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Thermodiffusive photorefractive phenomena in liquid crystals
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We present a mechanism of photorefractivity that does not require photoconductivity for its existence. This
mechanism works in light absorbing liquids that contain ions. The light-induced separation of charges takes
place due to thermal diffusion. The effect is proportional to the power of absorbed light and can become
stronger than conventional diffusive photorefractivity in liquid crystals. The thermodiffusive space charge field
may acquire a component along the propagation direction of the light. It is shown that superimposition of
thermal and photorefractive modulations of material parameters leads to the possibility of generation of ori-
entational gratings that are spatially resonant with the wave’s interference pattern. The results obtained may
have large practical importance extending the class of photorefractive materials and offering possibilities of
control of photorefractive optical phenomena.@S1063-651X~98!10710-9#

PACS number~s!: 42.70.Df, 42.70.Nq, 66.10.Cb
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I. INTRODUCTION

A breakthrough in the search for different photorefract
materials occurred with the prediction and discovery of p
torefractive liquid crystals~LCs! @1–4#. Photorefractive LCs
solve two key problems: First, the voltage necessary to ap
to the photorefractive material for realization of wave mixi
was reduced from kilovolts to volts and, second, the mo
lation of the refractive index of the material can be as la
as 0.2. Both achievements are due to the unique elec
optical and mechanical properties of LCs@5–7#.

The difference between the diffusion constantsD1 and
D2 of photogenerated positive and negative ions is the
son of charge separation and space charge formation in
toconductive LCs@1,2#. In the case of the solution of the dy
R6G in 4-pentyl-48-cyanobiphenyl, n5(D12D2)/(D1

1D2)'0.02. Getting largern is the main opportunity of
further enhancing the photorefractive field formed due
photogeneration and subsequent diffusion of charges@8–10#.

In the present article we will discuss a principally diffe
ent mechanism of creating space charge fields that ma
functional even in nonphotoconductive LCs. This thermod
fusive mechanism may become dominant for higher po
laser beams used for recording of holographic gratings
photorefractive polymer dispersed LCs@11,12#.

II. THERMAL DIFFUSION AS AN EFFECTIVE
MECHANISM OF CHARGE SEPARATION

Strong spatial gradients of temperature can be obtaine
laser beams acting on an absorbing medium. Therefore
thermal diffusion~or Soret effect, as it is known for liquid
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solutions@13,14#! can essentially modulate the concentrati
of ions present in a liquid. First, this process does not req
photoinduced generation of charges and leads to a s
charge modulation independent in the origin of ions in t
liquid. Second, the thermal diffusion may become a stron
driving force than the mass diffusion for strong temperat
gradients. Third, the difference in the thermal diffusion co
stants may be more substantial than the difference betw
the mass diffusion constants for the same ions.

To qualitatively characterize the thermal diffusion mech
nism of space charge formation, let us write down the
pression for the flux densityJ of ions in the LC in the pres-
ence of temperature gradients:

J152D1
“n12n1DT

1
“T1n1m1E,

~1!
J252D2

“n22n2DT
2
“T2n2m2E.

In Eq. ~1!, T is the temperature,D is the coefficient of mass
diffusion, DT is the thermal diffusion coefficient,n is the
density of ions,E is the space charge field, andm is the
magnitude of the mobility of the ions. The superscripts in
cate the sign of the ions. The positive value of the therm
diffusion constantDT indicates that the particles are drive
out from the region of high temperature towards the coo
regions.

In the steady state, the fluxes are absent and we arriv
the following system of equations to be solved:

2“n12n1ST
1
“T1

m1n1

D1
E50,

2“n22n2ST
2
“T2

m2n2

D2
E50, ~2!

div «E54pe~n12n2!.
4619 © 1998 The American Physical Society
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Equation ~2! allows us to express the space charge fi
through the modulation of the ion concentration and the te
perature

E5
1

n1m11n2m2
@~D1

“n12D2
“n2!

1~DT
1
“n12DT

2
“n2!“T#. ~3!

As the first approximation, one can evaluate the space ch
field from Eq. ~3! by assumingn1'n25n @1,2#. Making
use also of the circumstanceD1'D25D and Einstein’s
relationm5eD/kBT, Eq. ~3! can be rewritten in the form

E5ED1ETD , ~4!

where

ED5n
kBT

2e

“n

n
~5!

and

ETD5s
kBT

2e
“T. ~6!

The first term in Eq.~4!, ED , yields in the conventiona
diffusive space a charge field in the case of photogenera
of charges. The magnitude ofED @Eq. ~5!# is thus determined
by the difference in the diffusion constants of opposite
charged particlesn'(D12D2)/2D. The second term in
Eq. ~4!, ETD , is due to thermal diffusion and its magnitud
@Eq. ~6!# is proportional to the difference in the so-calle
Soret-Ludwig constants of oppositely charged particles
5(DT

12DT
2)/D.

The temperature variations induced by the interfer
light beams can easily be determined from the tempera
conductivity equation in the steady state:

x¹ 2 T52
sI

rCp
,

where x is the coefficient of the temperature conductivit
rCp is the specific heat capacitance of the LC per unit v
ume of the material at fixed pressure, ands is the absorption
constant.

Let us represent the spatial variation of the intensity
radiationI in the interfering light waves in the form

I 5I 0~11m cosq–r !, ~7!

where I 05I 11I 2 is the total average intensity of the inte
fering light beams,q is the wave vector of the interferenc
pattern, andm52(I 1I 2)1/2/(I 11I 2) is the depth of modula-
tion. The homogeneous part of the illumination will result
an average increase of the temperature, determined by
boundary conditions. Such a temperature increase
modify the material parameters; however, it will not yield
any redistribution of ions. The spatially modulated part
the temperature is equal to
d
-

ge

n

g
re

-

f

the
ay

f

dT5
msI 0

xrCpq2
cosq–r ~8!

if the effect of boundary conditions for the temperature
neglected. The magnitude of the space charge field gener
due to the thermal diffusion can now be found to be equa

ETD5s
kBT

2e

msI 0

xrCpq
sin q–r . ~9!

The characteristic feature of the thermodiffusive~TD! space
charge field is its proportionality to the intensity of radiatio
and to the absorption constant and inverse proportionalit
the wave vector of the interference grating.

III. EVALUATION OF THE SPACE CHARGE FIELD

To underline the characteristic features of the TD sp
charge field, let us compare it with the conventional diffusi
photorefractive fieldED @2#:

ED5y
kBT

4e

1

I
“I'2nm

kBT

4e
q sinq–r . ~10!

The independence of the diffusive space charge field on
concentration of photogenerated charges and hence on
intensity of radiation holds only for the case when the ph
toconductivity is much stronger than the dark conductivi
The direct proportionality of the field to the wave vector
the interference grating is a direct consequence of the
sumption about local generation of charges.

While ED saturates for the intensity of radiation needed
overcome the dark conductivity, the TD field can be effe
tively controlled with the aid of the incident intensity and th
absorption constant. Comparing Eqs.~9! and ~10!, we find
that the strength of the TD field becomes comparable toED
for the rate of absorbed power per unit volume

sI 0>
2p 2nxrCp

sL2
, ~11!

whereL52p/q is the spatial scale of the interference pa
tern.

Let us carry out numerical evaluations forL5100 mm
using the following typical material parameter values:n
;1022, x;1023 cm2/s, and rCp;1 J/cm3K. Assuming
also thats is an order of magnitude smaller than an avera
value of the Soret constants;1023 K21 while ST;1022

K21 @15–17#, we getsI 0'33103 W/cm3. Such a value of
the absorbed power density is readily achieved if a beam
intensity of about 30 W/cm2 is interacting with a material of
an absorption constants5100 cm21. By that, the overall
change in the temperature of the medium turns to be rea
ably small: dT;sI t/rCp;6 K, given I 5I 0(11m)'2I 0
and the typical thermal relaxation timet;1 ms.

IV. THE NORMAL COMPONENT OF THE SPACE
CHARGE FIELD IN ABSORBING MEDIA

All the above discussion assumed modulation of the li
intensity in two dimensions only, in the plane of the LC ce
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This is obviously not correct in the presence of strong
sorption. Withs5102 cm21, the intensity of the light at-
tenuates remarkably~2.7 times! in a distance of 100mm, the
typical thickness of the LC cells. This attenuation, howev
is not merely a quantitative modification of the estimatio
made above, but leads to important possibilities. Nam
thermal diffusion may separate the charges along the th
ness of the cell yielding in a space charge field along
normal to the LC layer.

To describe and evaluate this effect, let us represent
intensity of the light beam in the medium as

I ~z!5I 0exp~2sz!, ~12!

wherez is the axis of the Cartesian coordinate system tha
perpendicular to the cell plates and coincides with the dir
tion of propagation of the light beam. Replacingq with s
and assumingm51 in Eq.~10!, for the normal component o
the diffusive space charge field we can easily get

EzD52n
kBT

e
s. ~13!

To determine the normal component of the TD spa
charge field, let us solve the temperature conductivity eq
tion for the one-dimensional problem and with account of
expression for the light intensity~12!. Imposing boundary
conditionsT(z50)5T(z5L)50, we get

]T

]z
5

I 0

xrCp
Fe2sz2

1

sL
~12e2sL!G' I 0

xrCp
S e2sz2

1

sL D .

~14!

Consequently,

Ez TD5s
kBT

2e

I 0

xrCp
S e2sz2

1

sL D . ~15!

Comparing the normal components of the diffusive and
space charge fields, we find that the latter becomes stro
if the absorbed power density is larger than

sI 0>nxrCps 2s21. ~16!

For typical parameter values accepted above,sI 0>10
W/cm3.

V. REORIENTATION OF LCs AND RESONANT
GRATINGS DUE TO MODULATION OF THE ORDER

PARAMETER

The magnitude of reorientation of a nematic LC~NLC! is
determined by variational equations for the components
the NLC director. Let us describe the orientation of the
rector with a single angleu such asd5(sinu,0,cosu). Then

]2u

]x2
1

]2u

]z2
52

D«

4pK
@~Ex

22Ez
2!sinu cosu1ExEz cos 2u#,

~17!
-

r,
s
y,
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e
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e
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e
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whereEx ,Ez are the components of the electric field,D« is
the dielectric constant of the NLC at the frequency of t
acting electric field, andK is the elastic constant. Below w
will consider

Ez50, Ex5Ex0sinqx

to reveal the possibilities implied in the superimposition
thermal and photorefractive gratings.

Even small reorientation of the NLC yields a large chan
in the refractive index due to its large optical anisotrop
Therefore, we will be interested in solving Eq.~17! linear-
ized overu. Let the NLC has a pretiltu5u0 at the undis-
torted state. Then the linearized equation for small pertur
tions u5u01du will obtain the form

]2u

]x2
1

]2u

]z2
52

D«sin u0 cosu0

4pK
Ex0

2 sin2qx, ~18!

Let us assume strong anchoring at the boundaries:du(z
50)5du(z5L)50. The temperature dependence of t
material parameters of NLC may allow recording of a reo
entation grating of a wave vectorq also in the case when th
quadratic combination of the electric fields that give rise
the reorientation of the director has a spatial frequencyq.
Namely, the interfering light beams in an absorbing medi
give rise not only to the space charge modulation, but als
the modulation of the material parameters of the LC. T
relevant parameter in our problem isD«/K. SinceD«;Q
andK;Q2, whereQ is the order parameter of the materia
we get that the ratioD«/K;Q21 and may strongly increas
near the transition point of the LC to the isotropic phase.

Since the temperature profile follows the profile of t
interference pattern, let us take

h5
D«

K
5h01hmcosqx ~19!

in the linearized Eq.~18!. Thus the presence of a therm
modulation of the material parameters allows the photo
fractive field at the frequencyq to create a torque acting o
the NLC orientation at the spatial frequencyq. The equation
that determines the amplitude of the grating at the wave v
tor q has the form

]2uq

]x2
1

]2uq

]z2
52hm sin u0 cosu0

Ex0
2

16p
sinqx. ~20!

The solution of Eq.~20! is

uq5hm sin u0 cosu0

Ex0
2

4pq2

3F12e2qz2
sinhqz

sinhqL
~12e2qL!Gsinqx. ~21!

It is important thathm not only can be very large close t
phase transition points~nematic-isotropic and nematic
smectic!, but also can reveal a more intricate temperat
dependence, yielding a shift between the gratings of
waves’ interference pattern and the orientation.
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VI. PHOTOREFRACTIVE STORAGE IN LC COMPOSITES

Though the phenomena under discussion can take pla
any absorbing liquid, use of LCs has important advantag
Apart from the above-mentioned possibility of large refra
tive index modulation with only several volts of applied vo
age, LCs provide unique possibilities of material architect
both for the use of optical phenomena and with the aid
optical phenomena. Thus polymer dispersed liquid crys
~PDLCs! were designed as materials with effectively contr
lable light scattering properties@18#. The interference pattern
of light was used to create controllable gratings of PDL
@19,20#.

Such composite materials can effectively be used
achieve different photorefractive applications@11,12#. The
polymer network or the polymer matrix can play the role
traps for charges and realize a storage effect. In the recor
process, the polymer matrix is ‘‘melted’’ and the charge s
cific diffusion separates the charges creating the space ch
field. At a high temperature, however, the LC is in its isotr
pic state and the space charge field will have a neglig
effect on the refractive index since the typical strength of
electric field needed to influence the order parameter of
isotropic LC is rather high. In the case of molecules carry
a permanent dipole, it can be estimated asE;kBT/ea,
wherea is the size of the molecule. Therefore,E;106 V/cm.

Thus, in the recording process, the laser beam yields
formation of the space charge field, but there is no consid
able modulation of the refractive index while the beam is
and the temperature of the system is high. With switching
the laser beam, two processes start to take place sim
neously: phase separation of the mixture into the PDLC
relaxation of the space charge field due to the diffusion
ions. The cooling down of the system takes place duringtT
;L2/p 2x;1022 s. The smearing out of the temperatu
grating is a process about two orders of magnitudes fa
due to the smallness of the grating spacingL compared to
the cell thickness~or the size of the beam!.

The diffusion time of the ions shall be evaluated mo
accurately, taking into account the existence of the sp
charge field that influences the motion of the ions. Let
proceed from the continuity equation for the charges of d
ferent signs:

]n1

]t
52“–J1,

]n2

]t
52“–J2, ~22!

where the fluxes have been defined in Eq.~1!. Let us deal
with the difference in the charge concentrationn12n2:

]~n12n2!

]t
52“•~J12J2!. ~23!

To write down the difference in the flux density, let u
take into account the following circumstances. First, one
neglect with the difference in diffusion coefficients fo
charges of different signs. This difference was essentia
get charge separation in a photoconductive LC; howeve
is only a minor correction when the estimation of the rela
ation times are concerned. As mentioned above, the temp
ture can be considered to be homogeneous due to fast w
in
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ing out of its spatial modulation. Assuming alson11n2

'2n0@n12n2, we will eventually get

J12J252D“~n12n2!12mn0E. ~24!

Equation~24!, with account of the equation of the elec
trostatics~2!, is transformed now into

]E

]t
5D¹2E2

8pe2n0D

«kBT
E. ~25!

Thus the space charge field with the wave vectorq relaxes as

]Eq

]t
52S 1

tD
1

1

tE
DEq , ~26!

where

tD5
1

Dq2
, tE5

«kBT

8pe2n0D
'

1

3pn0DRS
, ~27!

with RS having the physical meaning of the distance whe
the binary interaction potential energy of ions is balanced
their kinetic energy of Brownian motion. The characteris
diffusion time tD describes the relaxation of the concentr
tion perturbations for neutral molecules only. For perturb
tions of comparable spatial scale,tD is much larger than the
temperature relaxation timetT , tD /tT5x/D;103. ThustD
is still an order of magnitude smaller thantT even for per-
turbations with the spatial scale 10 times smaller than
thickness of the LC cell.

For charged molecules, however, the attraction of char
of opposite signs can become the dominant mechanism
relaxation of the space charge field. The electrostatic re
ation time of the space charge fieldtE is larger than or com-
parable to the thermal relaxation time up to concentration
charges

n0,
x

D

1

RSL2
. ~28!

For typical parameter values«510, D51026 cm2/s, andL
51022 cm, we getn0;1013 cm23. Such a concentration o
charges is still large enough to cause strong photorefrac
effects@1,2#.

Thus experimental situations where the space charge
is relaxing slower than the temperature of the material
straightforwardly be realized. In such a situation, the LC w
cool down to its mesophase and the mixture will separ
into LC microdroplets dispersed in a polymer in conditio
of the action of a spatially modulated electric field. It is we
known that such a process may lead to orientation of the
in the polymer matrix@21,22#. Moreover, such an orientatio
has a memory effect: It is recovered when heating the sys
to the isotropic phase with consequent cooling down to
mesophase.

VII. SUMMARY

We have revealed a mechanism of formation of sp
charge fields: thermal diffusion. This mechanism works
nonphotoconductive materials and can be dominant eve
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photoconductive systems. We showed that absorption
lead to the creation of a space charge field along the direc
of light propagation and this field can be as strong as
conventional space charge field in the particular materia

Thermal diffusion may lead to interesting phenomena
recording of amplitude and phase gratings in electrica
neutral solutions, with no ions or photogenerated charge
all. Actually, processes of amplitude grating formation d
to thermal diffusion in systems containing absorbing cen
have been previously reported@23#, particularly, for mag-
netic fluids@24#. As suggested in@25#, the thermal diffusion
may be the reason for the earlier observations of aberrati
self-focusing effects in magnetic fluids@26#. The component
of the thermal diffusion along the normal to the boundar
of the LC cells and/or the related normal component of
space charge field may result in the deposition of partic
and molecules on the substrate, thus modifying the bound
conditions and resulting in a memory effect@4,27#.

For dichroic dyes dissolved in NLCs, the light bea
strongly influences the orientation of the dye and its inter
.
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tion with the host LC. This effect is widely explored nowa
days in obtaining amplification of the orientational optic
nonlinearity of LCs; see@28,29#. Thus we shall expect tha
the redistribution of the dichroic dye concentration is acco
panied by the redistribution of the molecular axes as w
Redistribution of the dye concentration will evidently mod
late also the orienting action of the dye molecules on the
molecules giving rise to a reorientation pattern that can
revealed as an anisotropic grating.
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