, mirror; L, lens;F, filter;
BS, beam splitter; BSP, beam-splitter polarizer; GLP, Glan la
polarizer; D, detector; VA, variable attenuator;l/2, half-wave
plate; l/4, quarter-wave plate; LCS, liquid-crystal sample; VD
variable delay arm.
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s̄35
P12P2

P11P2
.
E f~r !I probedA

E I probedA

. ~32!

In other words, our signal corresponds to the average ph
shift experienced by the probe beam, weighted with
probe intensity profile. In our case, the probe diameter w
somewhat larger than the pump one, for practical reas
Then the approximate results̄3.Kf(0) holds for suffi-
ciently small pump intensity, withK.w0

2/(w0
21w1

2). For
larger pump intensities, when the phase shift saturates,
simple result is modified. Other factors can also contribute
complicate the above result or to modify the expression oK
as, for example, the fraction of probe light effectively d
tected~light-diffusing plates were placed before the detect
to minimize the sensitivity to setup misalignments and lig
diffraction! and the diffraction induced in the probe beam
the phase-shift transverse profile. For this reason, we
ferred not to perform absolute measurements off, but rather
to refer all measurements to the transparent sample.

The phase-shift signal was detected by fast photodio
(D1 andD2), so that its time behavior could be followe
The pump-probe pulse delay was adjusted to zero. An
ample of the recorded pump and signal pulses is show
Fig. 3, referred to the same origin of time. A delay of seve
nanoseconds of the signal rise with respect to the pum
evident. This delay was observed in both the absorbing
transparent samples. Therefore, we ascribed it essential
the finite orientational response timeth of the liquid, as dis-
cussed in detail later.

B. Secondary effects of light absorption

For a correct comparison of the nonlinearitiesDn(I ) of
the absorbing and transparent samples, it is necessary to
into account two secondary effects of absorption: light int

FIG. 3. Time behavior of the signal differenceP12P2 of the
readings of the two fast detectorsD1 andD2. The dotted line is the
pump pulse. The solid line is a fit to the signal, as described in
text.
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sity reduction and local temperature increase. The pr
phase shiftf is related to the birefringenceDn by the equa-
tion

f5~2p/l8!E
0

L

Dn~z!dz, ~33!

wherez is a coordinate along the probe propagation dir
tion. In transparent samplesDn is independent ofz and we
obtain the simple proportionalityf(I )5(2pL/l8)Dn(I ). In
absorbing samples, however, the light intensityI and there-
fore the nonlinear birefringenceDn(I ) are functions ofz
because of absorption losses. In particular, for small inte
ties, we haveDn(z)}I (z)5I 0exp(2a0z). For higher inten-
sities, when dye bleaching effects are important, both fu
tions I (z) and Dn(z) must be determined numerically fo
every given input intensityI 0 . In this way, we calculated
the nonlinear loss factor r 1(I 0) such that f(I 0)
5r 1(I 0)(2pL/l8)Dn(I 0) in the absorbing sample. In th
limit of small light intensity, this factor is reduced to th
standard expressionr 15@12exp(2a0L)# /a0L.

Light-absorption-induced heating has two effects th
must be taken into account. First, it may directly modify t
refractive index, so that there is a thermal optical nonline
ity ~thermal lensing! that must not be confused with th
photoinduced nonlinearity. This should not occur in princip
because we measure only the anisotropic nonlinearity,
the nonlinear birefringence, which is unaffected by the is
tropic thermal lensing. However small misalignments in t
setup could give rise to a spurious signal. To distinguish
anisotropic signal from this spurious isotropic contributio
for each data point we switched the pump polarization pla
from 45° to 245° with respect to the probe polarizatio
plane. The anisotropic contribution is then sign invert
while the spurious one is unchanged. By this method
found that the spurious contribution was actually less th
20% of the anisotropic signal. To cancel it almost co
pletely, we then took the difference between the two sign

The second effect of heating is the modification of
constants that depend on temperature and that enter Eq.~27!
for De. In particular, in our case, the most sensitive to he
ing is clearly the factor (T2T* )21. A local temperature
increase byDT is therefore expected to reduce the nonl
earity of the absorbing sample approximately by a fac
r 2(I 0)5(T2T* )/@T2T* 1DT(I 0)#, whereT is the sample
background temperature.

To take into account this effect, we performed a nume
cal simulation of the process of heat generation and di
sion. An example is shown in Fig. 4. After each pulse, t
local temperature within the illuminated region is instan
neously ~i.e., during the pulse passage! raised by DTp
'3.5 K/mJ of incident energy~at the birefringence peak
DTp'2 K/mJ). This corresponds to the expressionDTp
5DEa /rVcp , whereDEa is the light energy absorbed in th
liquid volume V, r is density, andcp is the specific heat
capacity at constant pressure. Next, the heat diffuses aw
but the temperature does not relax completely before the
pulse arrives. Therefore, there is also a cumulative ef
that, after a few pulses, stabilizes to an average increas
DTc'3 K/mJ of single-pulse incident energy.

e
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However, we must take into account still another effe
The birefringence is probed at a time that is within 10
after the peak of the absorbed pulse. In such a time,
liquid density cannot follow the temperature increase, as
sound wave front travels away from the beam in a time
orderts5w0 /vs;200 ns, wherevs;1500 m/s is the sound
speed. Therefore, the heating initially occurs at constant
ume rather than pressure. This has two important con
quences: First, the immediate temperature increase to be
sidered isDTp85(cp /cv)DTp , wherecv is the heat capacity
at constant volume; second, the effects of a large pres
increaseDp5(]p/]T)VDTp8 must also be taken into ac
count. FromDp.3rvs

2aDTp8 , wherea51/3V(]V/]T)p is
the thermal linear expansion coefficient, we estim
Dp/DTp8'3 MPa/K. For our purposes, the most importa
effect of this pressure increase is the shifting of the isotrop
nematic transition pointTc and therefore ofT* . A typical
value is dTc /dp'0.3 K/MPa. Therefore,DT* 'DTp8 and
the factor (T2T* )21 is only weakly affected by the instan

FIG. 4. Results of simulations of laser-induced heating in
sample for a pulse energy of 1 mJ: top, time behavior of temp
ture increase averaged over the sample illuminated volume; bot
spatial distribution of thermal effects just after a laser pulse and
before the next one.
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taneous heating. This almost complete compensation ca
explained if the free-energy coefficientuhh controllingT* is
mainly of entropic nature~for example, due to excluded vol
ume effects!. In such a case, indeed,at constant densitywe
would haveT* }uhh}T and the factorT* /(T2T* ) would
be approximately independent of temperatureT. In view of
this analysis, we neglected the contribution of instantane
heating and calculated the factorr 2 including only the effect
of cumulative heatingDTc .

In conclusion, the phase shift signal measured in the
sorbing sample was related to the birefringence by the
pression

f~ I 0!5r 1~ I 0!r 2~ I 0!
2pL

l8
Dn~ I 0!. ~34!

Actually, in our case the factorr 1(I 0)r 2(I 0) turns out to be
weakly dependent on the pump energy, sor 1r 2'0.6 almost
independently ofI 0 . The nonlinearity enhancement ratio wa
calculated from the measured phase shifts as

A~ I 0!5
Dnabs

Dntransp
5

1

r 1~ I 0!r 2~ I 0!

fabs~ I 0!

f transp~ I 0!
. ~35!

C. Experimental results

An anisotropic phase-shift signal was observed both w
the dye-doped sample and with the reference pure sampl
all cases the signal in the former was significantly larger th
in the latter, but for other features they were rather similar
typical phase-shift signal is shown in Fig. 3. We investiga
the dependence of the phase-shift signal peak in the d
doped sample and in the pure reference sample on p
pulse energy at fixed background temperature and on t
perature at fixed pump energy. Moreover, we studied
response timeth of the signal at varying temperatures. A
though th was several nanoseconds, we assumed that
pump pulse was long enough that the signal peak appr
mated well a steady-state condition. Therefore, we compa
the signal peak with the theoretical predictions of Sec. II

Let us consider the energy dependence first. The ph
shift data versus energy measured with the pure sample
shown in Fig. 5 as squares. In the investigated range of pu
energies no saturation of the orientational response can
cur, as the pump peak intensityI;107 W/cm2 is five orders
of magnitude smaller thanI K . The data were therefore fitte
by a straight line. Actually, in Fig. 5, both data and line a
inversely corrected for the factor (r 1r 2)21, in order to com-
pare them with the results in the dye-doped sample~which
we preferred to leave unaltered, as they are our main resu!.

The phase-shift data for the dye-doped sample are sh
in Fig. 5 as circles. In this case a saturation behavior is e
dent, which must be related to dye bleaching, as light p
intensities are of the order ofI s . Figure 6 shows the nonlin
earity enhancementA versus energy calculated from the
data using Eq.~35!. The line in Fig. 6 is our theoretica
prediction based on Eq.~28! or, equivalently, A(I )51
1@A(0)21# f (I ), with f (I ) given by Eq.~26!. The constant
A(0) was adjusted for the best fit, obtainingA(0)52164.
We note , however, thatA(0) can be obtained also withou
any reference to a definite model, by direct extrapolation
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the enhancement data to a vanishing pump energy, altho
this procedure leads to a greater uncertainty. The line sh
in Fig. 5 is from Eq.~27! corrected for laser-induced heatin
and absorption losses, withQe(I ) as given in Eq.~24! @the
direct effect of dye, i.e., the first term in Eq.~27!, was ne-
glected#. The unknown constants in Eq.~27! were referred to
A(0) and to the pure-sample signal, so that no further adj
ment was needed in this case.

In Fig. 7 we plotted the points obtained as the differen
between the dye-doped data and the corresponding p
sample~corrected! data. These points show the contributio
to molecular orientation of the photoinduced intermolecul
force fieldUh

i only. The line is the prediction of our mode
Considering that there is only one adjustable parameter in
theory, the agreement with the experiment is certainly sa
factory.

In evaluating the theory predictions, the values ofte and
De were taken from Ref.@8#, where they are obtained from

FIG. 5. Measured phase shift~peak values! versus pump pulse
energy in the transparent pure liquid~squares! and in the dye-doped
absorbing liquid~circles!. The lines are our theoretical prediction

FIG. 6. Measured optical nonlinearity enhancementA due to the
dye effect versus pump pulse energy. The line is a best fit of the
on the data, as described in the text.
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measurements of time-resolved fluorescence. The pump
ergy scale of the theoretical curves was determineda priori
from the peak intensityI, using the experimental values o
the beam waistw0 and pulse durationtp . To calculatef (I )
we had to make an assumption about the ratioDg /De . First
we assumedDe5Dg . This already led to good agreeme
between theory and data, but for the best agreement the
ergy scale had to be finely adjusted by approximately 30
Assuming insteadDg /De.2, this energy-scale adjustment
not necessary. However, this result cannot be consider
reliable estimate ofDg /De , as small discrepancies in th
energy scale can be easily ascribed to several experime
nonidealities~ranging from the imperfect Gaussian shape
the spatial or temporal profile of the pump pulse to effe
related to the transverse profile of the probe beam!.

Let us now discuss the temperature behavior. The inve
peak signal measured at a given pump pulse energy and
varying temperature is shown in Fig. 8. The straight lines
from the linear best fit. Similar results are obtained for d
ferent pump pulse energies. The pretransitional (T2T* )21

power law expected for an orientational optical nonlinear
is well reproduced in both the absorbing and transpar
sample. We obtainT* 578 °C in the transparent sample. I
the absorbing sample, the apparent value ofT* is shifted by
laser-induced heating~the data here are not corrected f
heating! and therefore is pulse-energy dependent. We
serve a decrease of about 5 K/mJ, in reasonable agree
with the results of our laser-induced heating calculations

We also analyzed the time behavior of the signal in m
detail in order to extract information on the material respon
time as a function of temperature. We assumed that the p
shift f(t) of the material follows a standard relaxation la
of the form tḟ1f5kI(t), where I (t) is the pump pulse
time profile andt is the response time. This relaxation la
can be numerically integrated with the experimental pu
profile I (t) as the driving term. We used these numeric
solutions to fit the measured phase-shift pulse by adjus
the time constantt. Our results for the case of the dye-dop

ry

FIG. 7. Difference between the phase shift measured in the d
doped sample and the corresponding one in the transparent sa
versus the pump pulse energy, providing the contribution to
optical nonlinearity of the photoinduced molecular field only. T
line is our theoretical prediction.
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sample are shown in Fig. 9 for a given pump energy. Sim
results were obtained at different pump energies and with
transparent sample~although in the latter the data are ve
noisy as the signal was smaller!. Again we find a pretransi-
tional behavior in good agreement with the power lawt
}(T2T* )21, where T* is consistent with the value ob
tained from the birefringence pretransitional behavior. It
then natural to identifyt with the host orientational respons
time th , which is predicted to exhibit a pretransitional b
havior according to Eq.~19!. Our results are also in goo
agreement with independent measurements ofth based on
the pump and probe optical Kerr effect in pure E63 w
picosecond pulses@13#.

IV. DISCUSSION

We developed a model of the molecular orientation
duced in an absorbing liquid made of elongated molecu

FIG. 8. Inverse phase-shift signal versus sample temperatur
a pump pulse energy of 1 mJ in the pure sample~squares! and in the
dye-doped sample~circles!. The lines are from the linear best fit.T*
is the critical temperature for instability of the isotropic phase~a
few degrees lower than the transition pointTc).

FIG. 9. Inverse orientational response timeth versus tempera-
ture, as measured for a pump pulse energy of 0.6 mJ. The lin
from the linear best fit.
r
e
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-
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The model is based on the assumption that a photoexc
molecule interacts with its neighbor molecules differen
from the ground-state molecules. This results in an enhan
ment of the optical Kerr effect of a transparent liquid when
is doped with a small amount of dye. Such a prediction h
been verified in our experiment of pump-and-probe nonlin
birefringence. For our choice of materials, the observed
hancement is of about one order of magnitude for dye c
centrations of 0.1%, but we cannot exclude the possibility
having even larger enhancements for different materials.
model correctly predicts also the saturation behavior of
birefringence for increasing pump pulse energy and the t
perature dependence of the signal peak and rise time.

In the presence of light absorption one has to be v
careful when interpreting the optical nonlinear response
cause thermal and dye saturation effects can be strong.
modeled both these effects in order to estimate their con
bution. We made sure that the nonlinearity we observed
indeed anisotropic, i.e., it corresponded to a light-induc
birefringence and therefore could not be ascribed to hea
or other isotropic effects. Moreover, we verified that t
principal axes of the induced birefringence were dictated
the optical electric field, thus excluding effects related
flow, gradients, or any other anisotropic effects unrelated
the light field. The direct dye contribution to nonlinearit
which can also be anisotropic, was minimized by adoptin
probe wavelength outside the absorption band of the d
However, the strongest evidence that the birefringence
indeed due to photoinduced molecule reorientation is p
vided by the pretransitional effects observed when the te
perature of our material approached the transition point fr
the isotropic liquid phase to the nematic liquid-crystal pha
These effects were observed both in the signal amplitude
in the response time.

The only unknown molecular quantity contained in o
model is the energy constantDu5uhe2uhgDe /Dg , which
quantifies the variation of intermolecular interactions b
tween the dye and host occurring when the dye is photo
cited and determines the magnitude of the nonlinarity
hancementA(0). From the measured value ofA(0)521
64 we obtainDu50.1860.05 eV@14#.

Let us now analyze this result in more detail. In Ref.@16#,
the value ofuhg was estimated from the measured dichrois
when the mixture is in its nematic liquid-crystal phase, o
taining uhg'0.6 eV. If we assumeDg5De , we then obtain
uhe'0.8 eV, i.e., an increase by 30% in the orientation
energy. If we assume insteaduhe5uhg we obtain Dg /De
'1.4. These results are not unreasonable, although they
ply significant variations of molecular properties as a con
quence of electronic excitation.

However, measurements performed in the nematic ph
on the same mixture used in our experiment have shown
the ‘‘constant’’ quantityDutd controlling the enhancemen
factorA actually depends on the pump wavelengthl @16,17#.
This unexpected behavior could be explained by the p
ence of more than one excited level@16#. The wavelength for
which the enhancement is maximum in the nematic phas
l5630 nm. If we apply to the isotropic phase the sam
wavelength dependence observed in the nematic phase
obtainDu.0.3 eV forl5630 nm (td was determined from
Ref. @8#!. This corresponds either touhe /uhg51.5 if De
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5Dg , or to Dg /De'2.1 if uhe5uhg . Of course also inter-
mediate cases are possible with the contributions toDu com-
ing from both changes. These estimates may appear not
plausible, as the relative variations are quite large. Howe
there are theoretical reasons supporting the possibility
large changes in the rotational diffusion constant, as
cussed in Ref.@16#. Moreover, the preliminary results of a
experiment of nonlinear dichroism currently under way a
seem to imply a ratioDg /De greater than 2@18#. If these
surprising results are confirmed, we may say that the p
e
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in
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is
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of
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nomenon of photoinduced molecular orientation in absorb
liquids will be substantially understood.
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