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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 phenomef81063-651X98)10710-9

PACS numbg(s): 42.70.Df, 42.70.Nq, 66.10.Cb

[. INTRODUCTION solutions[13,14)) can essentially modulate the concentration
of ions present in a liquid. First, this process does not require
A breakthrough in the search for different photorefractivephotoinduced generation of charges and leads to a space
materials occurred with the prediction and discovery of pho-charge modulation independent in the origin of ions in the
torefractive liquid crystal§LCs) [1-4]. Photorefractive LCs liquid. Second, the thermal diffusion may become a stronger
solve two key problems: First, the voltage necessary to applgriving force than the mass diffusion for strong temperature
to the photorefractive material for realization of wave mixing gradients. Third, the difference in the thermal diffusion con-
was reduced from kilovolts to volts and, second, the modustants may be more substantial than the difference between
lation of the refractive index of the material can be as largghe mass diffusion constants for the same ions.
as 0.2. Both achievements are due to the unique electro- To qualitatively characterize the thermal diffusion mecha-
optical and mechanical properties of L7 nism of space charge formation, let us write down the ex-
The difference between the diffusion constabt$ and  pression for the flux density of ions in the LC in the pres-
D~ of photogenerated positive and negative ions is the reaence of temperature gradients:
son of charge separation and space charge formation in pho-

toconductive LC$1,2]. In the case of the solution of the dye J*=-D*Vn" —n"DyVT+n"u"E,

R6G in 4-pentyl-4-cyanobiphenyl, v=(D*—D")/(D* (1)
+D)~0.02. Getting largen is the main opportunity of J7==D Vn —=n"'D;VT-n u E.

further enhancing the photorefractive field formed due to

photogeneration and subsequent diffusion of chafge40.  In Eq. (1), T is the temperatureD is the coefficient of mass

In the present article we will discuss a principally differ- diffusion, Dy is the thermal diffusion coefficieny is the
ent mechanism of creating space charge fields that may #ensity of ions,E is the space charge field, andis the
functional even in nonphotoconductive LCs. This thermodif-magnitude of the mobility of the ions. The superscripts indi-
fusive mechanism may become dominant for h|gher poweﬁate the Sign of the ions. The positive value of the thermal
laser beams used for recording of holographic gratings iliffusion constanD+ indicates that the particles are driven
photorefractive polymer dispersed L{kl,12. out from the region of high temperature towards the cooler
regions.

In the steady state, the fluxes are absent and we arrive at

l. THERMAL DIFFUSION AS AN EFFECTIVE the following system of equations to be solved:

MECHANISM OF CHARGE SEPARATION

Strong spatial gradients of temperature can be obtained in VNt ontSIVTH un® E—0
laser beams acting on an absorbing medium. Therefore, the D+ '
thermal diffusion(or Soret effect, as it is known for liquid
B mon-
-Vn —-n"S$;VT-——E=0, 2
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Equation (2) allows us to express the space charge field

mol
through the modulation of the ion concentration and the tem- 6T= 7 02 cosq-r (8)
perature xprCpq
if the effect of boundary conditions for the temperature is
E=——[(D'Vn"—D"Vn") neglected. The magnitude of the space charge field generated
nNfut+n u” due to the thermal diffusion can now be found to be equal to
+(DFVNnT=D;Vn)VT]. (3 £ keT maly ©
=S— sing-r.
™ 2¢ xpCyQ q

As the first approximation, one can evaluate the space charge

field from Eq. (3) by assumingn®~n~=n [1,2]. Making  The characteristic feature of the thermodiffusii®) space

use also of the circumstand®@”~D =D and Einstein’s charge field is its proportionality to the intensity of radiation

relation u=eD/kgT, Eq. (3) can be rewritten in the form  and to the absorption constant and inverse proportionality to
the wave vector of the interference grating.

E: ED+ ETD y (4)
I1l. EVALUATION OF THE SPACE CHARGE FIELD
where
To underline the characteristic features of the TD space
kgT Vn charge field, let us compare it with the conventional diffusive
Eo=voo (5 photorefractive fielcEp [2]:
and _ keT 1VI kgT . 10
D=V TVI=Tvmasingr. (10
kgT i e )
ETD:SZLVT- (6) The independence of the diffusive space charge field on the
e

concentration of photogenerated charges and hence on the
] _ _ ) ) intensity of radiation holds only for the case when the pho-
The first term in Eq.(4), Ep, yields in the conventional toconductivity is much stronger than the dark conductivity.
diffusive space a charge field in the case of photogeneratiofhe direct proportionality of the field to the wave vector of
of charges. The magnitude B, [Eq. (5)] is thus determined  the interference grating is a direct consequence of the as-
by the difference in the diffusion constants of opposnelysumption about local generation of charges.

charged particles’~(D" —D")/2D. The second term in  whjle E; saturates for the intensity of radiation needed to
Eq. (4), Erp, is due to thermal diffusion and its magnitude oyercome the dark conductivity, the TD field can be effec-
[Eg. (6)] is proportional to the difference in the so-called tjvely controlled with the aid of the incident intensity and the
Soret-Ludwig constants of oppositely charged partiddes apsorption constant. Comparing Eq8) and (10), we find
=(Dy —D7)/D. that the strength of the TD field becomes comparablEgo

The temperature variations induced by the interferingfor the rate of absorbed power per unit volume
light beams can easily be determined from the temperature

conductivity equation in the steady state: 27 2vxpC
P
O'I 02 ’ (11)
SA?
al
XV3iT=——, . . .
pCp where A=2/q is the spatial scale of the interference pat-
tern.

where y is the coefficient of the temperature conductivity, Let us carry out numerical evaluations far=100 um

pC, is the specific heat capacitance of the LC per unit vol-using the following typical material parameter values:
ume of the material at fixed pressure, ant the absorption ~1072, y~10"2 cné/s, and pCp~1 Jlen?K. Assuming

constant. also thats is an order of magnitude smaller than an average
Let us represent the spatial variation of the intensity ofvalue of the Soret constarst~10"3 K~! while S;~10"2
radiationl in the interfering light waves in the form K1 [15-17, we getoly~3x 10> W/cn?. Such a value of
the absorbed power density is readily achieved if a beam of
I=1p(1+mcosq-r), (7)  intensity of about 30 W/c#is interacting with a material of

an absorption constant=100 cm . By that, the overall
wherelo=1,+1, is the total average intensity of the inter- change in the temperature of the medium turns to be reason-
fering light beamsq is the wave vector of the interference ably small: 5T~ ol 7/pCp~6 K, given I =Ilo(1+m)=~2l,
pattern, andn=2(l,1,)"¥(1;+1,) is the depth of modula- and the typical thermal relaxation time-1 ms.
tion. The homogeneous part of the illumination will result in
an average increase of the temperature, determined by the |\, THE NORMAL COMPONENT OF THE SPACE
boundary condlt]ons. Such a temperature increase may CHARGE FIELD IN ABSORBING MEDIA
modify the material parameters; however, it will not yield in
any redistribution of ions. The spatially modulated part of All the above discussion assumed modulation of the light
the temperature is equal to intensity in two dimensions only, in the plane of the LC cell.
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This is obviously not correct in the presence of strong abwhereE, ,E, are the components of the electric fielkk is
sorption. Witho=10° cm ™%, the intensity of the light at- the dielectric constant of the NLC at the frequency of the
tenuates remarkabli2.7 times in a distance of 10@m, the  acting electric field, an& is the elastic constant. Below we
typical thickness of the LC cells. This attenuation, howeverwill consider

is not merely a quantitative modification of the estimations _

made above, but leads to important possibilities. Namely, E,=0, Ex=Eysingx

thermal diffusion may separate the charges along the thick- e . .
ness of the cell yielding in a space charge field along th o reveal the p033|b|llt|e§ |mpI|e<_j in the superimposition of
normal to the LC layer hermal and photorefractive gratings.

To describe and evaluate this effect, let us represent the Even small' reo_rientation of th.e NLC yield§ a 'afg‘? change
intensity of the light beam in the mediur’n as in the refractive index due to its large optical anisotropy.
Therefore, we will be interested in solving EQ.7) linear-

_ _ ized overd. Let the NLC has a pretilo= 6, at the undis-
H(2)=loexp(~ 02), (12 torted state. Then the linearized equation for small perturba-

wherez is the axis of the Cartesian coordinate system that istlons 6= 0o+ 56 will obtain the form

perpendicular to the cell plates and coincides with the direc- 2 2 -
tion of propagation of the light beam. Replaciggwith o a_z+ a_zz — MEiosinqu, (18)
and assumingn=1 in Eq.(10), for the normal component of oxs 0z AmK

the diffusive space charge field we can easily get )
Let us assume strong anchoring at the boundaiééz

kgT =0)=0660(z=L)=0. The temperature dependence of the
E,p=—v—o. (13 material parameters of NLC may allow recording of a reori-
€ entation grating of a wave vectgralso in the case when the
) quadratic combination of the electric fields that give rise to
To determine the normal component of the TD spacgne reorientation of the director has a spatial frequengy 2
charge field, let us solve the temperature conductivity €quagamely, the interfering light beams in an absorbing medium
tion for the one-dimensional problem and with account of they;ye rise not only to the space charge modulation, but also to
expression for the light intensity12). Imposing boundary the modulation of the material parameters of the LC. The
conditionsT(z=0)=T(z=L)=0, we get relevant parameter in our problem Ass/K. SinceAe~Q
andK~Q?, whereQ is the order parameter of the material,

ﬂz o az_i(l_eUL)}% lo (eo'z_ i) we get that the ratide/K~Q ! and may strongly increase
9z xpCp oL xpC, oL/’ near the transition point of the LC to the isotropic phase.
(14 Since the temperature profile follows the profile of the
interference pattern, let us take
Consequently,
Ae
keT 1o 7= = Mot 7mCOSAX (19)
EZ = S % chp( eUZ_I> . (15)

in the linearized Eq(18). Thus the presence of a thermal

Comparing the normal components of the diffusive and TDmoduIatlon of the material parameters allows the photore-

' : fractive field at the frequency to create a torque acting on
space charge fields, we f'nd. th.at the latter becomes Stronggife NLC orientation at the spatial frequengy The equation
if the absorbed power density is larger than :

that determines the amplitude of the grating at the wave vec-

tor g has the form
alo=vxpCyo 2571, (16 a
Ero

167

0, 06 ,
For typical parameter values accepted abowéy=10 —2q+ —2q= — 7 SiN 6y COS Gy
wicn, ox= oz

The solution of Eq(20) is

singx. (20

V. REORIENTATION OF LCs AND RESONANT
GRATINGS DUE TO MODULATION OF THE ORDER . E2,
PARAMETER 0= 1m SIN 6 COS Oy 4

The magnitude of reorientation of a nematic IILC) is
determined by variational equations for the components of x|1—e-9z_ >
the NLC director. Let us describe the orientation of the di- sinhqL
rector with a single anglé such asd=(sin,0,cosf). Then

(1—e 94 [singx. (21

It is important thatz,, not only can be very large close to
5 2 phase transition pointgnematic-isotropic and nematic-
g9 970 Ae 2_E2yqi smectig, but also can reveal a more intricate temperature
— 4+ —=———[(E{—EZ)sinf cosf+E,E, cos 24], , 50 C : =mp
x> 9z% 47K dependence, yielding a shift between the gratings of the
(170  waves’ interference pattern and the orientation.
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VI. PHOTOREFRACTIVE STORAGE IN LC COMPOSITES ing out of its spatial modulation. Assuming al$g +n~

~ +_n- i
Though the phenomena under discussion can take place in2no>n n-, we will eventually get

any absorbing liquid, use of LCs has important advantages. Jt=J3"=-DV(n*—n")+2un,E. (24)
Apart from the above-mentioned possibility of large refrac-

tive index modulation with only several volts of applied volt-  Equation(24), with account of the equation of the elec-
age, LCs provide unique possibilities of material architecturdrostatics(2), is transformed now into
both for the use of optical phenomena and with the aid of 5
optical phenomena. Thus polymer dispersed liquid crystals E—DVZE—aTre noD
(PDLCs9 were designed as materials with effectively control- at ekgT
lable light scattering properti¢48]. The interference pattern

of light was used to create controllable gratings of PDLCsThus the space charge field with the wave vecteelaxes as

[19,20.

E. (25)

Such composite materials can effectively be used to %Eq = i+ 1 E (26)
achieve different photorefractive applicatiofsl,12. The ot ™ 71/ v
polymer network or the polymer matrix can play the role of
traps for charges and realize a storage effect. In the recordiﬁejhere
process, the polymer matrix is “melted” and the charge spe- 1 T 1
cific diffusion separates the charges creating the space charge To=— £% (27)

field. At a high temperature, however, the LC is in its isotro- Dg?’ e 8me’n,D 37NgDRs’
pic state and the space charge field will have a negligible
effect on the refractive index since the typical strength of thewith Rs having the physical meaning of the distance where
electric field needed to influence the order parameter of théhe binary interaction potential energy of ions is balanced by
isotropic LC is rather high. In the case of molecules carryingtheir kinetic energy of Brownian motion. The characteristic
a permanent dipole, it can be estimated BskgT/ea, diffusion time 7 describes the relaxation of the concentra-
wherea is the size of the molecule. Therefofe- 10° V/cm.  tion perturbations for neutral molecules only. For perturba-
Thus, in the recording process, the laser beam yields thiéons of comparable spatial scatg, is much larger than the
formation of the space charge field, but there is no considetemperature relaxation timey, 7p /7= x/D~10°. Thusrp
able modulation of the refractive index while the beam is onis still an order of magnitude smaller than even for per-
and the temperature of the system is high. With switching offurbations with the spatial scale 10 times smaller than the
the laser beam, two processes start to take place simultéhickness of the LC cell.
neously: phase separation of the mixture into the PDLC and For charged molecules, however, the attraction of charges
relaxation of the space charge field due to the diffusion oPf opposite signs can become the dominant mechanism of
ions. The cooling down of the system takes place during relaxation of the space charge field. The electrostatic relax-
~L?/w2y~10"2 s. The smearing out of the temperature ation time of the space charge fietd is larger than or com-
grating is a process about two orders of magnitudes fastdtarable to the thermal relaxation time up to concentration of
due to the smallness of the grating spacingompared to  charges
the cell thicknesgor the size of the beam
The diffusion time of the ions shall be evaluated more n <X 1
accurately, taking into account the existence of the space 0 DRSLZ'
charge field that influences the motion of the ions. Let us
proceed from the continuity equation for the charges of dif-For typical parameter values=10, D=10 ¢ cné/s, andL

(28)

ferent signs: =102 cm, we getny~ 10" cm™3. Such a concentration of
charges is still large enough to cause strong photorefractive
on*t Loon” B effects[1,2].
ot VY Ty T v, (22 Thus experimental situations where the space charge field

is relaxing slower than the temperature of the material can
straightforwardly be realized. In such a situation, the LC will
cool down to its mesophase and the mixture will separate
into LC microdroplets dispersed in a polymer in conditions
a(n*—n") of the action of a spatially modulated elect_ric fie_ld. It is well
=-V.(J"=J37). (23 known that such a process may lead to orientation of the LC
in the polymer matri21,22. Moreover, such an orientation
has a memory effect: It is recovered when heating the system

To write down the difference in the flux density, let us to the isotropic phase with consequent cooling down to the
take into account the following circumstances. First, one cafesophase.

neglect with the difference in diffusion coefficients for

charges of dlfferen.t signs. This dlfferenc_e was essential tp VII. SUMMARY

get charge separation in a photoconductive LC; however, it

is only a minor correction when the estimation of the relax- We have revealed a mechanism of formation of space
ation times are concerned. As mentioned above, the temperaharge fields: thermal diffusion. This mechanism works in
ture can be considered to be homogeneous due to fast wastenphotoconductive materials and can be dominant even in

where the fluxes have been defined in ED. Let us deal
with the difference in the charge concentrativh—n~:

Jat
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photoconductive systems. We showed that absorption cation with the host LC. This effect is widely explored nowa-
lead to the creation of a space charge field along the directiodays in obtaining amplification of the orientational optical
of light propagation and this field can be as strong as theonlinearity of LCs; se¢28,29. Thus we shall expect that
conventional space charge field in the particular material. the redistribution of the dichroic dye concentration is accom-
Thermal diffusion may lead to interesting phenomena ofpanied by the redistribution of the molecular axes as well.
recording of amplitude and phase gratings in electricallyRedistribution of the dye concentration will evidently modu-
neutral solutions, with no ions or photogenerated charges ddte also the orienting action of the dye molecules on the LC
all. Actually, processes of amplitude grating formation duemolecules giving rise to a reorientation pattern that can be
to thermal diffusion in systems containing absorbing centersevealed as an anisotropic grating.
have been previously reportd@3], particularly, for mag-

netic fluids[24]. As suggested _iﬁ25], the th_ermal diffusior! ACKNOWLEDGMENTS
may be the reason for the earlier observations of aberrational
self-focusing effects in magnetic fluifi@6]. The component The authors are grateful to G. Cipparrone, D. Duca, A.
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space charge field may result in the deposition of particlebeen carried out with the partial support of the European
and molecules on the substrate, thus modifying the boundar@ommunity through the European Fund of Regional Devel-
conditions and resulting in a memory eff¢d;27). opment, in the frame of “Progetto Sud INFM,” subproject
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