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One-dimensional steady-state spatial solitons in photovoltaic photorefractive materials
with an external applied field
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A theory on spatial solitons in closed-circuit photorefractive-photovoltaic media is developed that gives rise
to spatial solitons due to both the bulk photovoltaic effect and the spatially nonuniform screening of the
external bias field. In case the photovoltaic effect can be neglected, these solitons are screening solitons. In
case the external bias field is absent, these solitons are photovoltaic solitons in the closed-circuit case. We also
show theoretically that the photovoltaic nonlinearity can be switched from self-defocusing to self-focusing by
adding the external electric field. Under a strong bias condition, the photovoltaic nonlinearity can be switched
from self-defocusing to self-focusing by changing the polarity of the external electric field or by rotating the
polarization of the light.

PACS numbes): 42.65.Hw, 42.65.Jx, 42.65.Tg, 72.4Qv

PhotorefractivéPR) spatial optical solitons have attracted lent to adding a term in the PV current, which results in
much interest in the past few yedis—15]. Thus far, quasi- establishing a uniform electric field across the crystal. The
steady-state solitongl—3|, screening solitong4—8], and  space-charge field is shifted upward or downward by the
photovoltaic(PV) solitons[9-15 in dielectric PR crystals uniform electric field. However, only the shape and not the
have been suggested in the literature. Recent work on P¥ign of An changeg13].
solitons has shown theoretically and experimentally that add- We start with the standard set of rate and continuity equa-
ing background illumination for these solitons enables a unilions and Gauss’s law, which describe the photorefractive
form electric field across the crystal that is screened nonun@ffect in @ medium in which electrons are the only charge
formly [12,13. When background illumination is the same C&ri€rs, plus the wave equation for the slowly varying am-
polarization as the focused beam, the PV nonlinearity in &\tude of the optical field. In steady state and in two dimen-
short circuit can be controlled by the intensity of the uniform sions these equations &% 11]
background illumination[12]. When the focused and the
background beams are orthogonally polarized, the PV non-
linearity in a open circuit can be switched from self- A A . i )
defocusing to self-focusing by use of background illumina- ¥ 9=V -[AXAE+KeTuVA+ ke(Ng—Ng)|A[*S] =0,
tion [13]. (2)

In this paper we show theoretically that the application of - ~ i
an external field to photovoltaic PR crystals enables the PV V-E+(ales)(h+Na—Ng)=0, ©)
nonlinearity that gives rise to steady-state planar solitons due L
to both the PV effect and the spatially nonuniform screening (i_ - J
of the external bias field. Screening solitons and PV solitons 9z 2k ax?
in the closed-circuit case are a special case of these solitons,
respectively. Thus, screening solitons and PV solitons in the 2 -
closed-circuit case studies may be integrated in these solitons V=- 7”2dx E=RSJ¢, ®)
studies. There are differences between using an external field

and adding background illumination in PR crystals. The aPWhereAn(E)= — 1ndroE is the perturbation in the refrac-

plication of an external field enables screening solitons 'r}ive index. The independent variables are as follamis: the
nonphotovoltaic PR crystals, which result from the spatially - : pe . :
propagation axis ang is the transverse coordinate. The de-

nonuniform screening of the external bias fiElg8]. Adding endent variables are as follows:is the electron number
background illumination for nonphotovoltaic PR crystalsp var ! u

merely increases the background density of free carriers. #ensity,Ny is the number density of ionized donosis the
the electrical circuit consists of a PV crystal, an externalcurrent densityE is the space-charge field inside the crystal,
sourcee, and an external resist®, an external field may andA is the slowly varying amplitude of the optical field
screen the PV effect, which results in a change of the sign ofiefined by Eq(x,z,t)=A(x,z)expikz—iot)+c.c. (k
the space-charge field. The sign of the refractive index per=2sn,/\, where\ is the wavelengthin vacug w is the
turbation An may change becaus&noE. On the other frequency, and, is the unperturbed refractive indexRel-
hand, for PV solitons, adding a background beam is equivaevant parameters of the crystal are as folloWNgis the total
donor number densityN, is the number density of nega-
tively charged acceptor@y is the dark generation rats,is
*FAX: 29-3237910. the photoionization cross sectiow, is the recombination

(s|A]2+ B1)(Ng—Ni) — yAN}=0, 1)

)A(x,z): L—kbAn(E)A(x,z), 4
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rate, u is the electron mobilityx is the effective photovol-

taic constantgg is the low-frequency dielectric constant
is the effective electro-optic coefficient, aMlis the poten-
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tial measured between the crystal’s electrodes separated by

distancel; —q is the electron chargekg is Boltzmann’s
constant, and is the absolute temperatur8.s the surface
area of the electrodeR is the external resistance, ands

the external source potential applied to the crystal. Finally,
we define the optical intensity ds=|A|2, and the dark irra-

diance ad yau= B1/s.
We seek solutions of the form

A(X,2)=u(x)exp(iI'z) VI gark (6)

whereI is the soliton propagation constant. We limit our

analysis to reali(x). Sincel =|A|? depends orx alone, we
look for solutions in which the dependent variabfies\};, J,

andE depend solely o, and the only component ofand
E is in thex direction.

1
J=nE+al1- F)uzwnE+au2=(1+u2)E+ au?=const.
(12
From Eq.(12) the space-charge field is given by
_ J—au? 13
BT 49
The substitution of Eq(13) into Eq.(11) leads to
J=—x6—x(1-p)a, (14
where 6=C»%, p=n9llLs, x=U(n»p+1l), and 7z
=1/f"% d¢/(1+u?). The substitution of Eq(14) into Eq.
(13) yields
5 alx(1-p)+u?
Eo_ X [x(1—p)+u7] 15

Y 1+u?

We transform the equations to dimensionless form by thélhe substitution of Eq(15) into Eq. (10) then yields the

substitutions n=A/(aNg), r=Ng/N,, N=Ny/Ng, E
=|ElaLo/(keT), I=|J|Lp/(auNeksT), and é=x/L,
whereLp=[kgTes/(°N,) Y2 is the Debye length, . is the
soliton length scale defined by =1/(=2kb)'?, whereb

= (k/ nb)%ngreﬁkBT/(qLD) is the parameter that characterizes
the strength and the sign of the optical nonlinearity. The sign

of r.¢ determines the sigfpositive or negativeof the per-
turbation in the refractive indeAn [7]. We therefore intro-
duce the dual-sign=) notation in the definition oflLg,
where the uppeftlower) sign applies to the positivénega-
tive) value ofL¢ (and, consequently, dfn). The dimension-
less equations are

n—(1+u?)(1—N)/(rN)=0, (7)
J=nE+ a(1—N)u?+en’=const, (8)
1 R
(N—F—an —eE’'=0, 9
n F
u :i(B+E)U, (20
1/2Lg
,8J+C=—J déE. (12)
—l/2Lg

The prime stands for the derivative with respect to the vari-

able & a=slgy/(yYNa), e=Lp/Ls, C=q€lp/(kgTLy),
B=RSquaNy/Lg, and a= Keifl gande p 1 (kg T @)
=E,Lpa/(kgT), where E,= ke YNa/(qu). Even thoughE
can be obtained, in principle, from Eq38)—(11), this task is

considerably involved. However, we can conveniently derive

E by taking a similar way to that of Ref11]. Using inequal-
ity the N<1/r<1 [11] in Eq. (7) leads ton=(1+u?)/rN.

Neglecting both terman[11] andsE’ [7] in Eq.(9) leads to
N=1/r. These approximations can be used in E).and
yield

following nonlinear wave equation that describes stationary
(soliton propagation in a photovoltaic nonlinear medium
with an external applied field

. T x8  alx(1-p)+u?]
! _i(B_ 1+u? 1+u® (16
We integrate Eq(16) using quadrature, and obtain
2 2 r 2 2
P —po== b ¢ (u=ug)+x[a(p+nB)— 3]
I 1+u? L
XIn mg : 17

wherep=u’, Po=p(£=0), andug=u(0).

For dark solitons one requires that the boundary condi-
tions areu(0)=0, u(+«)=u,=u(—=>)#0, and u’(x)
=u"()=0. Substituting¢—o0, and conditionai,,#0 and
u”(e0)=0 into Eq.(16) leads to

alx(1-p)+u?]
1+u?

F_ X0
b 1+u2

(18

This implies that the propagation constahtlepends oni., .
By substituting EQ.(18), and p(«)=u'(®)=0, u(w)
=U,, andu(0)=0 into Eq.(17), we obtain

2
u
2__ _ > 2
Po=*xLalp+np) 5]L+ui+ln(l+um) . (19
Substituting Eqs(18) and (19) into Eq. (17) yields
W2— U2 Ty
2 _ o0 ]
pe=*x[o—alp+np)] T2 +Inl 12 } (20

It is proved that the term inside the latter square brackets of
Eq. (20) is always positive. The reality qf can be obtained
for the upper sign or the lower sign according to a given
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FIG. 1. Dark soliton amplitude/u., as a function ok for u.,

=5 ande=0, —20 000, and 20000 V. FIG. 3. Bright soliton amplitudei/u(0) as a function ok for
u(0)=5 ande=0, —20 000, and 20000 V.

physical system[a(p+ »B) and 5. When 6>0 and &

>|a(p+nB)| or <0 and|a(p+ nB)|>|4d|, the upper =0, u(0)=0, the expression we have just found forb,

sign gives dark solitons. Similar to screening solitdiy  andé— o yieldspy=\* x[ 6— a(p+ 78)1/2uZ. The reality

dark solitons in biased photovoltaic PR materials require thagf p, can be obtained for the upper sign or the lower sign

An(&)>0 for all & When§<0 and|8|>|a(p+nB)| or @«  according to a given physical systefa(p+ 78) and &].

>0 and|s|<a(p+ nB), the lower sign gives dark solitons. This is identical to Eq(20). Therefore in the limit of low

Similar to photovoitaic solitongl1], dark solitons in biased intensity ratio, dark solitons in biased photovoltaic PR mate-
photovoltaic PR materials require thAn(£)<<0 for all & rials are solutions of

We integrate Eq(20) numerically for various values af,. ,

and obtain the waveforma(¢) of dark solitons in biased uU'=xy[6—a(p+ nﬂ)](uz—ui)u, (22
photovoltaic PR materials. To illustrate our results, we con-

sider the following examples: let=0.5um, I=1cm, R with u(0)=0 and u’(0)=py= = x[5— a(p+ nB)1/2uZ.

=0, ande =0, —20000, and 20000 V. The LiNbQparam- Integration of Eq. (22 leads to u
eters are taken here 1@,=2.2, r+=30x10 2m/V, and =u.,tany=x[5—a(p+ 7B8)1/2u..£}.

E,=40KVcm. A particular case ofi..=5 is shown in Fig. For bright solitons one requires the boundary conditions
1 whene=0, —20000, and 20000 V. Figure 2 shows the are u(+«)=u(—=)=0, p(»)=u"()=0, and p(0)=0.
half-width as a function ofu,, when e=0, —20000, and Substitutingé—o, and using conditionsi(e)=p(~)=0

20000 V. andp(0)=0 into Eq.(17) yields
In the limit of low intensity ratio, i.e.u?><1, Eq. (16) r L )= ]
a(p+ -
becomes p=a e UZB In(1+ud). (23
0

r
" __ I — — 2
u== b xLotal=p)Itxlo—alp+nB)u ]]u. This implies that the propagation constdhtiepends omg.
(21 Substituting Eq.(23) and using conditiorp(0)=0 into

Eqg. (17) yields
The solutions of Eq(21), u(&) with the appropriate bound-

ary conditions, are bright and dark solitons. ) ) u? 2

For dark solitons, using boundary conditioné»)=u.. p*==)xla(p+7B)— 4] In(1+u%)— ?'n(lﬂlo) :
#0 andu”’(«) =0, and substituting—  into Eq.(21) leads 0
to ['/b=x[ 5+ a(1—p)]— x[ 5— a(p+ 7B)]u. Integrating (24)

Eqg. (21) by quadrature and substituting conditiopg) It is proved that the term inside the latter square bracket of
Eq. (24) is always positive. The reality qf can be obtained

for the upper sign or the lower sign according to a given
P 507 physical systenja(p+ »B) and §]. When >0 and a(_p
= + 77,8)>|_5| or 6<0 and_|5_|>|a(p+ 7P|, the upper sign
gives bright solitons. Similar to photovoltaic solitofikl],
- 30] bright solitons in biased photovoltaic PR materials require
2 | |\ £=20000() that An(£€)>0 for all & Whena<0 and|a(p+ 7B)|>]6)
22 or 6>0 and 5>|a(p+ nB)|, the lower sign gives bright
107 solitons. Similar to screening solitofig], bright solitons in

biased photovoltaic PR materials require that(£) <0 for
all £&. We integrate Eq(24) numerically for various values of
Ug, and obtain the waveforms(£) of bright solitons in bi-
FIG. 2. Dimensionless half-width of the dark soliton as a func-ased photovoltaic PR materials. A particular casaf5 is
tion of u,, for e=0, —20 000, and 20 000 V. shown in Fig. 3 whem\=0.5um, |=1cm, R=0, ande

w(*)
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FIG. 4. Dimensionless half-width of the bright soliton as a func-

tion of uy for e=0, —20 000, and 20 000 V.

=0, —20000, and 20000 V. Figure 4 shows the half-width

as a function ofuy whenR=0, A=0.5um, I=1cm, and
£=0, —20000, and 20000 V. The LiNbQOparameters are
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our physical system becomes the physical system of previ-
ously studied PV solitons in the closed-circuit case. In this
case, Eqgs(14) and(15), and in the limit of the reality of,
Egs.(20) and (24) become

J==x(1-p)a, (29
1-p)+u?
L e Clu L} 0
u—u? Z
p’=[xa(p—1)+a] 172 T } (31
u2
p?=[xa(p—1)+a] In(1+u2)—?ln(1+u§) , (32
0

taken to be the same as those considered in the previotigspectively. By the substitutiad,=J/a, we transform Eq.

examples.

In the limit of low intensity ratio, i.e.u§<1, for bright
solitons, integrating Eq.21) by quadrature and substituting
boundary conditionau(«)=p(*)=0 and p(0)=0 yields
I/b=6—3x[6—a(p+ nﬂ)]u%. Substituting the expression
we have just found fof'/b into Eq. (21) yields

"__ US 2
u"==xla(p+nB)— 4] 5 U, (25

with u(0)=u, and u’(0)=0. The integration of Eq(25)
leads tou=ug secy= x[ a(p+ 7B) — 8]/2uyé}.

Next, we discuss the relation between spatial solitons in
biased photovoltaic PR crystals and both screening solitons
and photovoltaic solitons in the closed-circuit case. When

Kkei=0, i.e.,,a=0, andR=0, i.e., y=1, our physical system

becomes the physical system of previously studied screeni

solitons. In this case, substitutingy= C » into Eq. (15) leads
to

Cy
C1+u?

(26)

substituting Eq(18) and §=C into Eq. (20) leads to
+u?

2:+
== 1+u?

r
E(UZ—Ui)—Cnln : (27

and substituting Eq(23) and §=C into Eq. (24) leads to

r
p’==+ Buz—CnIn(1+ u?)

. (29

(30) to the following form:

Jp—u?
Ep=—1702 (33
where E,=E/a. By the substitution),=J/a and {=a¢
=x/d, whered=(*=2kg) *? is the characteristic length
scale[g=(k/nb)(1/2)ngreﬁEp], we transform Eqs(31) and
(32) to the following form:

2141 ut—u? | 1+uZ 34
2
~o 2 u 2
p?=(Jp+1)|In(1+u )—Fln(1+uo) : (39
0

n\%here p=du/d/. Equations(33)—(35) have the same di-

mensionless parameters and form as Et3), (26), and(29)
for a closed circuit in Ref[11], respectively, in which
photovoltaic solitons are discussed in photovoltaic-
photorefractive crystals without an external bias field for
both open and closed circuits.

Finally, we show the refractive index perturbation in bi-
ased photovoltaic PR crystals. Substitution of Ej.into |
=|A|? leads tou?=1/14,. Substituting Eq(15), and using

U2=1/1 4o into AN(E) = — 3ndr E yields

|
An=Ang+Angx(p+ 5B) dark

a(p+np) 1 gark”

whereAngy= %nﬁreﬁEp. The sign ofAn, cannot be changed
in a given material[13]. On the other hands may be
switched from a positive value to a negative value by chang-

Equationg27) and(28) have the same dimensionless param-ing the polarity of the external electric fie|&,9]. Some PV

eters and form as Eqél6) and(18) in Ref.[7], respectively,

materials(for example, BaTiQ possess PV constanig

in which screening solitons are discussed for biasedi.e., @) that change signs under polarization rotati@j.

nonphotovoltaic-photorefractive crystals whes 0. On the
other hand, in the absence of the external source,d=eQ,

When Any<0, 6>0, and |a(p+ 7B8)|<é<|a(p+278
+1)|, the photovoltaic nonlinearity that gives rise to spatial
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solitons can be switched from self-defocusing to self-effect and the spatially nonuniform screening of the external
focusing by adding the external electric field. Notice thatbias field. Screening solitons and PV solitons in the closed-
only the shape and not the sign Ah changes. Whed= circuit case can be obtained from these solitons. Subse-
—a(p+npB), changing the polarity of the external electric quently, we have shown that under the appropriate condition
field or rotating the polarization of the light enablés [la(p+ nB)|<6<|a(p+275B+1)|], the photovoltaic non-
=Ang. Whené>a(p+2756+1), the photovoltaic nonlin-  |inearity can be switched from self-defocusing to self-
earity can be switched from self-defocusing to self-focusingocusing by adding the external electric field, and under
by changing the polarity of the external electric field or by sirong bias conditiofs> a(p+278+1)], the photovoltaic
rotating the polarization of the light. nonlinearity can be switched from self-defocusing to self-

In conclugion, a theory on spat_ial solitons in closed-circuitfocusing by changing the polarity of the external electric
photorefractive-photovoltaic media has been developed th Id or by rotating the polarization of the light

gives rise to spatial solitons due to both the bulk photovoltaic
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