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We develop a theoretical model to describe two-beam energy exchange in a hybrid
photorefractive inorganic-cholesteric cell. A cholesteric LC cell is placed between
two inorganic photorefractive windows. Weak and strong light beams are incident on
the LC cell. The interfering light beams induce a periodic space-charge field in the
photorefractive windows. This penetrates into the LC, inducing a diffraction grating
written on the LC director. The theory calculates the energy gain of the weak beam, as a
result of its interaction with the pump beam within the diffraction grating. In the theory,
the flexoelectric mechanism for electric field-director coupling is a more important than
the LC static dielectric anisotropy coupling. The flexoelectric polarization in the bulk
LC follows from the initial director pretilt at the cell substrates and is the main physical
mechanism governing the magnitude of the director grating and the two-beam coupling.
The LC optics is described in the Bragg regime. Theoretical results for exponential gain
coefficients have been compared with experimental results for hybrid cells filled with
cholesteric mixtures TL205/CB15 and BLO38/CB15. In order to reconcile theory and
experiment, we require that (a) the magnitude of the director grating must be cubic
rather than linear in the space-charge field, and (b) near the cell surface, nematic
ordering must dominate. Within this paradigm, we are able to fit experimental data to
theory for both cholesteric mixtures, subject to the use of some fitting parameters.

1. Introduction

In recent years, spectacular advances have been reported in liquid crystal photorefractive
(LC) cells. In the simplest systems, negative and positive ions are photogenerated in a
LC placed in an external light field. The ions give rise to a space-charge electric field.
The field then modulates the nematic director field and hence causes a modulation the
tensor refractive index [1-3]. However, a second mechanism relates to hybrid organic-
inorganic photorefractives, in which a LC sample is placed between photorefractive or
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photoconducting layers [4—6]. Space charges are photo-generated in these layers, leading
to space-charge electric fields. These then penetrate into the adjacent LC, and give rise to
director modulation. In both cases beam coupling occurs because of the interaction between
the incident light and the induced director modulation. The result is an amplification of
one of the beams. In a LC beam-coupling geometry the exponential gain coefficients
can reach values more than two orders of magnitude larger than those in solid inorganic
photorefractive crystals [7-12].

Early theoretical studies of these systems are due to Tabiryan and Umeton [13], and
Jones and Cook [14]. These authors suppose that the beam-coupling mechanism in hybrid
organic-inorganic photorefractives is analogous to that in conventional LC cells. In this
scenario the coupling between the light-induced space-charge electric field and the LC
director is caused by the LC static dielectric anisotropy. This picture predicts that the
maximal energy transfer will occur for a grating spacing of the order of the LC cell
thickness. However, experimental results for hybrid nematic LC cells show conclusively
that this maximum takes place at grating spacing [10—12] which are considerably smaller
than the cell thickness.

Recently, however, the present authors have returned to the problem of electric field-
director coupling in hybrid nematic LC cells [15]. It turns out that most important factor
governing the director deformation is the flexoelectric interaction between the director and
the electric field, and that this significantly larger than the LC static dielectric anisotropy
coupling. In addition, a nonlinear contribution to the magnitude of the director grating
as a function of space-charge electric field is required in order to account for the experi-
mental results [10—-12], and in Ref. [15] we have discussed possible mechanisms for this
nonlinearity.

In recent experimental work, some of us have extended our study of two-wave energy
exchange to hybrid cholesteric LC cells [16]. The cholesteric systems exhibit a significant
additional feature which had not been observed in hybrid nematic LC cells. In these systems,
the sign of the gain coefficient changes as the grating spacing is increased. The present paper
uses the paradigm of our earlier paper [15] in order to address this problem. Specifically,
we construct a theory for the optical gain characteristics of hybrid cholesteric LC-inorganic
photorefractives, in the case when cholesteric ordering is induced in nematic matrices by
introducing chiral impurities.

The paper is organized as follows. In Sec. II we introduce the model of hybrid
cholesteric cell in the field of the interfering incident light beams and define the evanescent
photorefractive field in the LC cell. In Sec. III we derive equations for the LC director
subject to this electric field and solve them. In Sec. IV we discuss light propagation in the
LC, starting with expressions for the dielectric tensor, going on to equations for the two
coupled light modes and expressions for the exponential gain coefficient in the LC cell. In
Sec. V we make comparisons with experimental results, and in Sec. VI present some brief
conclusions.

2. Photorefractive Electric Field in Liquid Crystal

The hybrid cell consists of flexoelectric cholesteric LC, placed between two plane-
parallel transparent photorefractive layers. The LC is bounded by the planes z = —L/2
and z = L/2. In addition, the LC in the hybrid cell consists of a nematic matrix which
contains impurity chiral molecules. These induce a cholesteric helix in the LC [17].
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We note, however, a key difference between the influence of surface director pretilt be-
tween nematic and cholesteric phases in planar cells [18]. In a nematic the director angle
decreases in the bulk linearly with distance. However, in a cholesteric the decrease is
exponential.

Here, however, we are not dealing with a pure cholesteric material, but rather a nematic
material with chiral impurities. In a system in which the gradient of the director is uniform,
the chiral concentration will also be uniform. From the point of view of cholesteric proper-
ties, it is unimportant whether the chirality is caused by a homogeneous material of weakly
chiral nematic molecules, or by a weak solution of strongly chiral molecules in a nematic
matrix. But, as has been pointed out by a number of authors [19, 20], the linear coupling
between the concentration and director twist can under some circumstances lead to molec-
ular segregation in which more strongly twisted regions contain a higher concentration of
chiral molecules, and weakly twisted regions contain a lower concentration. Under these
circumstances a homogeneous cholesteric and a chiral solution in a nematic matrix will
behave differently.

We shall suppose that such a circumstance occurs here. We suggest that it is energet-
ically profitable for chiral molecules to aggregate preferentially in the central part of the
cell where the angle of nematic director induced by the director pretilt at the cell surfaces is
unimportant. We caricature this segregation by making an ansatz that the cholesteric twist
is confined to a central region of the cell of width /. By contrast, in the thin layers and near
the cell surfaces nematic ordering dominates. At this stage the distance [ is to be regarded
as a fitting parameter in the theory. The cholesteric-nematic segregation is included in the
diagram in Fig. 1. We justify the ansatz ex post facto because it leads to agreement with
experimental results.

The cell is illuminated by two intersecting coherent light beams E; =
Ai(2)e; exp(ik;-r —iwt) and E; = Aj(2)e; exp(iky - r — iwt). The nonlinear properties of
both media require that A;(z), A»(z) not be constant, but change as a function of position,

; | 7
nematic 1”2 | ¥4,

- cholesteric 0

v

ks ; ki
&, a,
k 5 &7/'
nematic 2 s Q &, /‘ 9n|
N A .
L2 \\‘\V‘ a,

Figure 1. Scheme of the LC cell, showing light beams incident from photorefractive medium,
together with associated wave- and polarization vectors. The decomposition of LC into cholesteric
and nematic layers, as discussed above, is also shown. Quantities k; », o 2, & 2, €;2, 691 2 are defined
in the text.
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as energy exchange takes place between the beams. The bisector of the beams is directed
along the z-axis, the wave vectors Kk, k, and the polarization vectors e;, e, of the beams
lie in the xz-plane. The director pretilt at the LC cell boundaries is described respectively
by the angles 6y, 6y in the xz-plane. The scheme of the LC cell is shown in Fig. 1.

The beams produce a light intensity interference pattern

1
1(z) =1 + DL)[1+ E(m(z) exp(igx) + c.c.)l, (D

where we define the modulation parameter m(z) = 2 cos(28)A(z)A%(z)/(I; + 1), and
where 26 is the angle between the two incident beams in the photorefractive medium, /; =
A A7, I, = Ay A% are the intensities of incident beams, and ¢ = ki —ko, = 2k siné ~ 2k6
is the wave number of the intensity pattern. Inside the photorefractive substrates, the light
intensity pattern (1) induces a space charge. The space-charge density is modulated along
the x-axis with period equal to 277/¢ and gives rise to an electric potential ®(x, z)

d(x, 2) = $g + [P(2) expligx) + c.c.], 2)
where @ is an arbitrary constant (which may be taken to be zero), and

iEs(q)

d(z) = 2

m(z). 3)

In an infinite photorefractive medium and for a diffusion-dominated space-charge field
E.(q) takes the following form [21]:

E..(0) iE,; E k, T E (1 Nu) eN, @
se\d) = ——F, Lg=4—, = - < 5
1+ E—Z e ! Na~ €oepnq

where Ej is the diffusion field, E, is the so-called saturation field, N, and N, are re-
spectively the acceptor and donor impurity densities, €p, is the dielectric permittivity of
photorefractive material, and e is the electron charge.

The space-charge electric field penetrates into the flexoelectric LC. The electric field
obeys the Poisson equation

with boundary conditions for ®(x, z) created by electric potential (2) at z = —L/2 and
z = L/2.The flexopolarization P is defined by the expression Py = ejnV-n+-e3(V xnxn)
[17], &; = &16;; + E.n;n; is the low frequency dielectric permittivity of the LC, n; are the
components of the director n, &, = & — &, is the dielectric anisotropy, & and &, are the
components of the dielectric tensor along and perpendicular to the director, e; and e3 are
the flexoelectric coefficients.

We solve eq. (5) following the method in our previous paper [15], yielding the following
expressions for electric field in LC:

E, = Eprexp(igx) + c.c,
E, = Ey,exp(igx) + c.c., (6)
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Eo— ®; + &, cosh(G(z)z) @, — O, sinh(G(2)z)
*TTMN TS cosh(@(L)2) 4 sinh@G@)L/2))"

E = —a( )<<D1 + ®, sinh(g(2)z) @, — ®; cosh(G(z)z) ) 7
A 4 cosh(G(L/2) 4  sinh(G(z)L/2)

where & = E%(q)m(—L/Z), o, = E’%(q)m(L/Z); 4(2) =q,/ E_L‘ in the nematic layers (i.e.

1/2 < |z| < L/2) and 4(z) = q,/ ELTJT“ in the cholesteric layer (i.e. |z| < [/2). Below we
shall drop the argument of §(z), and replace it by § where it is possible to do so without
ambiguity.

3. LC Director Profile

The equilibrium director profile can be found by minimizing the total free energy functional
of the LC cell defined by

F=F,+F + Fg+ Fp, (8)

where

1
F = Ef[Kll(V~n>2+Kzz(n~vxn+g>2+1<33<nxvxn>21dv,

1
Fi=-2 [wBrav. Fe=— [ -Brav.

R
=
|

— —f(Pf "E)dV, )

Here F,; is the bulk elastic energy of a distorted cholesteric or nematic (if g = 0)
LC layer; F; is contribution of the light field to the total free energy functional; Ff is the
contribution from the dc-electric field created in the LC cell by the photorefractive layers;
Fy; is the contribution from interaction of the dc-electric field with the LC flexoelectric
polarization; K1, K2, K33 are the splay, twist and bend elastic constants respectively;
g= 2—’; where py is a pitch of the cholesteric helix; ¢, is the anisotropy of the LC dielectric
permittivity at optical frequency; E;, is the electric vector of the light field in the LC.
Finally we suppose infinitely rigid director anchoring at the cell surfaces with the director
easy axis along the x-axis.

We now make a number of approximations, first made in our previous paper [15],
allowing some terms in egs. (8,9) to be dropped. We can suppose the LC dielectric anisotropy
at optical frequency ¢, << 1, and hence we can neglect the light field contribution F; to the
total free energy. We can also neglect the term Fr which describes the influence of the LC
dielectric anisotropy. The net effect is that director reorientation should be governed only
by the interaction of the LC flexopolarization with the photorefractive field (6) penetrating
into the LC cell. To simplify the calculations, we shall also make the one elastic constant
approximation K; = K» = K33 = K.

In the layers near the cell surfaces, (—L/2, —1/2), (I/2, L/2), we suppose a nematic
ordering with absolutely rigid director anchoring and the director pretilt angles 6y; and 6,
at the cell surfaces z = —L/2 and z = L/2, respectively (Fig. 1). We introduce here the
director in the form n = (cos ¥ (x, z), 0, sin ¥ (x, z)), where ¥ (x, z) is a director angle with
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the x-axis. Then the director can be parameterized as
P(x, z) = Op(z) + [0(2) expligx) + c.c.]. (10)
The free energy functional (8) is then minimized with respect to the angles 6y(z) and

0(z). If ¥ (x, z) is small, we can linearise the resulting Euler-Lagrange equations in angles,
yielding:

9%6(2) el OE . e

o 0@ = g g Eo (11)
320
P _ g (12)
9z

In the central layer (—!//2,1/2) the orientational ordering is cholesteric. In
this region it is convenient to parameterize the director in the form n=
(cos ¢(z) sin(x, z), sin () sina(x, z), cos «(x, z)), where a(x, z) is the director polar
angle with the z-axis and ¢(z) is the director azimuth angle with respect to the x-axis. There
is no experimental evidence that the cholesteric pitch changes in a photorefractive field
[16], and so we suppose that photorefractive electric field does not influence the cholesteric
pitch. We can then put ¢(z) = g - (z + 1/2). Puttir{g a(x, z) = 3= 1~9~(x, 7) where 9 (x, 7)
is the (small) director angle with the xy-plane and 9 (x, z) = 6y(z) + [0(z) exp(igx) + c.c.]
we obtain after minimization the free energy functional (8) the following equation for 6(z)

3%0(z)
072

e1 anx

gsin@(z)Eor + (E 32 +iq%E0z> cos ¢(z) (13)

(Pt = -8

where we neglected influence of the small angle fy(z). Since a concentration of chiral
molecules is small we can also neglect influence of chiral molecules on the director distribu-
tion induced by the director pretilt on the cell surfaces and approximately put fy(z) = 6y(z).
Then solution of equation (12) for all area of the cell takes the form

61 + 6 62 — O,
00(z) = s + pz, S=u7 p=%,

> (14)

We then substitute expressions (7) for the electric field into eqs. (11), (13) using the
boundary conditions at the surface of the cell:

0(—L/2)=0, 6(L/2)=0 (15)

and the boundary conditions at the nematic-cholesteric boundary:

_ 06 00 _
0(=1/2) = 0(-1/2), 3 (=12 = 5, =2 0(/2) =06(/2),
z 9z
36 a0
22 172 = 57| (16)

The solutions for the angles 6(z) and #(z) are now:
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a) in the layer (—L/2, —1/2)

1E(q)

0(z) = 01(2) = Dy(zx)m(=L/2),

fi+ fr+ %[g(é—q)@—l)ﬂ —1]
25hiq(L — 1)/2]

Di(2) = iet?(Ll)/2{ 4@ tL/2)

fi ot s [e@T 0D 1]

~ —G(z+l)2
ey, 407 q(z+/>} a”

2shlg(L — 1)/2] ¢ q*—q*
b) in the layer (—1/2,1/2)
= 1Es(q)
0(z) = 2 [di(2)m(—=L/2) + da(z)m(L/2)],

di(2) = ie 1R [(fi+ fo = [)eVITEEHD L (frcos g + fusing)e 1]
dr(z) = —ie IEDD[(f) + (=1 fo — (—1)" f3)eV@P+e2G=1/2)
+ (f3 Cos ¢ — f4 Sin (p)eq(z_l/z)] (18)

¢) in the layer (I/2, L/2)

[ E.
0(2) = 6r(2) = %Dz(@m@/z),

—1)" 94r_1,G—a)L—D/2 _
H+ =D+ quqz[e 1]e—q(Z—L/2)

2shlg(L —1)/2]

Dy(z) = —ie‘q(L_l)/z{

_ Si+H D"+ %[e@ﬂ)“_wz — l]eq(z—L/Z) i qglreq(z—l/z)} (19
2shlg(L —1)/2] 7> —q*
Where (ignoring some terms of order e ~%'):
f qgr qchlg(L —1)/2] + gshlg(L —1)/2] — qe?-=0/2
1 = =
7 —a* Jq* + g2shlq(L —1)/2) + qchlg(L — 1)/2]
e shig(L —D/21(v/¢* + 8> — @) f5 + g/4] 20)
Va? + g2shlq(L — /2] + gchlg(L — 1)/2]
fy= 990G~ 47 =289 + 2nig’] _ 48ln(@* — q* — 2g*) — 2r§’]
U@ 28422 T T @ — P28 + 482
r=—el;ge3, r|=811_<63. @1

Here n is a number of half-pitches along the length /of cholesteric layer in the cell.
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4. Coupled Light Modes

4.1. Dielectric Tensor Profile

In the nematic layers, the LC dielectric tensor at an optical frequency ¢;; = €1 8;; + €4n;in;
can be written to second order in small director angle ¥ (x, z) as

g —ea0*(x,2) 0 g4 (X, 2)
g=1|0 el 0 . (22)
&0 (x,2) 0 & +e&,09%(x,2)

In the cholesteric layers, the analogous LC dielectric tensor can be expressed to second
order in small director angle 6(x, z) as follows:

~ 1 ~ ~
g1 + &, cos? (1 —6?) S sin 2¢(1 — 6%) €40 cos @

A 1 5 ~ ~
&= Esa sin 2¢(1 — 92) e +e,sin’ (1 —0%)  gOsing |’ 23)
g.0 cos £.0 sing e, + &,0%

where in each case ¢, = ¢ — ¢, and ¢,&, are the principal values of the dielectric tensor.
We now substitute 9 (x, z) = 6p(z) + [0(z) exp(igx) + c.c.] into eq. (22) and O(x,z) =
O(z) + [A(z)exp(igx) + c.c.]into eq. (23) and neglect small terms of second order in
the angles 6(z) and A(z). After some analysis, we obtain the following expression for the
dielectric tensor:

8(x,2) = &1(2) + &2(2) + [é3(2) exp (igx) + c.c.]. (24)

The first term in eq. (24) corresponds to the LC with nematic ordering in layers
(=L/2,-1/2), (L/2,1/2) and cholesteric ordering in the layer (—[/2,[/2) at constant
value of director angle with the xy-plane. The second term includes the inhomogeneity of
the director distribution in the LC cell due to the boundary conditions at the cell planes.
The third term describes the change of the dielectric tensor due to periodic modulation of
the director by the dc photorefractive electric field with period 2 /g. This is given by:

—29()(2) 0 1
£3(2) = €4 o 0 0 [01(2)A(=z = 1/2) + 02(x) A(z — 1/2)]
10 26(2)

—200(z)cos’> ¢ —0p(z)sin2¢ cosg
+ | —6u(z)sin2¢ —26(z)sin>¢ sing
cos @ sin ¢ 200(z2)

X O(2)[1 — A=z —1/2) = Az = 1/2)] (25)

where the function A(z) equals 1 when z > 0 and 0 when z < 0. Expressions for &;(z) and
&5(z) are bulky and are omitted here.
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4.2. Two Beam Light Propagation

The electric field of the light beams propagating in the LC cell can be written in the
following form:

Ehv = A[(Z)e] exp (ik] r— ia)t) + AQ(Z)ez eXp(ikz-l' — ia)t), (26)

where (see Fig. 1) e} = (cos@;, 0, —sind;), e, = (cosdy, 0, sind,), k| = (k| sina;
0, ky cosay), and ky, = (—kj sinay, 0, ky cos ) are respectively the polarization and wave
vectors of the two beams, and ky = kny, ko = kn,, ny, n, are refractive indices of LC for
the first and second beams, respectively, and where k = w/c is the (scalar) wave number
of both beams in vacuum.

To estimate the rotation of the polarization of the incident light beams in the cholesteric
layer within the cell [16] we use the standard expression for the rotation power per unit cell
length [17]:

v 14 (ng—n%)z 1 27
L 16po \n2+nd) (n/po)*[1—(A/po)]’

This expression is valid for wavelengths A greater than the cholesteric pitch pg. The
quantities ng and n, are refraction indices for ordinary and extraordinary light waves, re-
spectively. The values of parameters in experiments [16] were as follows: A = 0.532 um,
po = 0.45 um, the refraction indices ny = 1.527, n, = 1.797 for cholesteric mixture
BLO038/CB15 and ng = 1.527, n, = 1.744 for cholesteric mixture TL205/CB15, with cell
thickness L = 5 um.

Substituting these values into eq. (27) yields ~0.1¢. This rather small value is consistent
with the experimental result that the transmitted optical polarization remains parallel to the
polarization of light incident on the cell windows. We can thus conclude that in our case
the light waves maintain their linear polarization even within that part of the LC cell which
is specifically cholesteric.

The LC director is also subject to small deviations due to its pretilt on the cell surfaces
and photorefractive field. In the simplest approximation, which we adopt here, we assume
that these small director deviations also leave the beam polarizations and wave vectors
unchanged, i.e they take values determined by supposing that the LC possesses dielectric
tensor £1(z).

The light beam electric field satisfies the usual vector wave equation

2
[V(V.) — V2E,, — %é(x, 2E,, = 0. (28)

‘We now substitute the electric field (26) and the dielectric tensor £(x, z) (24) into formula
(28). The leading order terms in this substitution cancel because each wave separately
obeys the vector wave equation with dielectric tensor £;(z). The coupling between the
waves takes place as a result of the corrections to the dielectric tensor £;(z)[21]. The
electric field magnitudes A;(z) and A,(z) then vary slowly across the cell. We follow a
procedure analogous to that first outlined by Kogelnik [22] and used in our paper for the
hybrid nematic cell [15]. Then, following paper [15], and after some complicated but not
complex algebra, we obtain the set of coupled equations in the LC cell for the electric field
magnitudes A;(z) and A,(z). Recalling beam 1 to be the signal and beam 2 to be the pump,
we adopt the Undepleted Pump Approximation [21], for which the magnitude of the pump
amplitude |A,| >> |A;| and may be regarded as constant. In this case, the set of coupled
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equations reduces to the following equation:

dA;  ik?
dz 2k,

61§362 eXp (iAkZZ) Ag, (29)

where Ak, = ky, — ki, is proportional to small optical anisotropy of LC, ¢,, and with an
accuracy to the small terms of the order of &2 the exponential multiplier in eq. (29) can be
replaced by unity. We assume that the wave vectors of the light beams are symmetric with
regard to the cell normal so as the angles «; and o, are equal and we can also put @, = &;.
The expression for the quantity e;£3e; in eq. (29) can be evaluated using eq. (25), finally
yielding the following equation:

dA; iS(2)A
— =1 s
dz 2)A2

icaEsc(q) k*

S(z) = 2 Keo () {[D1(2)A(—z — 1/2)m(—L/2) + D2(z)A(z — 1/2)m(L/2)]
— [cos? @ cos® ¢(z) + sin® @ 1[1 — A(—z — 1/2) — Az — 1/2)][d\(z)m(—L/2)
+ do(z)m(L/2)]} (30)

The solution to this equation has the following form:

4

M@ = L)+ [ s@az 31)
—L)2
4.3 Exponential Gain Coefficient

We now use eq. (31) to investigate energy exchange in the LC cell. The signal gain caused
by the LC layer in hybrid cell is defined as

G = M, (32)
Ai(—L/2)
where from eq. (31)
L2
Al(L/2)=A1(—L/2)+iA2/ S(z)dz 33)
-L)2

Now eq. (30) for S(z) involves the quantities m(FL/2). But in our case the pump am-
plitude |A,| > |A{|. Thus, we have m(FL/2) ~ 2A((FL/2)cos(28)/Ar(FL/2). We use
this expression in eq. (30) for S(z), and then substitute the resulting formula for S(z) into
eq. (33). Combining eqs. (32) and (33) then yields:

e Eso(q) k2 cos(28 -12 2
G=1+ @) ( ){/ 60(z)D1(z)dz —l—/ 00(2)d1(z)
q ki —L/)2 )
12
x [ cos® & cos® ¢(z) + sin® & |dz + G[/ 00(2)d»(z)[cos® @; cos” ¢(z)
_12

L2
+ sin’ & 1dz + / 90(Z)D2(Z)dZ]} (34)
12
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Eq. (34) yields the following expression for G:

1
G—_ Ta (35)
1-— ay
where
eaEsc(q) k* cos(268 -2 112 .
@y = Sefel@) b cosl ){ / 00(2)D1(2)dz + = / B0(2)di ([T + sin® & +
q ki —L)2 2 p
+ cos? @ cos 2g0(z)]dz} (36)
caEsc(q) K> cos(28) [ [E/? 1 [? o
a, = 00(z)Dar(z)dz + = 00(2)da(2)[1 + sin &,
q ki 12 2 Jp
+ cos” & cos Z(p(z)]dz} 37)

The exponential gain coefficient is now given by formula

1
L

14+a
1—612

I'=—In (38)

Now substituting expressions (14) for 6y(z) and (17)-(19) for D(z),D,(z) and d,(z), d»(z)
into (36), (37) we can perform the integration and arrive at

igqEse(q) k% cos(28) 2rq[(2s — pl)e @012 _ 201
@ = - 722
q ki G- —q

(2s — pl)ed™=D/2 _204,]

52

e—aL-/2 _ eq(Ll)/z]
2

[(fl + f)e " 4 rqg

gshlg(L —1)/2] 4g-—q
(2s — phe~1T=D/2 _204] |:(fl + f)e D2 4 gz eIL=D/2 _ eq(Ll)/z]
gshlg(L —1)/2] ' q*—q*

+(2s — phe 121 sinzﬁtl)(fl Sal el EER +gf4>

N g+

11 o2 _
(25 — pl)e D2 o6 1 V@ + i+ H— f)
q2 + 5g2

+l<@f3+3gf4 +@f3—gf4>“ (39)

2 512 + 9g2 512 +82
ieqa Esc(q) k? cos(28) 2rq[(2s + pl)e=9L=DI2 _ 204,]
4 ki { B §*—q*
(25 4 phett=D2 — 26p,]
gshlg(L —1)/2]
(25 4 phe™ 1D —26]
gshlg(L —1)/2]

ap; =

e—dL=D/2 _ e—ﬁ?(L—l)/Z]

[(fl+(—1)"fz>e*‘7“*”/2+rq51 ——
q°-—q

ed(L=D/2 _ e—c?(L—l)/Z]
2

[(fl + (=1 f)e 2 4 rqg =

q-—q

+ED A -ED" n (_l)néﬁ +gf4]
N s

+2s + phe 1ED2(1 4 sin2&1)|:
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V@ + i+ (=D —(=D"f3)
q2 + 5g2

+ (25 4+ ple1E=D/2 082 6{1)|:

N (=1 (51f3 +3gfa | S5 — gﬂ)“ (40)

2 qZ+9g2 62+g2

Expressions (38)—(40) describe the exponential gain coefficient versus the parameters of
the hybrid cholesteric cell.

5. Comparison with Experimental Data

We now compare our theoretical results with experimental data. We consider photorefractive
hybrid cells with cholesteric mixtures obtained by doping the nematic LC TL205 or BL038
by cholesteric impurity CB15 [16]. We recall a key result from paper [15]. Here we showed
that the director grating magnitude appears to depend nonlinearly on the photorefractive
electric field magnitude E.(q). The specific rule we obtained was that E.(q)+ quE 36 (@),
with p a fitting parameter.

The experiments [16] are considering a similar system, albeit chiral. In this spirit,
we thus replace Ej.(q) in formulas (39), (40) by E.(q) + ng”E3.(g). We also make the
approximations that % cos(28) = %% ~ 1.25% and sind; = 2"71 ~ 3"7 = 6‘_%. In
order to evaluate E,.(q) we have followed Cook et al. [23], who estimated that the ratio of
the acceptor to donor impurity densities is very small, N; >> N,,and N, ~ 3.8-10*' m 3.
The director pretilt angle at the LC cell substrates was approximately 12° ~ 0.21¢, yielding
0p1 = —Bp» = 12° & 0.21¢. The ratios of flexoelectric to elastic moduli r = (e; + e3) /K
and r; = (e; — e3) /K are not known for TL205/CB15 and BL0O38/CB15. But this ratio
has been measured in other LC systems [24], and value of 1Cm~'N~! may be regarded
as typical for absolute values of r and r. Putting r = 1Cm~'N~! we have three free
parameters ry,u and thickness ! of the LC layer with cholesteric ordering. These parameters
are used to fit theoretical curves for exponential gain coefficient with experimental ones.

In Fig. 2(a) the gain coefficient I versus the grating spacing A = 27 /q is plotted for hy-
brid cell containing the LC mixture TL205/CB15. In Fig. 2(b) we show the analogous curve
for the mixture BLO38/CB15. Both cells have L = 5 yum. It turns out that the best fits for
the theoretical curves (38) with the experimental data were obtained for fitting parameters
which are almost equal in each case. The relevant values are u = 8- 10720 J=2C2m*, thick-
ness of the layer with nematic ordering (L — 1)/2 = 0.03 umand r; = —2.1Cm~'N~! for
mixture TL205/CB15, r; = —2.2Cm~'N~! for mixture BL0O38/CB15.

6. Conclusions

We have developed a theoretical model to describe the experimentally observed energy
gain of a weak signal beam interacting with a strong pump beam, incident on a diffrac-
tion grating in a hybrid cell filled with nematic LC doped by impurity chiral molecules.
The grating is written on the director of the LC placed between two inorganic photorefractive
windows. The space-charge field induced by interfering light beams in the photorefractive
substrates penetrates into the LC and interacts with the LC director. In these systems
the flexoelectric mechanism for electric field-director coupling is a more important than
the LC static dielectric anisotropy coupling. The flexoelectric polarization in the bulk LC
arises as a result of the initial director pretilt at the cell substrates. It is the principal physical
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Figure 2. Gain coefficient I" versus grating spacing A in hybrid cell filled by cholesteric LC mix-
ture TL205/CB1S - (a) and BLO38/CB15—(b). The cell thickness L = 5 um. Experimental data—
boxes.
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mechanism governing the magnitude of the director grating and hence of the two-beam
coupling.

For hybrid cells filled with cholesteric mixtures TL205/CB15 and BL0O38/CB15, we
find that a fit between the experiments and theory for the gain coefficient in two-beam
energy exchange can be achieved. We believe that the fit provides good evidence that the
key physics of these systems has been correctly identified. However the fit requires not
only the inclusion of a non-linear contribution to the magnitude of the director grating as
a function of photorefractive electric field, but also the assumption that close to LC cell
surfaces the mixture behaves essentially as a nematic.

The non-linear contribution of the photorefractive field to the magnitude of the director
grating has been included phenomenologically. However, it is of the same form and of the
same order of magnitude as that successfully used in a previous theory on analogous nematic
systems. Although there is no independent verification of this hypothesis, the fact that the
same phenomenon occurs in three different (albeit similar) systems is good circumstantial
evidence that the hypothesis is at least on the right lines. Some semi-empirical calculations
as to the origin of the non-linear field leakage were included in ref [15], but they are not
yet conclusive. Further microscopic calculations are required to confirm that the non-linear
field leakage is occurring in the way that we suppose, as well as independent experiments.

The second hypothesis should be regarded at this stage as a plausible working hy-
pothesis. Clearly some confirmation is achieved by the very fact that a fit is possible. The
nematic region is rather thin as compared to the thickness of the LC layer as a whole. In
fact we should expect a smooth variation of both the degree of chirality and of the chiral
component. It would be useful to have both microscopic free energy calculations showing
that this assumption is plausible, and also independent experimental results which show
that the chiral component segregation is really occurring. Both elements of this program
are currently under active consideration for future research.
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