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Abstract

In this paper we have studied the Linearity and Non-linearity of Photorefractive
effect in materials using the band transport moddl. For low light beam intensities the
change in the refractive index is proportional to the electric field for linear optics while
for non- linear optics the change in refractive index is directly proportional to the
square of the eectric field. From our studies, it can be seen that the diffusion field is
inversely proportional to period of interference pattern while the space charge field is
directly proportional to the period of interference pattern. In the absence of the external
electric field the space-charge field is gpatially phase shifted by m/2 relative to the
interference fringe pattern, which plays a key role in the energy exchange in two-wave
mixing. In the presence of the external electric field the scaling factor is a complex
quantity indicating that the externally applied electric field does not only change the
magnitude of the space-chargefield but also altersits spatial phase.

1.0 Introduction

The refractive index of a medium, in general, dejseon the arrangement of atoms and the distribufaectrons.
For low light beam intensities the index of refrantis a constant depending on the frequency (oreleagth) of the
light. Under the illumination of light, the chargéwostly electrons) are driven up and down by tleetdc field of the
light beam and these moving electrons then radiategenerate a field which is proportional to thedent field which
yields a phase shift in the transmitted field. Hé tintensity of the incident beam (sunlight or oedy light) is small
(~10V/cm) as compared to the intra-atomic field’(¥fcm), the phase shift introduced is independéth® intensity. In
other words, the refractive index is independerthefintensity of the light beam. This is the regiof linear optics. On
the other hand when the intensity of the light béamomparable to the intra-atomic electric figlue distribution of
electrons in the medium can be modified by theatéth field [1]. This leads to intensity dependemndehe refractive
index. The reflection and refraction at an inteefaeand the propagation through a medium will nowetepon the
intensity of the incident beam. This is the regiofi@on-linear optics. Non-linear optics is the stud the interaction of
light beams with the matter when the materials sadpnon-linearly to the amplitude of the electiigld of the light
beam.

Photorefractive effect is a phenomenon in whichltiwal refractive index of the medium is changedthy spatial
variation of light intensity. This effect was disawed in 1966 when researchers were studying #msitnission of laser
beams through electro-optical crystals. There aneraber of photorefractive materials, e.g., lithiniobate (LiINbQ),
lithium tantalite (LiTaQ), barium titanate (BaTig), potassium tantalate niobate (KTN), barium sodhniobate (SBN).
In general the electro-optic effect arises in pheftactive materials in two forms: (i) linear elexzbptic (LEO) effect or
Pockels effect and (ii) quadratic electro-optic (@Eeffect or Kerr effect.

Photorefractive (PR) materials have attracted @stein recent years because of their potentialiegtfns in the
fields of holographic storage, phase conjugatiguical image processing, and pattern recognitiomreg others [1-2].
The PRE that occurs in systems of liquid crysth(3s) with dopants is especially interesting andontgnt because such
systems exhibit large optical nonlinearity. Duritg past decade, several researchers have exathisegffect in LCs
[3-9]. Briefly, spatial charges are generated ispomse to the establishment of an interferencenpattith a spatial
intensity modulation created by two coherent lighdms with identical polarization. Applying a ddtage establishes a
space-charge field by charge separation (diffusiad drift); then a nonlocal sinusoidal index-modtkeda pattern is
formed, which leads to a PRE.
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Azo dyes exhibit super photoanisotropic charadiess including anisotropic absorption (dichroisrand
birefringence [10]. These characteristics make U@sf doped with azo dyes appropriate for polaratholographic
studies. Studies of the PRE of dye-doped LC (DDE@tems have been performed in a holographic detopuse the
spatial intensity-modulation pattern formed by te@herent beams is required for inducing the PRE.VAtdy that a
PRE can be observed and studied in a polarizatiating in a DDLC film. By use of a suitable polaiion-modulated
interference pattern, the anisotropy charactesisifcan azo dye can induce a spatially absorptiodutated pattern and
then produce a space-charge field, which, in thas,a PRE. This nonlocal effect is verified by nieasment of the two-
beam coupling (TBC) of the two pump beams.

Although the photorefractive effect (PRE) in LiNb©®/stals has recently been in the focus of interesstly due to
its usefulness for optical memories [11- 12] orstanction of elements for optical circuits [13-1#jere is still space for
studying its nature, after more than forty yeamnirthe first reference to the effect, [15 -16]. &pdthere are several
models known describing the photorefractivity oystals but as default they all consider the eledigld built up by
redistribution of the charge carriers and electpticoeffect (EOE) as dominant mechanisms respaoadiin the light-
induced refractive index inhomogeneities [17-193r Fery long time, investigations of the kineticktbe recording
process by means of illumination with periodic ¢hanic) spatial distribution of intensity were cadiout in order to
come to these conclusions but, to the best of oomiedge, only rarely was the attention paid toliappon of the
aperiodic illumination which gives more complexanhation on the origin of PRE. However, also in tases where
aperiodic illumination is used one has to take adrthe proper choice of the spatial distributidrttee illumination in
order to get as unambiguous and convincing regdtpossible. For example, the illumination used2i®+21] was
aperiodic and 2-D spatially distributed in its matuThus, the observed results can be due to ainatiun of several
effects which arise in 2-D case but do not occuir-ID case.

The photorefractive effect occurs in several stages:
A photorefractive material is illuminated by cohsréeams of light. (In holography, these would e signal and
reference beams). Interference between the beauksrén a pattern of dark and light fringes throogt the crystal.

LN

Figure 1: [24] shows a photorefractive material illuminateda coherent beam of light.

In regions where a bright fringe is present, etawrcan absorb the light and be photo excited ormpurity level
into the conduction band of the material, leavingetectron hole (a net positive charge). Impuriyels have an energy
intermediate between the energies of the valenod bad conduction band of the material. Once ircthreduction band,
the electrons are free to move and diffuse througti® crystal. Since the electrons are being edqgiteferentially in the
bright fringes, the net electron drift is towarde tdark-fringe regions of the material. The elmtér migrate due to
diffusion and the photovoltaic effect to the daglions. Thus a space charge field is formed.
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Figure 2: [24] shows the photoionization of electron to toeduction band of the photorefractive material ted
formation of a space charge field.

To explain the phenomenon of photorefractive effachumber of models have been introduced. In otder
understand the PRE, we have used the band tramapdsl.

2.0 Band Transport Model
The band transport model [2] is one of models use@xplain PRE. In this model it is assumed tha th
photorefractive materials contain certain typesmdurities, namely, donor and acceptor impuritisisthe donor
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impurities are identical and have exactly the samergy state which lies in the middle of the baa@.dgrhese donor
impurities can be ionized by absorbing photons.aAgsult of the ionization electrons are generateithe conduction
band leaving an empty state behind. Such ionizguliities are capable of capturing electrons. Thesidye of donors is
often much larger than that of the acceptor immgitlt is assumed here that all the acceptor iitipsirare also identical.
The neutral donor impurities are capable of dowgaélectrons due to photo- excitation and ionizedsoare capable of
capturing these photo-electrons. The presenceoefpdar impurities is to maintain the charge neityrainly and these do
not participate in the photorefractive effect. _

If Np is the donor density of which'iNare ionized, the rate of electron generatio(sisp)( Np - N'p ) while the rate
of trap capture iggNN'p whereN is the electron densitg,is the photo-excitation cross-sections the light intensityf
is the rate of thermal generation of electronsygnid the electron-ionized trap recombination rateglseting the thermal
generation 6l >> ) the rate equation for the electron density ithatprefractive material is written as [25-26],

2 = sI(Np — Nb) — 7, NN} &)

For each ionized impurity an electron is generathie for each capture impurity, an electron isrétiated. The rate
of the electron generation is the same as theofatee impurity ionization, except that the eleasare mobile whereas
the impurities are immobile which is essential floe photo-refractive effect. The rate equationtfar electron density
can be written as,

AN  ONj 132
FT a_tD = EV'] ()
where,] is the current density armglis the electronic charge. Presence of these chaageers (electrons) leads to a
space-charge field which in turn affects the tramspf the charge carriers. The current density mises of
contributions from the drift of the charge carriege to the applied electric field and the diffusitue to the gradient of
carrier density and it is given by,
J = qNupE + kzTVN (3)
where, u is the mobility tensorf is the applied electric fieldksT is the product of the Boltzman constant and
temperature. The electric fieEIobeys the Poisson equation given by,
V.eE= p(#) = —q(N + N, — N}) (4)
where, ¢ is the dielectric tensop(#) is the charge density and, is the acceptor impurity density. The presence of
acceptor impurities is to maintain the charge raditjr In the absence of light illumination the cpa neutrality is written
as,
N+ Ny-Nj = (5)
In the absence of light, \N=N} for small electron densities. On the RHS of theatign (3), the first term
represents contribution due to the drift currend &ime second term represemitee contribution due to the diffusion
current, here the photovoltaic current contributias beemeglected. Consider incidence of two laser beanfiglofs E

andE, giving rise to the resultafield E given by,

E= E_a)exp(iwt — ik, 7) + E_b)exp(iwt — ik, 7) (6)

If the states of polarizations of the two beamsratorthogonal the two beams form an interfergpatern with the
resultant intensity given by,

I = I, + Re (Ile—”) ©)

where,
— 2 —2

Iy = |E.|” + |Ep| (8)

I, = 2E, .E} 9)
andK is the grating wave-vector defined by,

K=k, ke (10)
The magnitude of the grating wave-vector is relatethe period ) of the interference pattern by,

AL
The maximum fringe visibility is obtained fé, = E, and in such a case one has,
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The equation (4.14) represents an array of intenfeg fringes with the dark fringe occurring foft = (2m +1)m. Fork#
= 2mr one has the bright fringes with the maximum intisnk = 2l,. In the bright regions photo-ionized charges are
generated by the absorption of light which diffaseay from the bright regions leaving behind positvcharged ionized
donors. When these charge carriers are trappekeimdark regions, these remain there as there Igyhbto re-excite
them, which leads to a charge separation. Conséguetue to the illumination with periodic intengitin the
photorefractive medium, the dark regions are neghticharged and the bright regions are positivetarged. The
buildup of the space charge continues unless tfiesitin current is counterbalanced by the driftrent. The space-
charge density is given by,

p= pycosk.? 12)
where,pg is a constant. On integrating the equation (4idgie

E = p, (I?K?) sin(l?. 7) (13)

It can be noted that the space-charge field idgeshifi phase by / 2 relative to the intensity pattern and induaehange
in the refractive index via the Pockels effect. Stonmarize, the photorefractive effect basicallysists of the following
five processes occurring in the electro optic e@lgst

- Photo-ionization of impurities and the generatiéthe charge carriers.
Transport of these charge carriers
Trapping of the charge carriers and the formatioth® space-charge density.
Formation of the photo-induced space-charge etefitiid.

- the formation of the index grating via the LEO (Rels) effect .
The photorefractive effect is a macroscopic phemmmneand it requires the generation and transportadf a large
number of charge carriers (~*¥#@m?).

For a given beam intensity one needs to solveHerspace-charge field as a function of bdtand t using the
equations (1-4). However, closed form solutionshee equations are not available. In the caskeo$teady state the
time derivatives are zero and the equations (livesg

sI(N, = N} ) —yNNj =0 (14)
V=0 (15)

7 =qNuE + kyTuVN (16)

V.eE = p(7)=—q (N +N,— Nj) (%))

Using these equations one can solveEom terms of the intensity. For small intensity meadion (|I,| << I,) closed
form solutions are available. Under such condittoe can ignore the higher spatial harmonic ternasthe steady state
solutions can be written as,

N () = No + Re(Nye ") (18)
NA() = Njo+ Re (Njye ™) (19)
J@ = ]_)o + Re (71€_E'F) 0j2

E@) = Eo+ Re (E’le—“) (21)

WhereN, ,N;, N, N;;l,fo,fl,Fo, and Fl are constants. Now the problem is to solve foréhemnstants in terms of

the intensity constanfé0 and 71. We consider the limiting case whefl1 = 0 which occurs when either one beam is
absent or the two beams have crossed polarizatipss 2E,.E; =0)

2.1 Uniform lllumination (T, = 0)
In this case there is no spatial variation of fadl physical quantities. The charge carrier dersséie related by,
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sI(Np, —Nj ) = Y b (22)
N+ N;,—Nj=0 (23)

The equations (22)-(23) can be used to finghd N} . From the equation (22) one gets,

i Np sI
Np = o — =" (24)
Equations (23) and (24) yield the relation,
Va2, (sI+YRNA)N+sI (Na—Npjy= o (25)
For the conditiondN<< N,andsl<<yzN, one gets the value fd¥ as,
N = Np- Nagy (26)
]/RN
The equation (24) can also be written as,
Ny=N, Y= Nag (27)

VRN

2.2 Periodic lllumination (I,# 0)
This is the case when the two beams intersect énti@ medium. Substituting the equations (18-21) an
neglecting the higher order terms one has,

sly (Np — N[im) +9, (_.N[in) - YR VRNlN[i)o— VRNoNzin =0 (28)
sl (ND - N[L)O) — YrNoNpy =0 (29)
?. (quu EO + quu El - lkb Tu?Nl) = O (30)
'lR . €E‘)1 = _q(Nl - N[l)]_) (31)
No+ Ny — Njp=0 (32)

In the equations (28-32,, N, andE, are constants anll, and N}, can be obtainetly solving the equations (28) and
(32); the results are the same as the equationsaf®dl (26).The other three equations can be employed to dolve
N, N}, andE;.

For the steady state case the Maxwell's equation E = 0 implies thaK x E ; = 0, which suggests that, is
parallel toK . After some manipulation one obtains the relafrthe space charge fielf, as,

. kT R.uE,
LKL_HO

I
Where,
k= o (R ) (= Ny (34)
(e) = 2K (35)
() =2 (36)

In arriving at the equation (33) it is assumed (WafzN >> sl, and (i) N, sl, << yz N? , in addition to the small
modulation approximation( << I,). When the dc field is also parallel Kothe equation (33) reduces to,

Journal of the Nigerian Association of Mathematical Physics Volume 20 (March, 2012) 249 — 256

253



Linearity and Non-linearity of Photorefractive effectin... Ejuh and Taura J of NAMP

kpT pEy

— @ 1 (37)
For the case of pure diffusidi, = 0 and hence, the above equation becomes,

. kpT
iK ~B~

E,_— 1 38
- (38)

D
The equations (36) and (38) for the amplitude efdpace charge field are key results of the basport model. The
parametelk,, is known as the Debye wave-number. In the theorgleftrodynamics in plasmas the electrons move in
such a way as to screen out the Coulomb field ef tst charge in a distance &f =20/Kp. Such a distance is
determined by the valence between the thermalikiesergy and electrostatic energy of these cheagéers and is also
known as the Debye screening radius. Mge>>N, , K}, is given by,

2 _ a*Na _ a?Nh,
D™ (e)kgT ~ (e)kpT (39)

3.0 Space-charge field

3.1 No applied electric field E;=0)

In the absence of an applied electric field thetpblectrons are transported by diffusion only, vahis as a
result of the electron density gradient. When tleeteons are generated by light, a current is pceduby the diffusion
and negative and positive charges are separatedstitic electric field produced by the builduptieé space charges
causes to move these electrons in the oppositetidine In the steady state there is no net cumedtthe electric field is
given by the equation (3) which fav, = 0 becomes ,

E=iK "BTT = (E, (40)
In the above equatiorE,; is known as the diffusion field and it is indepentef the dopant densities. A given charge
separation with the space-charge density

qN}, exp(—iK z) produces an electric field known as the spacegenfield with the magnitude given by,

. gN& . qN .
E=i %D _ ;9% —;p

K(g) () — 4

(41)

where, it is assumed that, >> N,. The field E; also known as the saturation field gives the maxrmachievable

electric field for a given charge densiyj, . Using the equations (38), (40) and (41) we catewthe space charge field
E, as,

. kpT
ik - i
g L _ iEqg L
Eve—r 7 = B - (42)
1+—— lo 1+=% lo
V) Eq

It is to be noted that the space-charge field apprtional tol; / I, . The factoii(=v—1 ) in the above equation represents
a spatial phase shift ot/2; hence the electric field is spatially shifteg4a of a period relative to the interference fringe
pattern. Such a spatial phase-shift play a key irokae energy exchange in two-wave mixing. Accogdio the above
equation (42); is always less than the smaller of the two figigsand E, . The space-charge field increases linearly
with increasing\ and a reaches a maximumMat A, whenE, = E,, . For grating perioda>>A,, the space-charge field
decreases like . The maximum field is given by,
1( NgKgT\ 11

Elmax = E( A(Sf ) zi (43)
The magnitude and location of the maximum depermhugopant densitW, ( Nj,) . The increase in the maximum
space-charge field is significant in the regimemiall grating periods. For larger grating spacheyspace-charge field is
dominated by the diffusion
(Eq >> E4) and one has,

E, = iE; — (44)
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Contrary to this for small grating spacing the gpabarge field is given by,

E, = iE, * (45)

Io

3.2 Non-zero applied electric fieldE, # 0)
With non-zero electric field the amplitude of thEase-charge field is given by the
equation (41) which can be written as,
Eq — By I
B 1+§—‘;+g—g Iy (46)
In the above discussion applied field is taken Ifelrep the grating wave vector. In this case thace- charge field; is
no more limited by the smallest of the two fieldsandE, . The space-charge field can also be written as,

E e y i } h 47)
1 (1+ i—g) 1+i( EdiOEq ) Io
The first term on the R.H.S of the above equatothe space-charge field in the absence of theraltéeld while the
second term represents the scaling factor dueetprisence of the external field. The scaling fasta complex quantity
indicating that the applied electric field not orlyanges the magnitude of the space-charge fig¢ldlbal alters its spatial
phase. From the equation (47) it is clear that when< E; , which is true at large wave-numbeks, €< k?) or smalll
grating periods, the effect of applied fidlg is insignificant. The externally applied electriell E; has a large effect on
the space-charge field when eittigr >> E; orE, = E, .The diffusion and space-charge field can be enith terms

of the grating period as,

_ 2_71' kpT

Eq = N o (48)
_ 9Na

By = 24 (49)

From the equations (48) and (49) it can be seenttigadiffusion field is inversely proportional ® while the space
charge field is directly proportional &

Conclusion

In conclusion, in the absence of the external etefield the space-charge field is spatially phabédted bymn/2
relative to the interference fringe pattern, whithys a key role in the energy exchange in two-waiéng. The space-
charge fieldE; is always less than the smaller of the two figlgsandE,. The space-charge field increases linearly with
increasing/\ and reaches a maximum /at= A, whenkE, = E,. For grating period’s\ >> A, the space-charge field
decreases like W. In the presence of the external electric fielel shaling factor is a complex quantity indicatihgttthe
externally applied electric field does not only eba the magnitude of the space-charge field buat ali®rs its spatial
phase. At large wave-numbers or small grating perithe effect of the externally electric appliezd is insignificant.
The externally applied electric field) has a large effect on the space-charge field whberé, >> E, or E, > E,.
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