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A universal theory of steady-state one-dimensional photorefractive spatial solitons is developed which applies to

the steady-state one-dimensional photorefractive solitons under various realizations, including the screening solitons

in a biased photorefractive medium, the photovoltaic solitons in open- and closed-circuit photovoltaic—photorefractive

media and the screening-photovoltaic solitons in biased photovoltaic—photorefractive media. Previous theories advanced

individually elsewhere for these solitons can be obtained by simplifying the universal theory under the appropriate

conditions.
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I. INTRODUCTION

In the last decade there has been a growing
interest in optical spatial solitons in photorefrac-
tive media.l' =12l At present, three types of steady-

state photorefractive solitons (screening solitons, [t =6

[7—9]

open- and closed-circuit photovoltaic solitons and

screening-photovoltaic (SP) solitons!'°~12!) have been
predicted, and the first two have been found experi-

mentally.

Screening solitons in the steady state are pos-
sible when an external bias voltage is appropri-
ately applied to a non-photovoltaic—photorefractive
crystal.1 =6l These screening solitons result from non-
uniform screening of the bias field. Photovoltaic soli-
tons in the steady state are possible in open- or closed-
circuit photovoltaic—photorefractive crystals without
a bias field. These photovoltaic solitons result from
the photovoltaic effect.”=9] Recently, it has been pre-
dicted theoretically that the SP solitons in the steady
state are possible when an external electric field is ap-
plied to a photovoltaic-photorefractive crystal.[10=13]
These SP solitons result from both the photovoltaic
effect and spatially non-uniform screening of the ap-

plied field.

The theories of the three types of steady-state
photorefractive solitons have been advanced individ-
ually. For example, Christodoulides et al.[*l estab-

lished the theory of screening solitons in a biased pho-

torefractive crystal without a resistor in the exter-
nal circuit; Valley et all® established the theory of
open-circuit photovoltaic solitons in a photovoltaic—
photorefractive crystal; Segev et all”l established
the theory of both open- and closed-circuit photo-
voltaic solitons in a photovoltaic—photorefractive crys-
tal with a resistor in the external circuit; Liu et
al.11] established the theory of SP solitons in a biased
photovoltaic—photorefractive crystal without a resis-
tor in the external circuit. However, a universal the-
ory has not been developed that can describe the three
types of the steady-state one-dimensional photorefrac-
tive solitons under various realizations. Although the
theory of SP solitons established in Ref.[11] can also
be used to describe the closed-circuit photovoltaic soli-
tons and screening solitons, it is incomplete because
it cannot describe the open-circuit photovoltaic soli-
tons as well as closed-circuit photovoltaic, screening
and SP solitons under the realization that a resistor

is loaded on the external circuit.

In this paper, we reconsider the problem of one-
dimensional bright and dark photorefractive solitons
and analyse their formation in biased photorefrac-
tive as well as biased and unbiased photovoltaic—
photorefractive media under open- and the closed-
circuit realizations with a resistor in the external
circuit. A universal theory of steady-state one-
dimensional photorefractive spatial solitons is devel-

oped that describes the three types of steady-state
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one-dimensional spatial solitons including: the screen-
ing solitons in a biased photorefractive medium with
a resistor in the external circuit; the photovoltaic soli-
tons in an open-circuit photovoltaic-photorefractive
medium; the photovoltaic solitons in a closed-circuit
unbiased photovoltaic—photorefractive medium with a
resistor in the external circuit and the SP solitons in
a biased photovoltaic—photorefractive medium with a
resistor in the external circuit. Previous theories ad-
vanced individually elsewhere for these solitons can be
obtained by simplifying the universal theory under the

appropriate conditions.
II. THEORETICAL ANALYSIS

Figure 1 illustrates the configuration discussed in
the paper. The electrical circuit consists of a photore-
fractive or photovoltaic—photorefractive crystal, an ex-
ternal electric field with voltage bias V, and an exter-
nal resistor with resistance R. Let Vj and Ey denote
the potential and the electric field strength measured
between the crystal’s electrodes at a separation W, re-
spectively. If the spatial extent of the optical wave is
much less than W, we have the following approximate
expression: Ey = V/W. Letting J denote the current
density in the circuit and Vi denote the potential ap-
plied to the resistor, we have Vg = JSR, where S is
the surface area of the crystal’s electrodes. Because
V. = Vo + Vg, we find that

1
EOZW(Va_JSR) (1)
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z
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11—
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Fig.1. Illustration of the electrical circuit consisting of
a photorefractive or photovoltaic—photorefractive crys-
tal, an external electric field with voltage bias V, and

an external resistor with resistance R.

Let us consider an optical beam that propagates
in the crystal along the z-axis and is permitted to
diffract only along the z-direction. The crystal’s op-
tical c-axis is oriented along the z-coordinate. More-

over, let us assume that the optical beam is linearly

polarized along = and the external electric field is ap-
plied in the same direction. Under these conditions
the perturbed extraordinary refractive index 7, (along
the c-axis) is given by!14] (fe)? = n2 —nirss E.., where
rs3 is the electro-optic coefficient, n, is the unper-
turbed extraordinary index of refraction, and F. is
the induced space-charge field. On the other hand, the
electric field component F of the optical beam satisfies
the Helmholtz equation: VZE + (kofe)?E=0, where
ko = 2mw/Xo and Ao is the free-space wavelength of
the lightwave employed. By expressing E in terms of
a slowly varying envelope ¢, i.e. E=2¢(z, z)exp(ikz),
where k = kgne, one can find that the Helmholtz equa-
tion leads to the following paraxial equation of diffrac-
tion

1

. kO 3 o
ld)z + 2k ¢:c:c - E(RGTeﬂ”E‘sc)gé - 07 (2)

where ¢, = 0¢/9z and ¢, = 8%¢/0z>.

In turn, the induced space-charge field Es. can
be obtained from the standard set of rate and conti-
nuity equations and Gauss’s law, which describe the
photorefractive effect in a medium in which the pho-
tovoltaic current is nonzero and the electrons are the
sole charge carriers. In the steady state and one di-

mension these equations arel7-11]

venN{ = S;(I + I4)(Nga — N, (3)
oF. e

* = —(Nf-—N, — 4

e = (N n), (4)

)
J = epnE,. + kBTua—Z +k,Si(Na— NI, (5)

Z_‘i = 0 or J = constant, (6)

where N ;‘ and N4y are the ionized donor density and
donor density, respectively, N, is the acceptor den-
sity, n is the electron density, S; is the photoexcita-
tion cross section, 7, is the carrier recombination rate,
u and e are, respectively, the electron mobility and
the charge, k, is photovoltaic constant, kg is Boltz-
mann’s constant, 7' is the absolute temperature, g
is the free space permittivity, e, is the relative static
dielectric constant, and Iy is the so-called dark irra-
diance. I = I(z,z) is the power density profile of
the optical beam. Moreover, in Egs.(3)—(6) we have
ignored any z spatial dependence by assuming that
the variables involved vary much more rapidly in the
z-direction.

Even though the space-charge field F,. can be
obtained in principle from Egs.(3)—(6), this task is
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considerably involved. However, we can use a sim-
ilar method to that in Refs.[4] and [11] to greatly
simplify Eqgs.(3)—(6) by keeping in mind that the fol-
lowing inequalities hold true in typical photovoltaic—
photorefractive media: N;' > n, Ng > n and N, >
n. In this case, Eqgs.(3)—(4) yield the following results:

OF,
Nt =N, (14 505 7
d < + eN, oz )’ Q)
S’L(Nd_N;—)(I_i_I ) 1+505raEsc -t (8)
n=——-¢<% .
’YrNcT d eNa ox

At this point, let us also assume that the power
density I = I(z, z) attains asymptotically a constant
value at © — doo, that is I(z — £00,2) = I». In
these regions of constant illumination, Eqgs.(3)—(6) re-
quire that the space-charge field Ej is independent of
z, l.e. Esc(® — *+00,2) = Ey. Therefore, from Eq.(8)
the electron density n in the regions (z — +o00), de-
noted by n.., can be subsequently determined and is
given by
Si(Ng — Na)

Ve Na
On the other hand, from Eq.(5), the current density
J in the regions (z — £00) can be given by

Neo =

Joo = eunooEO + kpSZ(Nd - Na,)Ioo7 (10)

where J = J(z — £o00,z). Eq.(6) implies that
the current density J is constant everywhere, that
is, Joo = J(z,z). Substituting Egs.(1) and (9) into
Eq.(10), we have
I

Ea+Ep7[oo T )
14+ pR(Io + Ia)’
where E, = k,v:Na/(ep) is the photovoltaic field con-
stant, p = S;(Nq — Na)eu/r. N.W, E, =V, /W.

In the region of I(z,z) varying with z, from
Egs.(3), (5) and (7), we have

1
J :eun[Esc+ kB_Ta nn
e O

I €€, OF
E 1 . 12

Joo = €N

eN, Oz
Because of Jo, = J(z, z), from Egs.(11) and (12), we

have

I
E, _—
) A
kBT dlnn I Eoér 8ESC
=n|FEq. 1 .
n + ox + pI—i—Id( +€Na ox >}

(13)

If the power density I(z,z) of the optical beam
varies slowly with respect to x, then in typical
photovoltaic—photorefractive media the dimensionless
term |(g9e;/eNa)(8Es/0z)| is much less than unity. 4
Under this condition the space-charge field can be de-
termined from Egs.(8), (9) and (13) and is approxi-
mately given by

I+ 14 glooc —1 kgT 1 0I
Esc = gEa P - 9.0
I+ 14 I+ 14 e I+1,0x
(14)
where
1
g (15)

T 14 pSR(I + 1)

In general, 0 < g < 1, which implies that only part
of the bias field E, can be applied to the crystal. For
the short-circuit condition, R=0, then g=1, which im-
plies that F, can be totally applied to the crystal. For
the open-circuit condition, R — oo, then g=0, which
implies that on bias field is applied to the crystal.

The previous expressions of the space-charge field
determined individually elsewhere could be obtained
from Eq.(14) under appropriate conditions. For a SP
soliton in a biased photovoltaic—photorefractive crys-
tal without a resistor in the external circuit, the ex-
pression of the space-charge field was determined in
Ref.[11]. By taking R=0, then g=1 and E, = Ejy,
Eq.(14) can give the same expression of Eg. as Eq.(16)
in Ref.[11]. For a screening soliton in a biased pho-
torefractive crystal without a resistor in the external
circuit, by taking R=0 and E,=0 in Eq.(14) and ne-
glecting the diffusion term, we can obtain the same
expression of Fg. as Eq.(12) in Ref.[4].
sion of Eg. in the open-circuit photovoltaic medium
can be obtained form Eq.(14) by taking R — co(g=0)
and neglecting the diffusion term, which has the same
form as Eq.(6) in Ref.[8].
glecting the diffusion term in Eq (14), we can obtain

The expres-

By taking E,=0 and ne-

an equivalent expression of Fg. to Eq.(13) in Ref.[7]
for a closed-circuit photovoltaic medium with a resis-

tor in the external circuit.

The envelope evolution equation can now be es-
tablished by the insertion of Eq.(14) into Eq.(2). It
proves more convenient, however, to study this equa-
tion in a normalized fashion. In doing so, let us adopt
the following dimensionless coordinates and variables,
ie., & = z/(kxd), s = x/xo and ¢ = (2nol4/ne)'/?U.

Here zy is an arbitrary spatial width. The power
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density profile of the optical beam I = I(z,z) can
be also expressed in terms of the envelope ¢ by use
of Poynting’s theorem, i.e. I = (n./2n0)|¢|?, where
No = (,ug/so)l/z. As a result, we have I = I4|U|>.
Using Egs.(2) and (15), we can then show that the
normalized envelope U obeys the following dynamical

evolution equation:

1 U
iU + ~Us, — N—
e + 5 9B(p + )1+|U|2
(gp—[UPYU  (JUP)U

- + v =0

1+ |U]? 1+|UJ? ’

(16)

where p = I./la, B = (kozo)?(nirss/2)E., a =
(kozo)?(nir/2)E, and v = (k3zonirss)ksT/(2e).
The bright and dark soliton solutions can be
determined from Eq.(16) by entirely neglecting the
diffusion effect, i.e. by taking y=0 and by express-
ing the beam envelope U in the usual fashion:
U = p'?y(s)exp(iv€) for dark solitons and U =
/2y(s)exp(iv€) for bright solitons, where v repre-
sents a nonlinear shift of the propagation constant,
y(s) is a normalized real function bounded between
0 < (y(s) <1 and the positive quantity r is defined as
r = I(0)/14. For the dark spatial solitons, we require
that y(0)=0, y(c0)=0, §(c0)=0 and y(s — too)=1.
Substitution of this latter form of U for dark solitons
into Eq.(16) (with v=0) yields
y 9-y (17)

i—2vy—298(p+1 —2a =0,
§—2vy—298(p )1+py2 et

where §j = d%y/ds?. By employing the y-boundary
conditions in Eq.(17), we find that v = —g8 — ap(g —
1)/(14 p). When R=0, i.e. g=1, v = —f3, that has the
same form as Eq.(25) in Ref.[11] for dark SP solitons.
However, the SP solitons result from both the pho-
tovoltaic effect and spatially non-uniform screening of
the applied field and, as a result, the photovoltaic term
a should be included in the expression of v. There-
fore, the expression of v in Ref.[11] is incomplete. It is
only suitable for the configuration without a resistor
in the external circuit.

By integrating Eq.(17) once and employing the
y-boundary conditions, we find that

o 981+ p) talgp+1)
(¥)"=-2 15,
2 L+p. (1+py°
oty 22 (L] g

For integration of Eq.(18), we obtain that the normal-
ized dark-field profile y(s) can be determined from the

Vol. 10
following equation:
{_ L9801+ p) +algp + 1>] v
1+p
0 »
=+ i 75-(19)
X L+p. (1+p)°
y(s) |(92—1)— In
p I+p

It can be readily shown that the quantity in the
square bracket of Eq.(18) remains positive for all val-
ues of y? < 1, and thus [gB(1 + p) + a(gp + 1)] must
be negative so that §2 > 0. In this case, these dark
spatial solitons will arise in the photorefractive crys-
tal.

For the bright soliton states, the optical beam in-
tensity is expected to vanish at infinity (S — +o00),
thus p = I, /I4=0. The boundary conditions for
bright solitons is y(0)=1, §(0)=0 and y(s — £o00)=0.
Substitution of U = r/2y(s)exp(iv€) into Eq.(16)
(with v=0 and p=0) yields

3

Y ry
2 =0. 20
1+ ry? + a1+ry2 (20)

§—2vy — 298

By employing the y-boundary conditions, Eq.(20)
can be integrated once and leads to v = —[(g8 +
a)/r]In(1 +r) + o and

. 2(gB +
(v)? = M[ln(l +ry?) —y*In(1+7)]. (21)
For integration of Eq.(21), we obtain that the normal-
ized bright-field profile y(s) can be determined from

the following equation:

[2(98 + )]'/?S
1
/ r1/2dg
[In(1 + rg?) — 92 In(1 + r)]/2°
y(s)

(22)

It is straightforward to show that the quantity in the
square bracket of Eq.(21) is always positive for all val-
ues of y% between 0 < y? < 1. Therefore (g8 + «)
must be positive so that §? > 0. In this case, these
bright spatial solitons will arise in the photorefractive

crystal.
m. DISCUSSION

The previous theories advanced individually else-
where for steady-state one-dimensional photorefrac-
tive solitons can be obtained from Egs.(17)-(22).
Eqgs.(21) and (28) in Ref.[4] for bright and dark screen-
ing solitons in a biased photorefractive medium with-

out a resistor in the external circuit can be obtained
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from Eqgs.(21) and (18) by taking g=1 and a=0, re-
spectively. By setting g=1 in Egs.(21) and (18), we
can obtain the same expressions of bright and dark SP
solitons as Eqs.(22) and (26) in Ref.[11], respectively.
In Ref.[11], the SP solitons were discussed in a biased
photovoltaic—photorefractive crystal without a resis-
tor in the external circuit. The bright solitary equa-
tion in an open-circuit photovoltaic medium can be de-

~1/24 and

termined form Eq.(21) by taking g=0,y = r
a = §/2, which has the same form as Eq.(18) (lower
sign) in Ref.[8], whereas the dark one can be also de-

—1/24 and

termined from Eq.(18) by taking g=0,y = r
a = —§/2, which has the same form as Eq.(18) (up-
per sign) in Ref.[8]. In the meantime, the expressions
of closed-circuit photovoltaic solitons can also be ob-
tained. Let a = —(J+1)/[2(gp+1)], y = p~'/?u and
8=0, Eq.(18) has the same form as Eq.(26) in Ref.[7]
in which the closed-circuit photovoltaic solitons were
discussed in a unbiased photovoltaic—photorefractive
crystal with a resistor in the external circuit. Letting
a=r(J+1)/2,y =r""?u and f=0, Eq.(21) has the
same form as Eq.(29) in Ref.[7].
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Fig.2. Normalized intensity profile of bright screen-
ing, SP, open- and closed-circuit photovoltaic soli-
tons with r=10. (1) Bright screening soliton, g=1,
a=0, #=100. (2) Bright SP soliton, g=1, a=100,
B3=100. (3) Bright open-circuit photovoltaic soliton,
g=0, a=100, 8=0. (4) Bright closed-circuit photo-
voltaic soliton, g=1, a =100, 8=0.

By use of a simple numerical integration pro-
cedure, one can obtain the normalized bright- and
dark-field profiles y(s) from Eqgs.(22) and (19), respec-

tively. The results calculated for normalized bright-

and dark-intensity profile y?(s) of screening, SP, open-
and closed-circuit photovoltaic solitons are shown in
Figs.2 and 3, respectively. The results show that the
field or intensity profiles of the three types of the
steady-state one-dimensional photorefractive bright
(or dark) solitons in various realizations can be cal-
culated by use of a universal formula with some ap-
propriate parameters. The dynamical evolution, sta-
bility and self-deflection for the three types of steady-
state one-dimensional photorefractive solitons can be
analysed by numerically solving a universal dynamical
evolution equation, i.e. Eq.(16), with some appropri-

ate parameters.

1.0

0.5

Normalized intensity

0.0

1.0

Fig.3. Normalized intensity profile of dark screening,
SP, open- and closed-circuit photovoltaic solitons with
p=10. (1) Dark screening soliton, g=1, =0, 8=—100.
(2) Dark SP soliton, g=1, a=-100, 8=-100. (3) Dark
open-circuit photovoltaic soliton, g=0, a=-100, 5=0.
(4) Dark closed-circuit photovoltaic soliton, g=1, a =

~100, B=0.

IV. CONCLUSION

In conclusion, a universal theory has been devel-
oped that is suitable for steady-state one-dimensional
photorefractive solitons under various realizations, in-
cluding the screening solitons in a biased photore-
fractive medium, the photovoltaic solitons in open-
and closed-circuit photovoltaic—-photorefractive me-
dia and the screening-photovoltaic solitons in biased
photovoltaic—photorefractive media. Previous theo-
ries advanced individually elsewhere for these solitons
could be obtained by simplifying the universal theory

under the appropriate conditions.
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