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The coupling between two mutually incoherent optical beams that propagate collinearly in open-circuit photovoltaic

photorefractive media is investigated. It is shown that an incoherently coupled bright—dark spatial soliton pair can be

formed due to photovoltaic effect. The physical properties of such a soliton pair are also discussed.
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1. Introduction

Upon illuminated, a photorefractive material can
set up a space-charge field in the crystal, which will
induce nonlinear changes in the refractive index of the
material by the electro-optic (Pockels) effect. The lat-
ter process is then capable of counteracting the ef-
fects of diffraction, and thus the non-diffracting opti-
cal beam or photorefractive spatial soliton forms. In
the last decade, photorefractive spatial solitons have
been actively investigated because they can be estab-
lished at low light intensities, and are potentially use-
ful for all-optical switching, beam steering, and op-
tical interconnects. Thus far, several different types
of photorefractive solitons, such as quasi-steady-state
solitons,[* 3] screening solitons,[*~ 7 and photovoltaic
solitons/®~12] have been observed. The quasi-steady-
state solitons can be formed in a biased photorefrac-
tive crystal during the finite time in which an ex-
ternally applied field is slowly screened by the space
charge field. The screening solitons are possible to ex-
ist steadily in a biased non-photovoltaic photorefrac-
tive crystal. They result from non-uniform screening
of the bias field. The photovoltaic solitons can also ex-
ist steadily in photovoltaic photorefractive materials.
These photovoltaic solitons rely on the photovoltaic

effect creating the space charge field.

Soliton interaction is one of the most fascinat-

ing aspects in soliton physics, and the soliton pair
is an intriguing issue about the interaction between
two solitons. In 1996, Christodoulides et all*3] in-
vestigated the incoherent coupling of two screening
solitons. They have shown that incoherently cou-
pled bright-bright, dark-dark, and bright—dark screen-
ing soliton pairs are possible to form in biased non-
photovoltaic photorefractive crystals under steady-
state conditions, provided that the two incident beams
have the same polarization, wavelength, and are mutu-

14-16] shgerved

ally incoherent. Soon after, Chen et al!
these incoherently coupled screening soliton pairs in
strontium barium niobate (SBN) crystal experimen-
tally. In this paper, we predict that incoherently cou-
pled bright—dark photovoltaic soliton pairs can also
be supported in photovoltaic photorefractive materi-

als under the steady-state and open-circuit conditions.
2.Soliton coupling equations

In our model, two optical beams propagate
collinearly in a photovoltaic photorefractive crystal
along the z axis and are permitted to diffract only
along the x direction. The two incident beams have
the same polarization, wavelength, and are mutually
incoherent. Moreover, the polarizations of the two
incident optical beams are assumed to be both par-
allel to the = axis. As usual, the optical field is

expressed in terms of slowly varying envelopes, i.e.
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E, =3¢ (z,z)exp (ikz), and Ey = 29 (2, 2) exp (ikz),
where k = kone = (27/Xg)ne, Ao is the free-space
wavelength, and n. is the unperturbed extraordinary
index of refraction. For this configuration, the two

optical beams satisfy the following envelope evolution

equations:[6-13]
. 1 kon3rss Fge
z xxr T - P = 0, 1
ig, + 2k¢ 9 ¢ (1a)
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whete ¢. = 06/0z, ¢pw = 0°6/02%, ¥ = /02,
Ve = 021 /0z2, where 733 is the electro-optic coeffi-
cient of the photorefractive crystal, and E,. = FEy T is
the space charge field in the crystal.

The space charge field Ey. in Eq.(1) can be de-
rived from the standard set of rate, current, and Pois-
son’s equations, describing the photorefractive effect
of the photovoltaic crystal. In the steady state and un-

der open-circuit conditions these equations become!®!

[s(I+ 1)+ 8] (Np — NJj) —ynN{ =0,  (2)

dEsc

q
= +g(n+NA—Ng):0, (3)

J = q/,LnESC+kBT/,Lj—Z+/£s (ND — NS) (I+1,)=0,
(4)
where n is the electron density, Np is the total donor
number density, Ng is the density of the ionized
donor, N is the acceptor density, s is the photo-
ionization cross section, 3 is the dark generation rate,
v is the carrier recombination rate, u and g are, re-
spectively, the electron mobility and the charge, ¢ is
the dielectric constant, kg is the Boltzmann constant,
T is the absolute temperature, s is the photovoltaic
constant of the crystal, I is the intensity of the in-
cident optical beam, and I, is the background irradi-
ance with the same polarization as that of the incident
optical beam.
In typical photorefractive crystals, it holds true
that Np > n, NS > n and No > n. Under these

conditions, from Egs.(2) and (3) one can obtain

€ dESC> ’ (5)

Nt =Ny (1
D A<+qNA dz

(Np — N3 [s (I + I,) + f] <1 Lc dESC> !
v Na qNx dzx '

(6)

According to Ref.[6], if the optical intensity I (z,z)
varies slowly with x in typical photorefractive crys-
tals, the dimensionless term |(¢/gqNa)(dEs./dz)| can

be considered to be much less than unity. So, Egs.(5)
and (6) give

N = Na, (7)
_ (Np = Na) [s(I+ 1) + 0]
n= A . (8)

Inserting Eqs.(7) and (8) into Eq.(4) yields

I+ I

~  keT  dI/de
PI+ I+ 1q

Esc: )
qg I+5L+14

(9)

where E, = kv Na/qu is the photovoltaic field con-
stant. Iq = (/s is the so-called dark irradiance. In
photovoltaic photorefractive crystals, the photovoltaic
field is dominant. In this case, the term associated
with the process of diffusion, i.e. the kgT/q term, can
be considered to be small and thus can be neglected.
So, Eq.(9) can be simplified to

I+ 1y

Esc:_ T 7 7
PI+1,+ Iy

(10)
where I (z,2) = I (z,z) + I> (z, 2) is the total inci-
dent intensity in the crystal. By using the Poynting
theorem, the total intensity of the incident beams can

be expressed as

I = (ne/2m0) (|6 + [¥]%), (11)

where 19 = (uo/e)/?. Substituting the expressions
(10) and (11) into Eq.(1), and adopting the following
dimensionless coordinates and variables: s = z/zq,
¢ = z/(ka2), U = [2no (Ip + Ia) /ne] /* ¢ and V =
[2n0(Ty+14) /ne] =1/ %9, where z is an arbitrary spatial

width for scaling, we can obtain the following coupled

equations:
1 UP+|VIP+6
iU§+—Uss+a%U:0, (12a)
2 [UI”+|V|"+1
1 UP+|V]*+4
i1/3§~+—‘/ss+0z—| |2+| |2+ V=0, (12b)
2 U+ |V|"+1
i.e.
1 a(l-6)U
Ue + ~Upe +aU — ———~—— =0, (13a)
ST U*+ V| +1
1 1-6)V
ng+—Vss+aU——o‘2( )2 =0, (13b)
2 U+ V" +1

where Ug = 9U/9¢, Uy, = 9°U/9s?, Vi = 9V/OE,
Vis = 0°V/0s?, a = (kozo)*(nirss/2)E,, and § =
I, /(I + I4). In what follows, the bright—dark soliton
solutions of Eq.(13) will be discussed in detail.

3. Bright—dark soliton solutions
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For a bright soliton, the optical energy concen-
trates in the area near to the beam centre, that is,
its optical intensity reaches the maximum value at
x = 0, whereas the dark soliton exhibits a dark
notch embedded in a uniform intensity background,
i.e. its optical intensity attains asymptotically a con-
stant value at * — oco. To obtain the bright—dark
soliton pair solutions of Eq.(13), we express the nor-
malized envelopes of the two optical beams in terms
of U = r'/2f (s) exp (iu€) and V = p!/2g (s) exp (iv€),
where f (s) corresponds to the bright beam envelope
and g (s) to the dark one, the positive quantity r
stands for the ratio of the peak intensity of the bright
beam to the sum of the dark irradiance and back-
7 = Iimax/(Ip + 1a); and p
represents the ratio of the maximum intensity of the

ground irradiance, i.e.

dark beam to the sum of the dark irradiance and
background irradiance, namely p = Iomax/(Ib + Ia),
where Iyo, = Iz (z — 00,2) is a constant. According
to the intensity distribution of the bright and dark
solitons, we can know that the normalized real func-
tions f (s) and g (s) should satisfy the boundary con-
ditions of f(0) = 1, f(0) = 0, f(s — +00) = 0,
g(0) =0, g(s = £oo) = %1, and moreover, all the
derivatives of f (s) and g (s) vanish at infinity.!*?] Sub-
stituting the expressions of U = 7'/2f (s)exp (iuf)
and V = p'/2g (s) exp (iv€) into Eq.(13), we obtain

- a(1-5)
f_Z{uoz-i—m]fa (14a)
. a(l —94)
p=2fo-at ] )

where f = d?f/ds?, and § = d?g/ds?. We now seek
particular solutions of Eq.(13) that also satisfy the
condition f2 4+ g2 = 1. In this case, Eq.(13) can be

written as

. 1-6) 1
f:2[u—a+a§+p)l+af2]f, (15a)
. a(l—14) 1
9_2{va+ 1+p 1+a(1—92)}g’(15b)

where 0 = (r — p)/(1 + p). Integrating Eq.(15a) once,

we can have

(f)2 :2(u—a)(f2_1)+ 20(1 —6) 1n<1+0f2>_

a(l+p) 1+0o
(16)

According to the boundary condition of f (s) at infin-
ity, we can find from Eq.(16) that

a(l—19)

-Gyt (17)

p=a

The insertion of the boundary conditions of g (s) into

Eq.(15b) yields
]
v=a <ﬂ> . (18)
1+p

When |o| < 1, which implies that the peak intensities
of the two beams are nearly equal, Eq.(15) can then
be solved approximately. In this case, by employing

Taylor expansion, u can be given by

u%a—ai%_p(s)(l—%>. (19)

Using the expressions (18) and (19) and |o| < 1,
Eq.(15) can be simplified as

ao (1-19)

f': ﬁ (f - 2f3) ) (20a)
g= *%1;5) (9-9°)- (20b)

The bright—dark soliton pair solution of Eq.(20) can
be readily obtained and are given by

f(s)= sech{ [M] 1/25}, (21a)

g(s) :tanh{ {M] 1/25}. (21b)

1+p

So the dimensionless amplitudes of the optical field for

the soliton pair can be expressed as

ao (1—90) 1/2
X exp {ia {1 — % (1 - ;)] f}, (22a)
V (s,€) =p'/? tanh{ [M] 1/25}

U (s,€) :rl/zsech{ {

1+p

X exp [ia <(1$:::—Z) f} .

According to the expressions (22a) and (22b) the in-
tensity full width at half maximum (FWHM) of the
bright—dark soliton pair can be obtained directly and

(22b)

given by

1+p

As:zln(1+\/§) { 5)]1/2, (23)

ao (1 -
or

1+p
O'(]. — 6)T33Ep

m:2\/§ln(1+\/§) [

2
kone

]1/2 . (24)

4. Discussion and summary
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In summary, the coupled equations for two mutu-
ally incoherent optical beams propagating collinearly
in open-circuit photovoltaic photorefractive media are
presented, and the bright—dark soliton pair solutions
are obtained. It is shown that the formation of bright—
dark spatial soliton pair is possible due to the pho-
tovoltaic effect. The expressions (21) and (22) show
that the bright—dark soliton pair solutions are possible
only when a (r — p) > 0. So we can conclude that the
photovoltaic photorefractive crystals with a positive
photovoltaic field (i.e. E, > 0) can support bright—
dark soliton pairs with the peak intensity of the bright
component being slightly larger than that of the dark
one, whereas, the photovoltaic photorefractive crys-
tals with a negative photovoltaic field (i.e. E, < 0)
are able to support bright—dark soliton pairs with the
peak intensity of the bright component being slightly

smaller than that of the dark one. Here, it needs to be
explained that in our derivation the photovoltaic field
can be taken to be positive for photovoltaic crystals
with positive changes in refractive index, and for the
photovoltaic crystals with negative changes in refrac-
tive index the photovoltaic field can be considered to
be negative. By changing the intensities of the two
original incident beams the intensities of the bright
and dark soliton components can be adjusted, so that
one can make the peak intensity of the bright compo-
nent slightly larger (or smaller) than that of the dark
one to establish the bright—dark soliton pairs. Besides
the above mentioned conclusions, from the expressions
(23) and (24) we can also find that the intensity full
width at half maximum (FWHM) of such bright—-dark
soliton pairs is inversely proportional to the square

root of the absolute value of the photovoltaic field.
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