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Dye-Induced Enhancement of Optical Nonlinearity in Liquids
and Liquid Crystals
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Optical nonlinearity of liquid crystals (LC) in the isotropic phase can be enhanced by 1 order of
magnitude by dissolving 0.1% of anthraquinone dye in the LC. The enhancement decreas¥¥dy
when the LC transforms into the nematic phase. The same guest-host effect also exists in non-LC
liquids. It can be explained by a model based on the change of guest-host interaction induced by
optical excitations of the dye. [S0031-9007(96)01985-0]

PACS numbers: 42.70.Df, 42.65.Vh, 61.30.Gd

Guest-host interaction is a subject of high interest in The optical-field-induced reorientation of LC molecules
many disciplines. Recently, it has received a great deakesults from interaction between field and field-induced
of attention in the field of liquid crystals (LC) because of dipoles on the molecules that can be described by the
its potential applications to displays and other optoelecinteraction free energy density:
tronic devices. In one case, it was found that the unusu- | 0 |
ally strong optical nonlinearity of nematics LCs can be Fint = —z xi;EiE; = Finr — 5 AXQiEE;. (1)
further enhanced dramatically by a small amount of d _ 2 . . -
dissolved in LC [1-5]. The s%/ronyg optical nonlinearity Oﬁﬂere, Xij =X + 5AxQi; is the optical sus3cept|blllty
pure nematic LC is known to be a result of optical-field- tensor,y is the average susceptibilit@;; = Q(3 nin; —
induced collective reorientation of LC molecules [6-8]. 5 6;;) is the order parameter tensor wighbeing the scalar
A cw laser intensity of 100 \Wem? can readily induce a order parameter andl the director describing the average
refractive index change of0.1 by this mechanism [7]. direction of molecular orientation y is the susceptibility
It has led to many interesting nonlinear optical effects inanisotropy of a perfectly aligned LC medium with= 1,

LC with possible applications [9]. Now with mixing of E denotes the optical field, anfl)xT is independent of
only 1% of certain anthraquinone dyes into the LC hostQ;;. The orientational ordering of LC, defined lgy;;,
this giant nonlinearity can be further increased by 2 orderés usually obtained by minimizing the total free energy
of magnitude if the optical field resonantly excites the dye/ Fd*r, with
molecules [1,2]. According to Ref. [2], this happens be- FeFi+F @)
cause the linearly polarized optical field excites the dye 0 INT >

molecules and creates anisotropic orientational distribuwherer is the free energy density of the medium in the
tions of the dye molecules both in the excited state and i@bsence of the field. In the isotropic phase, the molecules
the ground state. The change of guest-host interaction b@riginally have no orientational ordering. The nematiclike
tween dye and LC molecules upon excitation then resultgrder Q is induced by the applied optical field, with n

in the enhanced molecular reorientation of LC. Howeverparallel toE. The free energy density reduces to [10]

a microscopic understanding of the guest-host interaction F=2LYur — ™0% + L BO3
responsible for this effect is still missing. 2 )0 3 BO
One may also ask if the same effect exists in LC in + %CQ“ - %AXQ|E|2, 3)

a mesomorphic LC phase. In this Letter, we show tha herea, B, C, D, andT* are characteristic constants of the

o . . . C and the spatial variation @ is neglected. To induce
g]r:z Iaslli?ll?: ;:rfsl’ai;ﬂgr?ylls_%w%_?nct:hrkolqum?nngB(;_\vAv% dyea measurableQ, the optical field must be sufficiently
n =2 3, 5 8as guest and h(;‘si nqatZrTallls, respectively.s'trong anq therefo_re a pulsed laser is often needed. The
Note that 5CB and 8CB have mesophases while 2CB angdl?;t?:r? Is then time dependent and obeys the dynamic
3CB have not. In all cases, we found significant enhance-1 ’
ment of the optical nonlinearity. The enhancement in- do | 2
creases with the alkyl chain length or In the cases of Yar *all =170 = 5 AxIEMI, ()
5CB and 8CB, the enhancement decreases®y% when  with » denoting the viscosity. In the above equation, the
the LC transforms into the nematic phase. These resultsigher-order terms 0Q have been neglected sin€gis
may provide useful clues for a better understanding of thigienerally much smaller than 1. In the nematic phase, a
fascinating guest-host interaction problem. cw laser beam is intense enough to reorient the director

the isotropic phase, or more generally, in liquids withoutr/
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n, but the scalar order paramet@rcan hardly be changed and
(O = Qp). Equation (2) then takes the form [10]

1 1 §'=(1+ n)s, (8)
F=3K/(V-n)?+35K)[n-(VXn)

where F is the average pump flux in the medium. At
T %K3[ll X (VX n)P — %A)(Qo(n CE)?, (5) the temperatures vyhgre the orientatiqnal relaxation time
) of the isotropic liquid is comparable with or shorter than
where K; are the Frank elastic constants. In the SPethe pump pulse width, Eq. (7) is no longer valid, but the
cial case where the laser beam is normally incident adratic dependence 8bn F and Eq. (8) still hold. For
on a homeotropically aligned LC cell, minimizing accyrate determination of, we constructed a composite
the free energy shows that molecular reorientace| with two components sandwiched between the same
tion occurs only when the laser intensity exceedsyg glass substrates, one filled with pure liquid and the
the so-called Freedengksz transition threshdld = gther with dye-doped liquid. The cell was 0.7 mm thick
c/T + 4wy (K3/Ax Qod*)g(¢/d), whend is the sam- 54 was placed in an oven with temperature controlled to
ple thickness,¢ is the laser beam diameter, agds @  petter than 0.1 K. Such a geometry guarantees the same

numerical function [9]. - S temperature and cell thickness for the pure and dye-doped
In the presence of dye impurities, the optical field cansamples.

also interact with LC yia dy_e_ mole_cules. _To the lowest 1o measure the enhancement factor in nematic LCs,
order of Q;; and E, this additional interaction takes the o ysed a frequency doubled, cw mode-locked, Nd:YAG
form laser at 532 nm to induce reorientation of the LC di-
Fint = —DQ,EE;, (6) rector and measure the Fréedericksz transition thresh-
old ratio of pure and dye-doped LC cells that are
homeotropically aligned by, n-dimethyln-octadecyl-3-
aminopropyl-trimechoxysilyl chloride (DMOAP)-coated
aglass substrates. The threshold was determined by the
sudden appearance of a ring pattern in the far field due to
self-phase modulation of the laser beam in the LC medium

whereD is a constant. Now witl¥nt in Eq. (2) replaced
by Fint + Fint, the interaction strength is increased
by a factor of(1 + 75), with n = 6D/Ay. This leads
to an enhancement of the optical reorientation by
factor of (1 + n) for both isotropic and nematic phases.
In particular, we findQ’ = (1 + 5)Q for the isotropic

; . 7].
phase and{, = I,/(1 + n) for the nematic phase, with [ : : . .
the prime denoting the dye-doped case. The result here Figure 1 shows the integrated optical Kerr signals from

suggests that isotropic and nematic phases of LC shouf™® and AAQ-doped isotropic 5CB samples versus the

experience the same enhancement in optical reorientati mp flux. As expecteq from Egs. (7) _and (8), both
with dye doping. signals depend quadratically oR. The signals from

In the experimental investigation, we used the opticafhe dye-doped 5CB is much larger than that from the

Kerr effect to measure the light-induced reorientation ofPure one, which means that the optical reorientation of

molecules in isotropic liquids [11]. A linearly polarized, isotropic LC is indeed enhanced by dye doping.
frequency-doubledD-switched Nd:YAG laser at 532 nm We have also measured the temperature dependence

was employed as the pump beam to induce molecular reo-]c the integrated optical Kerr signals of pure and AAQ-

orientation in the liquid medium. Its wavelength is in- doped 5CB in the isotropic phase. The results are shown
side the broad absorption band of AAQ peaked at 490 nm. 600
The pulse duration is 20 ns and the repetition rate is 2 Hz.

The induced molecular reorientation gave rise to an opti- 500
cal birefringencedn(r) = dmwAyx /1 + 47 x)0(r) that — -
was probed by a cw He-Ne laser beam polarized &t 45 = 400
from the pump field at the input and analyzed by a crossed =
polarizer at the output. The transmitted probe beam ap-
peared as a pulse and was measured by a photomultiplier-

signal (a
w
o
o

and a gated integrator. Witl2w/A)én(r)d < 1 (A is 5 200

the wavelength of the probe laser), the time-integrated *<

signal that we measured o [~ _[(27/A)én(r)d]? dt. 100

In the case of the isotropic LC at a temperature close to : el . . e

the isotropic-nematicl{N) transition, the pump pulse was 0.0 . 1.0 15 20 25 30 35

much shorter than the orientational relaxation time of the Pump flux F (10° ergicm?®)

medium. From Eq. (4), we obtain for pure and dye-doped

LC, respectively, FIG. 1. Integrated optical Kerr signals vs the pump flux.

4 Squares are for pure 5CB and circles for 0.05% AAQ-doped
S o (A,Z) 1 0 1 . )szz ) gggblessog(;ccurves are quadratic fits. Temperature of the
l+4my v aT — T* I .
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IG. 3. 7 vs dye concentration of AAQ-doped 5CB. Solid
ircles are for the isotropic phase at ‘8 Open squares are
the nematic phase at 3€. Lines are linear fits.

FIG. 2. Integrated optical Kerr signals vs temperature. Ope
squares are for pure 5CB and solid circles for 0.03% AAQ-
doped LC. Curves were obtained from fitting using Egs. (7)
and (8).

To understand this guest-host effect on a microscopic
o ) ) level, we adopt the physical picture suggested by Janossy
in Fig. 2. Here again, the signal from the dye-dopedz] The two important aspects here are the selective ex-
SCB is much larger than that from the pure one. Bothgjiation of dye molecules and the change of guest-host
signals are inversely proportional 1o — T* as predicted jpteraction upon excitation. Dye molecules oriented with
in Egs. (7) and (8). The apparent critical temperaturgneir stronger transition dipoles parallel to the pump beam
" was found to be 34.2C and 34.5C for dye-doped ojarization have a higher probability of being excited.
and pure LC samples, respectively. The temperaturgonsequently the excited dye molecules should appear to
difference of 0.3C came from laser heating of the dye- naye an anisotropic orientational distribution. The inter-
doped LC. Thel-N transition temperatures of pure aetion between the anisotropic host and dye molecules
and dye-doped LC exhibit the same difference undefhen tends to align the host molecules towards the aver-
iradiation of the pump laser. The above result indicategge orientation of the excited dye molecules. The excita-
that  does not have a critical dependence Bn- 7" o also creates an anisotropic distribution of the opposite
even in the pretransitional region where the LC moleculagense for dye molecules in the ground state that counters
correlation sets in critically. This shows that such aihe reorienting action of the excited dye molecules. If
correlation in the host material is not important for ourihe excited dye-host molecular interactioh is differ-
guest-host effect. _ _ _ent from the ground state dye-host molecular interaction

The measured enhancement in AAQ-doped ISOtropi¢;,  then a net reorienting torque on the host molecules
5CB was found to be directly proportional to the dye gyists. Assuming thav, and V, take the phenomeno-
concentration, as shown in Fig. 3. This is expected for IOV\{ogicaI form V,(r,L1") = V(r) + 8Vi(r) (1 - 1I")2 for
dye concentrations at which the interactions between dyg P ! !
molecules are insignificant. Also displayed in Fig. 3 are
the n values for different dye concentrations in the nematic T - - . . ' .
phase. We found;(nematic) n(isotropic) = 0.65. The
difference inn between the isotropic and nematic phases - }
could be a result of our neglect of the higher order terms 5L
of Q;; in Finr, as we shall discuss later.

Finally, we have studied the effect in liquids that have
no mesomorphic LC phases. We found that 2CBand 3CB =  4f { 1
also exhibit significant enhancement in the light-induced A
molecular reorientation from dye doping although they {
are not LC materials. This indicates that enhancement
in optical reorientation due to guest-host interaction is o4
a generic effect not restricted to LC. Figure 4 shows ol : . ) . . .
n of AAQ-doped nCB versusn. The enhancement 2 3 4 5 6 7T 8
appears to increase with the alkyl chain length. This is nof nCB

presumably related to the increasing anisotropy:GfB FIG. 4. n of 0.05% AAQ-dopednCB at 80°C versus the
with increasingn. alkyl chain length ofnCB.

nisotropic molecular interaction, & g or €), with | and
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1" being the unit vector along the long axis of the host andbf dye molecules so that the orientational distribution
dye molecules, respectively, andhe separation between of the excited dye molecules can be approximated by
the two molecules, we obtain the following free energyf”(1”) « (1" - e)? - f(1"), where the initial orientational
density for the total guest-host interaction: distribution of the dye molecules is assumed to be the
same as that of the LC molecules denotedfbwe can
reduce Eq. (9) to the form of E}q. (6), but withreplaced
a _ 4 _ 3 "oy by D = —{nJT ¥ 4wy rar [ fA[A" - n)> - (1" -
Fiy = 5 nn <f [Ve(r) = oV,(r)ld r>Q”Q‘-" O 1 1672 [[6V.(r) — 5V,(r)ld°r. Note thatD
now depends on the scalar order paramedgrof the

, LC. Knowing Qo = 0.5 for 5CB at 32°C [14], we found
Here,n and »n” are the number density of the host andp _ 0.72D and 7n(nematig = 0.727(isotropid, which

. . 3
(lexmted dye molecules, respectively, aBff = (3 1/l = roughly agrees with our experiment resut.
3 8ij)¢» with )y denoting the average over the orienta- To conclude, we have demonstrated for the first time
tional distributionf” of the excited dye molecules. that mixing dye into isotropic LC can enhance the optical

In the case of an isotropic host mediurff] is uni-  Kerr effect dramatically. Only 0.1% of dye dopant can
axial with the symmetry axis along the optical field enhance the Kerr coefficient by 1 order of magnitude.
direction e and Q/; = 0"(3 e;e; — 3 6;;). The num- This enhancement decreases bB0% when the LC
ber density of the excited dye molecules is given bybecomes nematic. The same effect also exists in non-LC
n" = (JT + 4@y Xar/327?h)|El>, with A being host materials. This guest-host effect can be explained by
the wavelength of the pump lase® the absorption a model based on selective excitation of the dye molecules
coefficient in the isotropic phase, and the lifetime and change of guest-host interaction upon dye excitation.
of the excited sates. Equation (9) reduces to Eq. (6) This work was supported by NSF Grant No. DMR-
with D = —(n/T + 47y AarQ"/4872h) [[6V.(r) —  9404273.
8Vy(r)]d®r. Assuming that the orientational relaxa-
tion time of the dye molecules;,, is much longer than
7 [12] so that rotational diffusion of the dye molecules
can be neglected in the calculation, the orientational
distribution f” can be approximated simply by the
angular dependence of the dye molecule excitation,
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