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Abstract

The photorefractive effect and artificial Kerr effect are both drift and diffusion based
nonlinearities. This paper treats them in a unified fashion and develops a formalism for the
analysis of general nonlinearities of this type. The intensity dependence of the steady state and

response time is discussed.

1. Introduction

The photorefractive rate equations [1], now 30 years old,
have been integral in supporting the growth of the field
of photorefractive nonlinear optics. They have been used
to model the strength and response time of the phase
gratings responsible for nonlinear effects such as optical phase
conjugation, image processing and spatial solitons. Over
time, several researchers in the photorefractive field have
begun to display an interest in another optically mediated
effect: optical tweezers. It is may not be such a coincidence
that Arthur Ashkin, one of the founders of the field of
photorefractive nonlinear optics [2], also helped to found
the field of optical tweezers [3]. Both of these effects are
mediated by photoinduced motion of small particles: the first
by charge migration induced by spatial gradients in the optical
intensity, the second by forces induced by spatial gradients
of optical intensity. Although the optical tweezers effect is
usually thought of in terms of manipulation of microscopic
particles such as silica or polystyrene microspheres and
biological microorganisms and cells, it can also be thought
of as a nonlinear optical effect. Many of the methods of
measuring forces on trapped particles rely on measurement
of the displacement of the trapped particle from the axis
of the trapping beam. Commonly, this is done by using
a split photodiode to monitor the deviation of the trapping
light after passage through the trapped microsphere acting
as a ball lens. It can be thought of as a case of light
interacting with light via a medium with a nonlinear optical
effect. Where does this nonlinearity come from? After
all, neither the trapped microsphere nor the surrounding
fluid medium has any appreciable nonlinearity by themselves.
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It is the combination of the two components that results in
the nonlinearity. The sphere moves in response to light
in the fluid medium and causes a change in the spatial
distribution of refractive index, just as spatial variations in
optical intensity can drive the distribution or orientation of
molecules in molecular orientational or electrostrictive Kerr
effects. This is the basis of the artificial Kerr medium, which
was studied extensively in the early 1980s [4, 5]. These include
particle orientational nonlinearities [6] and nonlinearities of
optomechanical arrays realized by beads rolling on transparent
substrates [7]. Similar effects have been observed and studied
in critical microemulsions [8, 9], phospholipid vesicles [10]
and even phototactic microorganisms [11]. It is the aim of
this paper to compare the Kukhtarev and hopping models for
the photorefractive effect and the theory of optical tweezers or
optophoretic nonlinearities.

2. Artificial Kerr medium

The equations of motion in an artificial Kerr medium consisting
of a suspension of transparent nanoparticles include both drift
and diffusion terms. The drift term may be found from models
for the viscous flow of particles under the influence of optical
gradient forces. Suppose the suspension is illuminated with an
optical field propagating in the z direction:

E(r,t) = E(r,t)cos(kz — wt). (1)

Then the optical gradient force in the dipole approximation for
small particles in the direction x transverse to the propagation
direction z is
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where Z is the impedance of free space, « is the particle
polarizability and ¢,y is the potential energy of the particle
in the optical electromagnetic field.

The polarizability a of a microsphere with volume V,, and
permittivity €4 in a surrounding material with permittivity eg
is [12]

o = 3egep By 3)
ea +2¢p
The velocity v of a particle with radius a moving at low
Reynolds number in a Newtonian viscous fluid with viscosity n
under the influence of a force F is given by

- “)
~ 6mna
so that the drift term for current density is
oaZp 9l 14 8(popt
J e — = _— = — N 5
dift = PY 6mrna dx 6rna 9x ©)
where p is the number density of particles. The Stokes—
Einstein diffusion current density is
kBT 8,0
Jiffusion = — pR—— 6)
The total current density equation is thus
J=—L 0 (kT Inp). (7)
6n na ox

Current conservation implies that the resulting equation for the
complete model is
dop dJ 9 p
ar  ox

kgT'1 8
=5 6 na ox (<p0pl+ BT Inp). (8)

3. Kukhtarev rate equations

In the photorefractive effect, the optical field of equation (1)
excites charge in an electro-optic crystal such as barium
titanate. These charges move under the influence of drift
and diffusion to form a refractive index distribution via the
electro-optic effect. The charge migration and resulting
refractive index grating can be successfully modeled by the
photorefractive rate equations first introduced by Kukhtarev
etal [1]:

+

5 = T+ B (Np — N) — yrnNp,
on ONS  1aJ
ot at e dx’
. ()
0FE _ (n+ Na — Nf)e
ax € ’
( kBT dln I’l)
J=pen| Ex — — .
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In these equations it is assumed that it is electrons that
are photoexcited by light with intensity / from traps to the
conduction band where they can move with mobility u. Each

photoexcited electron (number density n) results in an empty
trap (number density Nj)) with net charge e. The total number
density of traps (both empty and occupied) is Np, and the
average number density of traps ionized in the dark is Na.
The term B represents the thermally excited background of
electrons in the conduction band. It can be thought of as
resulting from an effective dark intensity /. The parameter s is
the photoionization cross section and yr is the recombination
constant.

The first equation in (9) describes optical excitation and
recombination, the second equation is for current density and
number density conservation, the third equation is Gauss’s law
relating charge density to space charge electric field Ey., and
the final equation represents the current J of photoexcited
particles (electrons). The first term in the current equation
accounts for drift and the second term accounts for diffusion.
The last equation in (9) may be written as

(10)

where ¢ is the electrostatic potential. The model can be

simplified if we make the approximations

(1) % << a 2 since the number density of electrons is much
less than the number density of empty traps

(2) N < Np: the empty trap density is much less than the
total trap density

(3) The number density of electrons can be regarded as quasi-
steady state

(sI+B)Np
RN

Writing the combined intensity term s/ + 8 as I* we have

I*Np 0 kgT I*
J = _HelNo +B_10g_>
yrNG 0x e Np

an

12)

so that the full model, taking current conservation into

account, is
8N+ 0 ul*Np 0 kgT I*
b_ AT + B0 ). a3
ot ox NG ox e N},

4. The hopping model

In 1980, Feinberg et al proposed a hopping model for the
photorefractive effect in which the probability for a charge
carrier to hop from one site to another is proportional to the
local light intensity /,,. Suppose the total number density of
sites is N. The probability W, that a charge carrier with charge
q occupies the nth site at position x,, is written as

dw,

== —ZDmn [W 1 exp(ﬂ‘l’”’”)—wmlmexp(@)],

(14)

where D,,,, measures the tendency for a carrier to hop from site
mtositen, B = 1/(kgT) and ¢y, = q (@, — @) is the electric
potential difference between sites n and m so that 8¢, is the
ratio of the electrostatic potential energy difference between
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Table 1. Differential equations for artificial Kerr medium, and Kukhtarev and hopping photorefractive effect.

e op 1 9 9
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sites n and m to the thermal energy kg 7. It can be shown that
this equation reduces to

oW Dgqd® 9 0 kgT
— = —WIl— o+ —IWI|,
ot kgT 0x ax q
15)
82(p Nq2
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assuming that D,,, = D,, = D, the trapping centres are
evenly spaced by d and only nearest neighbour hopping is
included. The hopping current can be read from the first

equation in (15) as
Dqd? d kgT 0
Ihop = — e WI— @+ 2= " wr). (16
ksT ax q 0x

5. Comparison of models

Table 1 shows the partial differential equations for the three
models side by side for comparison.

The hopping model differs from the Kukhtarev model in
that the particle density multiplies the intensity in the former
case, but divides it in the latter case. However after application
of first order perturbation theory, as described below, the two
models become identical in form.

Each of these models is in the form

ap
ot

a7

9 0
=A——g(p, F)— (U +kgT In g(p, F)),
dx ot
where A is a constant, p is a generalized particle density, g is
a function of the particle density and optical energy source F
and U is a potential energy density. When

(1) optical excitation by a low visibility sinusoidal fringe
pattern is assumed: I = Iy + m Iy cos(kx) and

(2) the model equations are linearized by taking first order
perturbations in the variables, for example p — po + 0y
where p; is small, of order m,

they become even more similar, as shown in table 2. Table 3
shows the resulting parameters for the three linearized models:
steady-state response, time constant, sensitivity and refractive
index grating amplitude. The first result from this comparison
that can be read from table 3 is a relation between the hopping
coefficient D and the Kukhtarev parameters

bt = £ faTu N
YR €Na Na’

(18)

The counterintuitive result that the exponential risetime for
artificial Kerr media is independent of intensity is consistent

Table 2. Linearized differential equations for nonlinearities driven
by sinusoidal fringe patterns with visibility m.

Linearized equation

d kg Tk? kK*aZpomI,
Artificial Kerr ﬂ+ 5 P = *2pomto
dr 6rrna 6rrna
dN: (sl + BN, E
Kukhtarev D 4 M(Ep + E)N: = —smIyNp—~
dr NAE, E,
_ kBTk _ eNA_ _ VRNA
1T e P ek’ BT uk
dW, DIy(kd)?
Hopping L DIRAY o EyWy = —Dikd) Woml,

dr Eq

with the observation that the initial (time zero) slope is
inversely proportional to intensity and the steady-state first
order particle density is proportional to intensity. The time
taken to reach steady state is proportional to the product of the
initial slope and the steady-state particle density is independent
of intensity. On the other hand, the photorefractive risetimes
are inversely proportional to intensity, while the steady-state
response is intensity independent, if the dark conductivity
factor B is neglected. In each case, the sensitivity is
independent of intensity. One of the main differences between
the photorefractive and artificial Kerr nonlinearities is that
the artificial Kerr nonlinearity is washed out by thermal
fluctuations, whereas the photorefractive nonlinearity depends
on thermal fluctuations. The photorefractive effect is diffusion
driven, so while the optical excitation of charge carriers
depends on the intensity of the light, they will not become
redistributed to form a space charge in the absence of thermally
activated diffusion. The optical artificial Kerr nonlinearity is
directly optically driven.

6. Refractive index distribution and optical
nonlinearity

Once the particle distribution is known, the refractive index
distribution can be determined. In the artificial Kerr medium
case, we can use Bruggeman’s theory when the suspended
microparticles have a dimension much less than the wavelength
of the light being used [13]. This theory shows that the
refractive index of a suspension of microspheres with volume
fraction f = pV, microspheres of volume V;, is given in terms
of the dielectric constants by the relation

EB — €&

Sy

Ov
ga +2¢

f

= 19
&g +2¢ (9
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Table 3. Characteristic parameters for the three models.

Artificial Kerr Kukhtarev Hopping
Zml Np I E w E
Steady-state particle distribution pr_ 22mio o _ _ Mo d L d
Po kg T Na S10+ﬂ Ed+Ep Wy EC|+Ep
. 6 na 1 NA EM 1 Ed
Time constant T — — — s
kBTk sly + ,3 Np Eq + Ep Dlo(kd) Eq+ Ep
oaZ s kgTu N,
Sensitivity (steady state/(mly 7)) K S IBIK D Dd*k?
6mna YR €Na Na
3 (nd —nd)> mhypVy 1 smly iE,E, 1 imE,E,
Steady-state refractive index perturbationn; = ( - Bz) A T ngreffio p—d —n3rer HmEp=d
2 nA+2nB ckgT 2 S10+/3Ep+Ed 2 Ep+Ed
where g5 = nf\ is the relative dielectric constant of the using the following characteristic fields: diffusion field

microspheres and eg = n3 is the relative dielectric constant of
the fluid in which the microspheres are suspended. A Taylor
expansion of equation (19) shows that the linear approximation

€= fea+(l — flep =¢ep+ f(ea — €B)
= e+ poVp(ea —€B) + ApVy(ea — €B) (20)

is in error by at most 0.2% for polystyrene beads in water.
It results in the following expression for refractive index
perturbation n:

1 (ea — €B)
n=—-—

Vp. 21
) ep P1Vp ( )

Combining the expression for polarizability, equation (3), the
expression for the first order particle distribution (table 3) and
equation (21) we find

3 (nd —nd)2mlopoVy 3 (3 —nd)? Uk
_3 _3 m 7
cksT ksT ]V,

(22)

where Ug is the energy density of the optical field. The
magnitude of the refractive index grating is proportional to
the filling factor f = oV}, the fringe visibility m and the ratio
of the optical energy density to the thermal energy density. If
we choose microspheres of a size, say 20 nm, such that the
scattering coefficient u; is negligible then the thermal energy
density is about 1 kJ m~—3. For 100 xm diameter beams with a
power of 1 W, we find An ~ 5 x 107 resulting in a four wave
mixing phase conjugate reflectivity of the order of 0.1% for
coupling lengths of the order 1 cm. Use of larger microspheres,
more tightly focused beams, and lower temperatures will result
in higher reflectivities. However the first two methods for
increasing reflectivity will also increase scattering noise.

In both the Kukhtarev and hopping models of the
photorefractive effect, the refractive index perturbation n; is
derived from the space charge field E. through the effective
electro-optic coefficient regs:

ni

= 2 2 = 2 2
2 ny +2ng 2 ny +2ng

ny = _%ngreffEsc- (23)

The space charge field is given in terms of the first order empty
trap density by
N+
E, = -2 E,=—
Na

E,Eq

e 24
"E, + Eq @)

kgTk
Eg == (25)
e
and limiting space charge field
eNA
E,=—. 26
PE Tk (26)

The space charge field is 90° out of phase with respect to the
optical interference pattern. The phase shift is characteristic
of the diffusion dominated photorefractive effect and is
responsible for two beam coupling gain, an effect that is not
seen in degenerate Kerr nonlinearities. Table 3 shows the
refractive index perturbation for each case.

We are now in a position to explain the intensity
dependence of these nonlinearities. Why is it that the steady-
state photorefractive effect is independent of average intensity
(neglecting the dark conductivity term S in the Kukhtarev
model), while the steady-state artificial Kerr nonlinearity is
proportional to intensity? Consider first the Kukhtarev model.
A doubling of the driving intensity does lead to a doubling
of the concentration n of electrons in the conduction band.
The steady-state current, equation (10) is zero. This implies
that ¢ + (kgT'/e) Inn is constant. Doubling of n leads merely
to the addition of a constant to the electrostatic potential ¢.
This makes no difference to the space charge field, since it is
proportional to the gradient of the potential. This result can
be read right away from the Kukhtarev differential equation
model in table 1. This equation also shows that the speed of
response is linearly proportional to the driving intensity. The
same result can also be read from the differential equations in
table 1 for the hopping model. The key observation is that the
intensity appears in the logarithmic terms of both the hopping
and Kukhtarev equations. Since the spatial derivatives of these
logarithms appear, the doubling of intensity has no effect on the
steady state. In contrast, the driving intensity does not appear
in the logarithmic term in the artificial Kerr model of table 1,
but rather directly in the potential @op. In this case, doubling
of the intensity leads to a doubling of the first order density
perturbation and hence a doubling of the optical nonlinearity.
This equation also shows that the response time is independent
of intensity.

Finally, we note that the formalism developed here can
be used to quickly analyse alternative nonlinearities. For
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example, consider a model for an artificial Kerr medium with
charged particles. Then corresponding differential equations
can be immediately written down:

ap 1 9 9
— = —p— + @ +kgT1 ,
9t 67‘[7}61 8x'08x ((popt Pel B/ In ;0)

Popt = —aZl, 27)

82(pel
0x?

et
= —?(ND — Na).

When first order perturbations are taken, we find that the
steady-state response is

P aZly Eq
—=m e
£0 kBT Ed + Ep

(28)

The nonlinearity is proportional to intensity, as could be
predicted from the absence of driving intensity in the
logarithmic term and the space charge saturation by E|, is
the same as in the regular photorefractive case. The response
time is
6rna 1
= kg Eq+E,

(29)

7. Conclusion

Drift and diffusion optical nonlinearities can be described by
a unified formalism of differential equations. This formalism
can be used to analyse the steady state and temporal response
of such nonlinearities, including artificial Kerr media and
the Kukhtarev and hopping models for the photorefractive
effect. Many properties of the nonlinearities can be quickly
determined by the examination of the expressions for particle
current.
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