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Optically induced photovoltaic
self-defocusing-to-self-focusing transition
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We show theoretically and experimentally that the photovoltaic nonlinearity that gives rise to spatial solitons
can be switched from self-defocusing to self-focusing (or vice versa) by use of background illumination. This
raises the possibility of bright photovoltaic solitons in LiNbO3.  1998 Optical Society of America
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Optical spatial solitons, in particular photorefractive
(PR) solitons,1 – 9 have been investigated extensively in
the past few years. PR solitons are formed when an
optical beam creates a nonuniform charge distribu-
tion that gives rise to a space-charge field, E, in the
crystal. By means of the Pockels effect this field cre-
ates a refractive-index change Dn ~ E. Here we fo-
cus on photovoltaic (PV) solitons, which are formed in
unbiased PR media that exhibit a strong bulk photo-
voltaic effect.5 – 8 In these crystals in an open-circuit
configuration, the index change is Dn  Dn0sIyIddy
f1 1 sIyIddg, where I sxd is the beam intensity, Id is the
natural dark irradiance, Dn0  2s1y2dnb

3reffEp, and
Ep  keffysqmtrd is the maximum attainable PV field,
where keff is the effective PV constant, q is the elec-
tron charge, m is the electron mobility, and tr is the re-
combination time.5,7 Dark PV solitons that arise from
such Dn were recently observed6,9 in LiNbO3, in which
Dn0 , 0. There are two differences between the PV
Dn and the screening soliton Dn. First, for screening
solitons the sign of Dn0 is controlled by the polarity
of the applied field.2 For PV solitons the sign of Dn0
cannot be changed in a given material because it is de-
termined by the sign of the product sreffkeffd, which is
fixed given the wavelength and the polarization of the
beam. Second, adding a background beam of inten-
sity Ib for screening solitons merely increases the back-
ground density of free carriers, which is equivalent to
an increase in Id by Ib.2 (In all bright screening soli-
ton experiments Ib is used to fine-tune the nonlinearity
and avoid the necessity of high applied f ields.3,4) On
the other hand, for PV solitons, adding a background
beam brings about new effects because it adds a term
in the PV current. The problem of using background
illumination of the same polarization as that of the fo-
cused beam10 was solved recently.8 In an open circuit,
in which one-dimensional beams lead to J  0 every-
where in the crystal, the nonlinearity saturates to Dn0
for Ib .. Id. In a short circuit, in which the crystal
is connected to an external load of zero resistance, the
background beam effectively increases the Id by Ib, giv-
ing a refractive-index change Dn  Dn0IysIb 1 Id 1 I d.8

Here we show theoretically and experimentally that,
if the focused and the background beams are orthogo-
nally polarized, and if the crystal is not connected to
an external resistor (open circuit), then the refractive-
index change can reverse its polarity (e.g., from self-
0146-9592/98/120924-03$15.00/0
defocusing to self-focusing). In the short circuit this
polarity reversal transition does not occur.

We start with the rate and continuity equations and
Gauss’s law in a PR medium with electrons as the
sole charge carriers, plus the scalar wave equation
for the optical field Eopt  Asx, zdexpsikz 2 ivtd 1 c.c.
sk  2pnbyld. Asx, zd is the slowly varying amplitude.
The crystal is illuminated uniformly by a background
beam of intensity Ib, which is polarized normally to the
soliton. In steady state the equations are5– 8
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where Dn  2nb
3riijEy2 is the refractive-index

change, z is the propagation axis, and x is the trans-
verse coordinate. Here n is the electron density,
Nd

i is the density of ionized donors, J is the total
current density, E is the space-charge f ield in the
crystal. Relevant crystal parameters are Nd, the
total donor density; NA, the density of negatively
charged acceptors; s, the photoionization cross section;
g, the recombination coefficient str  1ygNAd; ´s, the
low-frequency dielectric constant; kB , Boltzmann’s con-
stant; T , the temperature; m; and reff . In Eqs. (1)–(4)
we assume that the polarization of the focused beam
is in the ĵ crystalline direction, giving rise to a PV
current in the î direction via kijj , and that the polar-
ization of the background beam is in the î direction,
giving rise to a current in the î direction as well but
via kiii. The ratio k  kiiiykijj can attain any value
when the crystalline î and ĵ axes are not related by
symmetry. In our LiNbO3 crystal, at l ø 0.5 mm,
kiii . kijj .11 In Eqs. (1)–(4), J  Jî and E  Eî.
Ohm’s law yields V  2

R11/2
21/2 Edl  RSJ, where

V is the potential between the crystal’s electrodes
separated by l, S is the surface area of the electrodes,
and R is the external resistance.7
 1998 Optical Society of America
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We seek stationary solutions of A  usxdexpsiGzdp
Id 1 Ib sG  reald, where usxd is real. The analysis

is simplified because in typical PR crystals n ,,

hNA, Nd
ij ,, Nd.2,4 – 8 As is justified in Ref. 7, we

neglect the = ? E term from Eq. (3) and the diffusion
term KBTm=n from Eq. (2) (which we can verify after
obtaining E and the soliton solution for A). Thus we
obtain Nd

i ø NA from Eq. (3) and use it and Nd 2
NA ø Nd in Eq. (1) to get n ø ssNdygNAd sI 1 Id 1 Ibd.
Substituting for n in Eq. (2), we obtain

E ø
J 2 kijjsNdsI 1 kIbd

qms Nd
NAg sI 1 Ib 1 Idd

. (5)

This expression for E and the corresponding Dn
apply not only for solitons but also to evolving beams
as long as the z variation of A is much slower than the
x variation. We now examine solutions for open and
short circuits separately.

Open Circuit. When J  0, Eq. (5) reduces to

E  2
NAgkijj sI 1 kIbd
qmsI 1 Ib 1 Idd

. (6)

From Eq. (6) one can retrieve Eq. (14) of Ref. 8 (ob-
tained for both beams with the same polarization) by
setting k  1. In that case E and therefore Dn satu-
rate to a constant value that does not depend on x if
Id ,, Ib. Essentially, the two beams are equivalent to
one beam whose intensity is shifted upward by a con-
stant value (leaving no dark areas). As long as the
total intensity, I sxd 1 Ib, is much larger than Id every-
where in the crystal, it sets up a uniform electric f ield
equal to Ep, irrespective of the beam profile. On the
other hand, when Ib  0 we retrieve Dn  Dn0I sxdy
fI sxd 1 Idg.5,7 Setting k  1 1 d in Eq. (6) yields

E  2
NAgkijj

qm

µ
1 1

dIb 2 Id

I 1 Ib 1 Id

∂
. (7)

We neglect Id (because typically Ib .. Id) in Eq. (7) to
obtain an index change that contains a constant term
and a term that depends on I sxd:

Dn  Dn0 1 Dn0IbdyfIsxd 1 Ibg , (8)

where Dn0  nb
3riijNAgkijj ys2qmd. To explain these

effects we plot Dn  Dn0I sxdyfI sxd 1 Idg (the Ib  0
case) and Dn of Eq. (8) for the Gaussian-like I sxd of
Fig. 1(a) and for Dn0 , 0. The Ib  0 [Fig. 1(b)] case
gives rise to self-defocusing, which turns into self-
focusing [Fig. 1(c)] on the addition of an orthogonally
polarized background beam. Notice that only the
shape and not the sign of Dn changes; i.e., Dnsxd , 0
for all x in both cases. This is the expected result
for LiNbO3, in which Ib  0 always results in self-
defocusing and Dn0 , 0. However our result is gen-
eral and applies also to the opposite case: If the
nonlinearity is of the self-focusing type for Ib  0 (i.e.,
Dn0 . 0), then adding the background beam turns Dn
into a self-defocusing nonlinearity. This transition is
possible only when k . 1 sd . 0d and dIb . Id, as is evi-
dent from Eq. (7). In principle, one can always choose
the two polarizations such that k . 1 as long as the two
PV constants differ from each other.

We substitute Dn of Eq. (8) into Eq. (4), solve for
bright solitons (as in Ref. 7), and obtain the soli-
ton existence curve of Fig. 2. The existence curve
shows Dj, the intensity FWHM normalized by d 
fknbsjriij Epjdg21, as a function of u0 ; usx  0d. No-
tice that this curve gives a unique relation between
Dj and u0 that resembles that of the screening soli-
tons.2 Intuitively, Ib establishes a uniform electric
field across the crystal that is screened nonuniformly,
giving rise to bright solitons. The inset in Fig. 2
shows the calculated soliton profile for u0  0.1.

Experimentally, we launch a 14-mm FWHM ordi-
narily sod polarized beam sl  488 nm, nb  2.27d into
our 1-cm-long Fe-doped LiNbO3 crystal, in which we
measure (by interferometry) Ep  66 kVycm. We add
an extraordinarily sed polarized background beam sIbd
that copropagates with the focused beam. To elimi-
nate fanning on Ib we use a fast-rotating diffuser
to make it spatially incoherent. Typical results are
shown in Fig. 3. The input beam of Fig. 3(a) diffracts
to a FWHM of 72 mm at the output [Fig. 3(b)] at
t  0 (before the space-charge field is formed). With
Ib  0, the beam becomes self-defocused when E
reaches steady state [Fig. 3(c)], broadening to ,4
times its regular-diffraction output. When we add the
e-polarized Ib and repeat the experiment we observe
that the focused beam goes from self-defocusing to
self-focusing: First it narrows to its regular diffrac-
tion size and then it further self-focuses to a steady
state of 35 mm FWHM shown in Fig. 3(d). The left-
hand portion of the beam in Fig. 3(d) is diffusive, and
its structure is not fully symmetric, as expected from
solitons. The peak intensity of the incident focused
beam, I0, is 0.8 mWycm2, and Ib  0.7 mWycm2. We
repeat the experiment with I0  0.4 mWycm2 and ob-
serve that the output beam breaks into two, of which
the FWHM of the stronger beam is 29 mm [Fig. 3(e)].
The data points of Figs. 3(d) and 3(e) are marked on
Fig. 2. We conducted numerous experiments in which
u0 is fixed at the value of Fig. 3(d) and the width of the
input beam varies between 14 and 25 mm (these points
are marked by the crosses in Fig. 2). The point corre-
sponding to Fig. 3(d) is expected to support ,20-mm
solitons but, experimentally, points with widths of

Fig. 1. (a) Beam profile. (b) Self-defocusing Dn for Ib 
0. (c) Self-focusing Dn when an orthogonally polarized
background beam is added. Here Dn0 , 0 (as in LiNbO3).
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Fig. 2. Soliton existence curve for open-circuit bright
photovoltaic solitons, showing the normalized FWHM as a
function of u0. Inset, beam profile for u0  0.1. Crosses,
experimental data points.

Fig. 3. (a) 14-mm FWHM input beam. (b) Regularly
diffracting 72-mm output beam at t  0 (before E forms).
(c) Self-defocused output with Ib  0. (d) Self-focused
35-mm output beam with an orthogonally polarized back-
ground beam; I0  0.8 mWycm2 and Ib  0.7 mWycm2.
(e) Same as (d), except that I0  0.4 mWycm2. (f ) Output
beam when both beams are e polarized; I0  0.9 mWycm2

and Ib  0.7 mWycm2. The output beam in (f) shows little
change from that in (b) (it self-focuses to 55 mm).

20 mm and larger exhibit breakup (at this u0 value).
In this sense the fact that the self-focusing of the
14-mm beam of Fig. 3(d) does not fully compensate for
diffraction agrees with the theory, but the breakup
of a broader beam at this u0 value does not. We at-
tribute this result to the fact that the e-polarized Ib
experiences self-focusing (which we observe in all our
experiments) that is much stronger than that of the
o-polarized focused beam, because r33 > 3r13, thereby
deviating from the theoretical assumption that Ib
is uniform. Therefore we believe that bright photo-
voltaic solitons in LiNbO3 can be generated only in
crystals in which k311 . k333,11 for which the focused
beam should be e polarized and the o-polarized Ib is
almost unaffected by the induced lens, as for screen-
ing solitons in strontium barium niobate.4 We now
test the prediction that, when both beams have the
same polarization, Dn becomes a constant. We launch
both beams as e polarized with Ib  0.7 mWycm2 and
I0  0.9 mWycm2. The steady-state result shown in
Fig. 3(f) reveals that the output beam is slightly self-
focused (from 72-mm regular diffraction to 55 mm). A
similar result is obtained when both beams are o polar-
ized. The small self-focusing with parallel polariza-
tion cannot be explained from Eq. (8) with d  0 sk  1d
but seems related to the partial guidance of Ib by the
lens induced by I sxd.
Short Circuit. For a short circuit a net current
is f lowing through the crystal. Equation (6) yields
E  2sgNAkiiiyqmd h1 1 fsdIb 2 JyskijjsNddgysI 1 Ibdj.
Comparing this equation and Eq. (7) reveals that
the transition to self-focusing can occur only for
current densities lower than a threshold current
Jth  sdNdIbkjjj . We evaluate the current by substi-
tuting E of relation (5) in Ohm’s law and setting R  0
(short circuit). Approximating the beam profile to be
a square7 gives J  kiiisNdIb. Using J in relation
(5) yields Dn  Dn0IysIb 1 Id 1 I d. This is a self-
defocusing Dn, giving rise to dark PV solitons (with the
effective dark irradiance increased from Id to Ib 1 Id).
Thus the self-defocusing-to-self-focusing transition is
not possible for a short circuit. On the other hand, the
increase in the effective Id facilitates control over Dn
in a manner similar to that of screening solitons.2,4

In conclusion, we have shown that a strong
sdIb . Idd uniform-background beam copropagating
with the focused beam in an open-circuit photovoltaic
crystal induces a polarity reversal of the nonlinearity
when the beams are orthogonally polarized. The re-
sult is self-focusing in PV LiNbO3 and should support
bright PV solitons in LiNbO3.
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