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Observation of dark photovoltaic spatial solitons
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We report on the observation of planar dark spatial solitons due to the bulk photovoltaic effect in
lithium niobate, with intensities of the order of 10 W/cm? and widths of approximately 20 um. Photo-
voltaic solitons display a characteristic tensorial dependence on their direction of propagation, on their
polarization, and on the orientation of the amplitude profile, with respect to the principal axes of the
crystalline medium. The index perturbation associated with a dark soliton persists in the dark, and it

can trap and guide a second beam.

PACS number(s): 42.65.Jx, 42.50.Rh, 42.65.Hw

Spatial solitons arising from the self-guiding of light
beams in Kerr and Kerr-like media have been investigat-
ed for three decades. A bright soliton, in which a beam
of light propagates without change in its transverse
profile, occurs when self-focusing due to the light-induced
change in the index of refraction balances diffraction
[1-5]; in Kerr media, the resulting positive index pertur-
bation is proportional to the intensity of the beam. A
dark soliton, in which a dark band, or notch, is superim-
posed on an otherwise uniform background illumination,
occurs when self-defocusing due to a light-induced index
change balances the diffraction of the notch [6-8]; in
Kerr media, the resulting negative index perturbation is
proportional to the intensity of the beam. A dark soliton
may be black, in which the intensity minimum is zero, or
gray, in which it is nonzero but less than the background
intensity [6,9]. Recent theoretical investigations have
also considered the case of saturable Kerr-like nonlineari-
ties and have predicted the existence of solitons in this re-
gime [10-12].

We report here the observation of photovoltaic spatial
solitons, which are predicted to occur in a medium with a
significant photovoltaic effect [13]. The optical non-
linearity responsible for soliton formation is due to the
transport of electronic charge dominated by the bulk
photovoltaic (photogalvanic) currents. Electrons are
photoexcited from impurity centers with momentum
preferentially directed along the ¢ axis of a ferroelectric
crystal, and are then trapped in different impurity
centers. The resulting space-charge distribution gives
rise to an index gradient through the electro-optic effect.
This index gradient is responsible for the self-guiding
needed to generate photovoltaic solitons. We examine
here LiNbO;, for which the photovoltaic effect results in
a negative index perturbation capable of supporting dark
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solitons. We investigate the specific case of dark planar
photovoltaic solitons, in which a dark notch is trapped in
one transverse dimension.

Photovoltaic solitons differ significantly from Kerr sol-
itons. The Kerr nonlinearity is a consequence of third-
order polarizability, which is represented as a fourth-
rank tensor [14,15]. The tensorial properties result in a
self-induced index profile that depends only on the inten-
sity and the polarization of light. In contrast, the photo-
voltaic nonlinearity results from charge transport and is
governed by the polarization of the incident light, the
third-rank photovoltaic tensor, the third-rank Pockels
tensor, and the gradient of the intensity profile. Conse-
quently, the self-induced index profile depends not only
on the intensity and polarization of light, as do Kerr soli-
tons, but also on the specific orientation of the intensity
profile, as Kerr solitons do not. We describe here a num-
ber of distinct features of planar photovoltaic solitons
that arise from these properties. For example, planar sol-
itons can be supported only when a component of the
gradient of the optical intensity is oriented along the ¢
axis, but cannot be supported when illumination is uni-
form in this direction. Furthermore, because the physical
mechanism responsible for solitons is the separation and
trapping of electronic charge, the index perturbation as-
sociated with the photovoltaic soliton persists in the dark
and may be used as a waveguide to trap a beam at an in-
sensitive wavelength.

Photovoltaic solitons are further distinct from solitons
supported by photorefractive media under the influence
of an applied electric field. When an applied field gen-
erates currents responsible for charge transport, at least
two types of solitons are possible: Quasi-steady-state
drift solitons result as a consequence of coupling between
constituent plane-wave components of the light beam
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[16—18]; these solitons are spatially nonlocal and occur
only within a specific transient time regime, disappearing
at steady state; their most distinct properties are trans-
verse profiles independent of intensity, and self-trapping
in both transverse dimensions. Screening solitons occur
at steady state and stem from nonuniform screening of
the applied electric field by trapped charge carriers
[19-21].

In contrast to earlier observations of dark solitons in
Kerr media such as gases [22,7] or semiconductors [8],
photovoltaic solitons arise from a nonlinearity that satu-
rates at sufficiently high intensities. When the back-
ground intensity is small in comparison to the intensity
required to generate photoconductivity equal to the dark
conductivity (equivalent dark irradiance), the index per-
turbation is approximately linear with intensity for a
given normalized amplitude profile; in this regime,
response time at room temperature is on the order of the
dark dielectric relaxation time. The observations
presented here are carried out in a regime where the max-
imal intensity of the beam (away from the dark notch) is
much larger than the equivalent dark irradiance, with a
response time equal to the illuminated dielectric relaxa-
tion time. The dark solitons reported here consist of
dark notches on an otherwise bright beam of finite extent
that does not broaden significantly along the direction of
propagation [7,22].

The index perturbations can be estimated by examina-
tion of the current equation which, neglecting diffusion,
can be approximated as [13]

j=eun ,BE+k(N —N 4)I(r)c, (1)

in which j is the vector current density; e is the electron
charge; u is the free-electron mobility; E is the electric
field; « is the photovoltaic constant; N is the number of
impurity centers; N , is the number density of negatively
charged acceptors that compensate for the ionized
donors; I(r) is the incident intensity at position r; c is the
vector orientation of the crystalline ¢ axis;
n,=s(I +1;)N—N,)/(yN,) is the free-electron con-
centration, in which s is the photoexcitation cross sec-
tion; y is the recombination coefficient; and I, is the dark
irradiance (i.e., the intensity of light required to generate
a photoconductivity equal to the dark conductivity).

To examine the dependence of the self-trapping effects
on the relation between the orientations of the intensity
gradient and the crystalline ¢ axis, we consider two orien-
tations of the dark notch in the intensity. In the first
orientation, the dark notch is oriented so that its intensi-
ty gradient is parallel to the c¢ axis [Fig. 1(a)]. When the
background illumination is sufficiently broad, this case
reduces to the problem of planar solitons in two dimen-
sions: the propagation dimension and the transverse di-
mension [13]. In the simplest case of planar solitons de-
scribed by a scalar nonlinear wave equation, when free-
carrier diffusion can be neglected and the limiting space-
charge field associated with the photorefractive medium
is large in comparison to the characteristic photovoltaic
field, we apply open-circuit boundary conditions (j=0)
and use the Pockels effect to show that the mathematical
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FIG. 1. Orientation with the index gradient (a) parallel to the
¢ axis and (b) perpendicular to the c axis.

form of the nonlinear index perturbation is that of a
saturable Kerr nonlinearity [13].

dn=al /(I+1;) . (2)

The constant a equals —ngrEp /2, in which n is the un-
perturbed refractive index, r is the effective electro-optic
(Pockel’s) coefficient, and Ep =kI"/(eun) the photovoltaic
field constant in which I'=yN, is the free-electron
recombination rate. The index perturbation is linear with
intensity (not saturated) only when the intensity is
significantly less than the dark irradiance. For an optical
field, A(x,z)exp[i(kz—wt)], which is polarized along the
¢ axis (x dimension) and propagates perpendicular to the
¢ axis (z dimension), and whose intensity gradient is
parallel to the c axis, the paraxial propagation equation
for the slowly varying amplitude A4,(x,z) is

9’4, 94, 26n(A4,)
+ k

ox? oz ng

24,=0 3)

and supports soliton solutions of the form
A, <u(x)expliyz) . (4)

Here, k is the wave number, o is the frequency, I=| 4, |?,
and u(x) is the normalized amplitude that propagates
without change and a phase accumulation of . The am-
plitudes, which have been examined in detail by Valley
et al. [13], are dark solitons whose symmetrically odd
transverse spatial profiles resemble the hyperbolic
tangent profile (a solution for defocusing Kerr nonlineari-
ties), but which cannot be described by well-known
analytical expressions. These solitons display the follow-
ing properties: a 7 phase step occurs at the location of
zero intensity; the width associated with the transverse
profile remains constant along the direction of propaga-
tion; the self-induced refractive index perturbation asso-
ciated with the dark soliton is positive in the dark region
with respect to the background index in the bright region
and is therefore capable of guiding a second beam (of
weaker power or a less sensitive wavelength), in a manner
similar to the guiding properties of dark Kerr solitons
[23]; and a given observable dark soliton width can occur
at two values of background intensities.

In the other orientation, the dark notch is oriented so
that its intensity gradient is perpendicular to the ¢ axis
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[Fig. 1(b)]. Becuase VXE=0 at steady state,

3E, JE, )
y ox

in which x is the dimension along the ¢ axis and y is the
other transverse dimension. For a sufficiently broad
background beam, with a narrow dark notch extending
laterally to the limits of the background beam, the elec-
tric field will be approximately translationally invariant
in the x dimension away from the limits, so that dE /dx
vanishes. Therefore, dE, /3y =0, so that the electric-field
component along the ¢ axis, E,, does not vary in the
direction of the intensity gradient. Away from the limits
of the background beam, we find that the intensity is
given by I (y) (so that the photovoltaic current is oriented
in the x directon but varies in the y dimension). Because
the transport is symmeric about the notch in the y dimen-
sion, and because V-j=0, we find that E, is constant, and
only when the effects of diffusion are included do we ob-
tain nonvanishing E, [13]. Diffusion fields do not cause
the self-focusing or self-defocusing effects described here
and are typically negligible in LINBO; [13]. Consequent-
ly, this orientation of the incident intensity profile cannot
support photovoltaic solitons. We expect these condi-
tions to be valid for this orientation when the width of
the dark notch is much less than the width of the back-
ground beam, and the corresponding electric field results
in a background index change.

Thus the tensorial nature of the photovoltaic and
electro-optic effects due to the noncentrosymmetric na-
ture of LiNbO, favors soliton propagation along a direc-
tion perpendicular to the crystalline ¢ axis, light polar-
ized along the c axis, and the gradient of amplitude
profile along the ¢ axis [13]. In this arrangement, the
electric field arising from the space-charge separation is
along the c axis, so that the refractive index perturbation
is proportional to the product of the strongest electro-
optic tensor element (r =r3;;) and the strongest photo-
voltaic tensor element (k=k33;). The refractive index
perturbation requires charge transport and therefore
occurs on slow time scales for LiNbO; (on the order of
minutes) and modest irradiances (watts per square cen-
timeter or less). The charge separation responsible for
the self-induced index perturbation persists in the dark
for a few dark decay times, which are typically the dark
dielectric relaxation times (on the order of years in some
LiNbO; samples).

We excite the dark soliton by introducing a phase step
across a beam of circular cross section and imaging it
onto the front surface of a sample LiNbO; to produce a
narrow dark notch. The beam propagates perpendicular
to the ¢ axis, and the variations in phase and in intensity
arising from the phase step occur along the c¢ axis. Prior
to formation of the index perturbation, the notch
diffracts, becoming wider at the exit face of the crystal.
As the refractive index variation associated with the soli-
ton forms, the notch narrows at the exit face of the crys-
tal. The resulting index perturbation forms a waveguide
that can be probed by launching a second beam into it.

The experimental arrangement (Fig. 2) consists of a
nominally undoped sample of congruent LiNbO;, a col-
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FIG. 2. Experimental arrangement.

limated continuous-wave argon-ion laser beam of 488 nm,
a glass microscope cover slip that can be adjusted by tilt-
ing to yield an arbitrary phase step across the beam, and
a telescope to image the collimated beam onto the front
crystal surface. All measurements are performed at room
temperature. The crystal is oriented with its ¢ axis per-
pendicular to the direction of the laser beam, and the
beam is polarized parallel to the c axis, as described
above. The beam profile is detected by a charge-coupled
device array and captured by a computer-controlled
frame grabber. For an average background intensity of
~10 W/cm?, we obtain steady-state measurements after
a 15 min exposure.

The tensorial nature of the photovoltaic defocusing
nonlinearity is illustrated in Fig. 3. A corner of a micro-
scope cover slip is inserted into the beam path, generating
both a horizontal and a vertical dark notch at the front
(input) surface of the crystal. Before the formation of the
index perturbation, the notches diffract similarly, as indi-
cated by the intensity profiles at the rear (output) surface
of the crystal [Fig. 3(a)]; also present are higher-order
diffraction fringes. At steady state, the nonlinearity
favors amplitude profile gradients oriented along the ¢
axis. Therefore, only the width of the horizontal dark
notch narrows, and the vertical notch continues to
diffract [Fig. 3(b)]. The index perturbation associated
with the horizontal notch is positive, and upon removal
of the cover slip, the perturbation can guide a portion of
a uniformly illuminating beam [Fig. 3(c)].

To generate planar solitons, an edge of the phase step
generates a dark notch that is spatially filtered in the
Fourier plane (to eliminate the higher orders generated
by the glass cover slip) and then imaged onto the front
surface of the crystal with a full width of ~20 um. The
power of the background beam is 20 mW, with an aver-
age intensity of 10 W/cm?. Observation of scattered light
normal to the direction of propagation allows us to ob-
serve the spatial evolution of the incident beam from the
side of the crystal. The spatial and temporal evolution of
the dark soliton are shown by side profiles in Fig. 4. Be-
fore the index perturbation associated with the soliton
forms, normal diffraction is clearly illustrated by the
widening of the input dark notch as it propagates
through the medium [Fig. 4(a)]. After soliton formation
the dark notch narrows within the first few millimeters of
the medium, and maintains a relatively uniform profile
through the remainder of the medium [Fig. 4(b)]. The
width of the trapped dark notch is approximately 15 um.
Some perturbation in the width does occur as it propa-
gates, but the perturbation is significantly smaller than
the diffraction that occurs before the perturbation forms.
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Beyond 3 cm self-defocusing associated with the back-
ground beam becomes significant, changing the back-
ground amplitude profile and therefore, to some extent,
the properties and size of the dark notch.

The data in Figs. 4(a) and 4(b) can be evaluated quanti-
tatively by examining intensity profiles taken from the
images. Because we are imaging through the volume of
the medium, the profiles do not represent the light in the
image plane but instead an accumulation of light scat-
tered by the full extent of the propagating beam. The
profiles may be examined to determine whether they
show diffraction or behavior indicative of soliton propa-
gation. The profiles corresponding to Fig. 4(a) are
shown in Fig. 5(a), illustrating significant diffraction from
the front surface of the medium. The profiles corre-
sponding to Fig. 4(b) are shown in Fig. 5(b), illustrating
that after 5 mm the propagating beam experiences little
diffraction. The profiles do show some evolution of the
soliton into a gray soliton.

0 mm 5mm 10 mm 15 mm

(a)

(b)

(c)

(d)
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(c) FIG. 3. Orientational behavior of dark pho-

tovoltaic solitons for a 1X1X 1 cm?® sample of
congruent LiNbO;. The background beam di-
ameter is ~ 1.4 mm and the average intensity
is ~2 W/cm?. Shown are (a) the initial inten-
sity distribution in the output plane when the
corner of the cover slip is in the beam path; (b)
intensity distribution at steady state; and (c) in-
tensity distribution after removal of the cover
slip immediately after steady state.

The waveguide associated with the dark soliton can be
probed by launching a second beam into it. To illustrate
this property, we generate a dark soliton by 488-nm light
with a dark notch. Then we use the resulting waveguide
structure to guide a second beam of a different wave-
length. Observation of the waveguide structure formed
by the dark soliton is made with a second line of the ar-
gon laser operating at 514 nm, which enters the beam
path after the phase step. Although LiNbO; is somewhat
less sensitive at 514 nm than 488 nm, we examine the
waveguide with the 514-nm beam for relatively brief time
intervals (seconds) to avoid perturbation of the soliton
during data acquisition. We again observe from the side
of the crystal the scattered light due to the propagating
beam. Before soliton formation, diffraction is illustrated
by the widening of the beam as it propagates through the
crystal [Fig. 4(c)]. When the positive index perturbation
generated by a dark soliton is present, the beam narrows
within the first few millimeters of the medium, and main-

20 mm

FIG. 4. Properties of a soliton launched
into a 1X5cm? sample of congruent
LiNbO;. The diameter of the background
488-nm beam is ~0.6 mm, and the average in-
tensity is ~10 W/cm? A mosaic of the side
view of the 488-nm beam with a phase step is
shown (a) for the initial condition before soli-
ton formation and (b) at steady state after soli-
ton formation. A corresponding mosaic of the
side view of a separate 514-nm beam launched
collinear to the 488-nm beam is shown (c) be-
fore soliton formation and (d) as guided by the
index perturbation left behind by the 488-nm
soliton. The images are obtained at 5-mm in-
tervals and show a width of 800 um.

)

500 um
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FIG. 5. Profiles of a soliton launched into a 1X1X5 cm?
sample of congruent LiNbO;. The diameter of the background
488-nm beam is ~0.6 mm, and the average intensity is ~ 10
W/cm? Profiles of the side view of the 488-nm beam with a
phase step are shown (a) for the initial condition before soliton
formation and (b) at steady state after soliton formation.
Profiles of the side view using a separate 514-nm beam are
shown (c) before soliton formation and (d) as guided by the in-
dex perturbation left behind by the 488-nm soliton. The images
are obtained at 5-mm intervals.

0.5cm

tains a relatively uniform profile through the remainder
of the medium. Such waveguides persist in the dark [Fig.
4(d)]. The waveguide used to guide the 514-nm beam il-
lustrated here is the same index perturbation responsible
for the soliton in Fig. 4(b). The waveguide structure has
been observed to persist for a minimum of 39 h in the ab-
sence of continuous illumination, and is expected to have
a lifetime corresponding to the dark decay time in the
sample, which can be on the order of months to years in
LiNbO;. With continuous illumination at most visible
wavelengths, however, the waveguides formed by photo-
voltaic solitons eventually decay in the absence of a suit-
able fixing mechanism.

The profiles of the second wavelength may also be ex-
amined to determine whether they show diffraction or
guiding. The profiles corresponding to Fig. 4(c) are
shown in Fig. 5(c), illustrating significant diffraction from
the front surface of the medium. The profiles corre-
sponding to Fig. 4(d) are shown in Fig. 5(d), illustrating
guiding of the launched beam after a soliton has been
formed at the initial wavelength.
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We have observed soliton behavior within an intensity
range of 10 mW/cm? to 10 W/cm?, above which we ob-
served optical degradation in the form of large perturba-
tions in the background intensity. The widths do not
vary significantly over the range of intensities investigat-
ed, and fall within the range of 20 to 30 um. Although
the intensity is significantly larger than the dark irradi-
ance, the observed soliton widths are comparable to the
soliton widths predicted for intensity comparable to dark
irradiance [13]. The dark notch does not broaden with
increasing intensity (as expected from the theory [13]),
but instead became grayer. This effect may be due to per-
turbations at the front surface or perturbations within the
medium, which prevent the notch from being completely
dark and therefore prevent the nonlinearity from saturat-
ing appropriately [13]. The behavior of these perturba-
tions may be further linked to severe beam degradation at
high intensities, as originally observed by Ashkin et al.
[24]. Further theoretical and experimental investigation
is required to determine the impact of the finite beam size
on the nonlinear dynamics, the difference between open
and closed circuit boundary conditions, the impact of
different dark irradiances through techniques such as
temperature variation to change the dark conductivity
directly or illumination with incoherent light to control
effective dark conductivity, and the behavior of grey soli-
tons in a defocusing photovoltaic medium.

In summary, we have observed dark planar spatial soli-
tons in a photovoltaic-photorefractive medium. The pho-
tovoltaic solitons exhibit tensorial and orientational prop-
erties manifested in the dependence of their shape and
size on their polarization, direction of propagation and
gradient of the amplitude profile, with respect to the
principal axes of the crystalline photovoltaic medium.
We have shown that the photovoltaic solitons are capable
of guiding beams at less sensitive wavelengths and there-
fore may be used for producing waveguides in the interior
of bulk media.
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FIG. 3. Orientational behavior of dark pho-
tovoltaic solitons for a 1X1X 1 cm® sample of
congruent LiNbO;. The background beam di-
ameter is ~ 1.4 mm and the average intensity
is ~2 W/cm?, Shown are (a) the initial inten-
sity distribution in the output plane when the
corner of the cover slip is in the beam path; (b)
intensity distribution at steady state; and (c) in-
tensity distribution after removal of the cover
slip immediately after steady state.
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FIG. 4. Properties of a soliton launched
into a 1X5cm? sample of congruent
LiNbO;. The diameter of the background
488-nm beam is ~0.6 mm, and the average in-
tensity is ~10 W/cm’. A mosaic of the side
view of the 488-nm beam with a phase step is
shown (a) for the initial condition before soli-
ton formation and (b) at steady state after soli-
ton formation. A corresponding mosaic of the
side view of a separate 514-nm beam launched
collinear to the 488-nm beam is shown (c) be-
fore soliton formation and (d) as guided by the
index perturbation left behind by the 488-nm
soliton. The images are obtained at 5-mm in-
tervals and show a width of 800 um.



