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Rogue waves are observed as light propagates in the extreme nonlinear regime that occurs when
a photorefractive ferroelectric crystal is undergoing a structural phase transition. The transmitted spatial
light distribution contains bright localized spots of anomalously large intensity that follow a signature
long-tail statistics that disappears as the nonlinearity is weakened. The isolated wave events form as
out-of-equilibrium response and disorder enhance the Kerr-saturated nonlinearity at the critical point.
Self-similarity associable to the individual observed filaments and numerical simulations of the generalized
nonlinear Schrödinger equation suggests that dynamics of soliton fusions and scale invariance can
microscopically play an important role in the observed rogue intensities and statistics.
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Processes that lead to long-tail statistics are of great
interest in physics because they allow the observation of
events with giant amplitudes that would otherwise be truly
rare and unobservable in systems that follow standard
distributions. This typically occurs in phenomena that
manifest complex dynamics, such as in the appearance
of earthquakes in plate motion or in large-scale breakdowns
in networks. Long-tail statistics are also observed in
waves, in which case the giant perturbations with extreme
amplitudes are known as “rogue waves.” Originally studied
in ocean dynamics, they have now been observed in a
variety of different wave-supporting systems where, how-
ever, their origin and properties are largely unknown [1–3].
In particular, long-tail statistics have been observed in
optical systems, from nonlinear light pulse propagation in
optical fiber [4–7] to dissipative cavities [8–11]. In the
latter, a key role in rogue wave formation in the temporal
domain seems to be played by the onset of a chaotic,
turbulent, and unstable dynamics [12,13]. Interestingly,
also in spatially extended systems, instabilities have been
shown to lead to rogue events in the transverse plane of
the optical light beam [14–18]. Here, the presence of
blocked or induced disorder [14] or, generally speaking,
of an interplay between a nonequilibrium state and a
nonlinear mechanism [15], appears a crucial ingredient to
extreme event generation, providing interaction and cou-
pling of different spatial regions [16]. Recent findings have
further highlighted the role of randomness showing that,
even in the apparent absence of a nonlinearity, random field
synchronization can trigger the onset of extreme spatiotem-
poral events [19].
The central role of disorder seems to rule out

rogue waves in systems that form the technological basis
of photonics, that is, optical crystals with χ2, χ3, and

photorefractive response, since a stochastic component is in
principle absent [20]. To date, no rogue waves have ever
been detected in any of these crystals. Considering photo-
refractives, disorder is known to play a minor role in light
dynamics in standard crystal phases [21]. In turn, recent
experiments have shown that when a photorefractive
ferroelectric is supercooled to its Curie point, long-range
fluctuations lead to a transient out-of-equilibrium state
characterized by reorienting polar nanoregions that affect
light through a strongly enhanced electro-optic response
capable of supporting scale-free optics and antidiffraction
[22–26]. In these conditions, characterized by disorder and
nonlocality in light self-interaction, the complexity of
multisoliton spatial dynamics has also been predicted [27].
In this Letter we observe spatial rogue waves in photo-

refractive crystals of potassium-lithium-tantalate-niobate
(KLTN) [28]. The localized and anomalously intense light
spots form when the crystal is biased at the ferroelectric
phase transition, where optical Kerr-saturated nonlinear
propagation is affected by huge stochastic response. The
extreme-amplitude events belong to a long-tail statistics
and are detected only as the crystal is kept at its critical
point. Rogue waves become unobservable as the non-
linearity is weakened, and this suggests that, in our system,
it is the combination of disorder and giant nonlinearity that
triggers the onset of the normally ultrarare perturbations.
Light propagation at the phase transition is investigated

focusing cylindrical Gaussian beams (λ ¼ 532 nm,
P ¼ 0.1 mW, FWHM ¼ 8 μm) on a photorefractive
nanodisordered crystal of KLTN, K1−αLiαTa1−βNbβO3,
with α ¼ 0.04 and β ¼ 0.38, illuminated through uniform
background intensity Ib. The zero-cut optical quality
specimen is 2.4ðxÞ × 2.0ðyÞ × 1.7ðzÞ mm sized and presents
the paraelectric to ferroelectric phase transition at the
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room-temperature Curie point TC ¼ 294 K, measured and
characterized using low-frequency dielectric spectroscopy.
In our experiment, we keep the KLTN crystal at T ¼
TC þ 1 K through a Peltier junction; then, an external static
electric field is applied along the x direction, parallel to the
polarization of the propagating beam [Fig. 1 (left)], via an
applied voltage V ¼ 500 V. In the proximity of TC, an
electric field larger than the coercive field is able to induce
ferroelectric ordering (field-induced transition) [29–31].
The crystal manifests a temperature gradient in the vertical
y direction caused by the setup geometry [as in Fig. 1 (left)
the Peltier junction is placed on the bottom facet and the
thermal capacity is large in proximity of TC]. Launching a
z-directed beam with a spatial extension in the y direction
hence allows the inspection of light propagation for
different temperature regimes in a single experiment.
The nonlinear beam propagation is explored detecting
the transmitted beam intensity distribution through an
imaging system and a CCD camera. Results indicate a
strong dependence on the local temperature. In fact, the
spatial scale of the thermal gradient (≈300 μm) is such that
three qualitatively different regimes of light propagation
can be identified, as shown in Fig. 1 (right). When the
crystal is warmer the bias field is too weak to induce the
ferroelectric transition and the local phase remains
paraelectric; here modulation instability associated with
the strong photorefractive response governs nonlinear
dynamics, breaking, along the initially symmetric y
direction, the beam into a periodic pattern of (2þ 1D)
beams and inhibiting (1þ 1D) soliton formation [32–34]
[Fig. 1(a)]. When the crystal is slightly colder, ferroelectric
ordering occurs and light transmission is inhibited by
critical opalescence [Fig. 1(c)]. Between these two con-
ditions we find propagation associated with the coexistence

point, corresponding to an effective local temperature that
is exactly TC. In this case, a disordered index of refraction
pattern forms over spatial scales comparable with λ,
introducing scattering and fragmentation in the nonlinear
propagation, with the formation of narrower interacting
filaments. What emerges is a disordered output intensity
distribution Iðx; yÞ with micrometric spots of various
intensity that is “specklelike” [35].
In order to study the statistical properties of the speckle-

like intensity pattern, we first quantify the intensity
fluctuation amplitude in the spatial light distribution
introducing the deviation ½Iðx; yÞ − hIi�=hIi from the
spatial mean value hIi. Large deviations are observed in
the disordered output of this highly nonlinear regime with
the appearance of bright micrometric spots of extreme
intensity. In Figs. 2(b)–2(c) we report, as an example,
two measured specklelike outputs with the associated
fluctuations along a y direction in the insets; in Fig. 2(c)
we show an instance of an extreme event, spatially
localized, with a peak intensity of approximately twenty
times larger than the averaged intensity. The measured
transverse dimension (FWHM) of this exceedingly bright
microbeam is 3 μm. Further analysis reported hereafter
indicates this event as a rogue wave.
The disordered pattern with rogue fluctuations is

observed at steady state after an initial transient stage that
lasts t ≈ 10 s for the μW beam power used. During the
transient, the beam diffracts in an inhomogeneous setting,
associated with linear sample disorder, as it reaches the
crystal output facet. The typical spatial distribution in this
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FIG. 1 (color online). Nonlinear beam propagation in photo-
refractive KLTN when an external electric field induces the
ferroelectric phase transition. (left) Sketch of the experimental
geometry and (right) different local propagation regimes selected
by the thermal gradient. Transmission microscopy images
revealing (a) modulation instability, (b) specklelike propagation,
and (c) critical opalescence.
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FIG. 2 (color online). Light intensity distribution transmitted
through the biased photorefractive crystal exactly at critical
condition. (a) Disordered pattern in the weakly nonlinear regime
with the inset showing spatial intensity fluctuations along the red
dashed y line. (b)–(c) Specklelike pattern in the highly nonlinear
regime, where the effect of large intensity fluctuations strongly
affects the nonlinear dynamics. (c) An observation involving a
bright spot with extreme intensity (approximately 20 times the
averaged intensity), specified as rogue event.
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“weakly” nonlinear regime is shown in Fig. 2(a), with the
inset showing the smaller intensity fluctuations in this
condition. This regime is superseded at subsequent times
by the appearance of modulation instability and breakup,
where disorder appears to have a dynamic and strongly
amplified effect on light, which then leads to the final
steady-state highly nonlinear regime, at t ≈ 100 s, where
rogue waves are detected. This transient nature is related to
the physics of the photorefractive nonlinearity, which
involves a buildup of a photogenerated space-charge field,
so that the beam-induced index of refraction modulation
accumulates in time. Once the steady condition has been
reached, the beam continues to experience stationary
continuous spatiotemporal fluctuations associated to the
nonequilibrium features and long-range correlations in
the refractive index at the Curie point. So we observe
the specklelike pattern to vary dynamically under the action
of different disorder configurations [27].
In fact, we have acquired a large set of uncorrelated

images (approximately 103) in the same experimental
conditions but with different intrinsic disorder landscapes.
Histograms of the intensity values in a transverse region of
the image for linear and nonlinear propagation then allow
us to measure the corresponding probability distribution
functions PðIÞ. Results are shown in Fig. 3, where the
intensity statistics observed for the highly nonlinear speck-
lelike pattern is compared to that observed for the weakly
nonlinear regime. In both cases the incoherent part is
of the order of the background intensity Ib and is not
shown [35]. Long-tail statistics characterize the steady-state
highly nonlinear condition, as reported in Fig. 3(a). The
experimental behavior strongly deviates from a Gaussian
distribution, which implies a decay according to PðIÞ ¼
expð−I=hIiÞ=hIi that we have evaluated with the measured

hIi value (orange line) [14,35]. In particular, the observed
intensity distribution is well fitted by a stretched exponen-
tial decay (blue line) in the form of PðIÞ ¼ exp ð−cIb − aÞ.
The stretching parameter b quantifies the deviation from
Gaussianity and long-tailed behavior is indicated by b < 1
[36]. We obtain b ¼ 0.65� 0.02, demonstrating that
extreme intensity occurs with heavy probability. To further
analyze the “rare” events, we calculate the significant wave
height, defined as the mean amplitude of the highest one
third of detected waves. Events of amplitude exceeding at
least by a factor of 2 this value are commonly referred to as
rogue waves (hydrodynamic threshold) [2,3]. Setting the
threshold in Fig. 3 (green dotted line) we identify a large
number of events as spatial rogue waves, among which is
the one reported in Fig. 2(c). The extension of such
oceanographic criterion, which is associated to the wave
amplitude, to our optical system, where we observe the
envelope intensity pattern, is here validated by the fact that
the threshold approximately coincides with the end of the
normal statistics. Taking several recorded extreme events,
we then consider the spatial point at which they appear
to achieve information on the role of anisotropic field
effects in their generation. Counts as a function of the
peak transverse x position are reported in the inset of
Fig. 3(a); the distribution is qualitatively centered near the
beam averaged midpoint (blue reference line) without a
shifted prevailing component. This means that in our
system the effect of self-bending, associated to diffusive
and displacement fields, plays a negligible role in the
emergence of rogue waves. This is an intriguing finding
since these effects are, in the spatial domain, the counter-
part of Raman shift in optical fiber propagation [37] and
rogue temporal events are usually associated with the most
redshifted soliton in supercontinuum generation [38–41].
Here, the spatial lateral shift (along x) is observed for the
whole beam profile and it amounts approximately to 20 μm
at the crystal output. Results in the weakly nonlinear regime
are reported in Fig. 3(b). The statistical distribution loses its
long tail in this case, showing only a small deviation from
the Gaussian behavior, evaluated as previously (red line).
For comparison with the highly nonlinear case, we fit
the detected data with PðIÞ ¼ exp ð−cIb − aÞ (magenta
line). The stretching exponent is now close to one,
b ¼ 0.99� 0.07, confirming the normal scenario. This
fact is quite interesting since it implies that, through the
strength of the nonlinear interaction, long-tail statistics can
be deterministically generated and controlled. It also
associates a fundamental role to the nonlinear response
in the appearance of rogue waves.
To grasp the origin of each single rogue event and

how the amount of nonlinearity can affect microscopically
its formation, we perform a numerical ð2þ 1ÞD split-step
Fourier method analysis of the generalized nonlinear
Shrödinger equation describing the paraxial spatial
evolution of the optical field envelope Aðx; y; zÞ in
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FIG. 3 (color online). Intensity distribution statistics. (a) Long-
tail statistics in the highly nonlinear regime: experimentally
revealed (black circles), fitting function (blue line), and consistent
Gaussian distribution for comparison (orange line). The inset
shows the spatial x position of several observed rogue events
(bottom) with the corresponding counts histogram (top).
(b) Gaussian statistics in the weakly nonlinear regime: exper-
imentally revealed (blue circles), fitting function (magenta line)
and consistent Gaussian distribution for comparison (red line).
The vertical green dotted lines indicate the rogue waves (RW)
thresholds.
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centrosymmetric photorefractive media. Considering the
leading terms in the model, the nonlinearity contains a
Kerr-saturated component and a saturated Raman-like
component due to the charge diffusive field and reads [32]

i∂zA ¼ −
1

2k
∇2⊥Aþ k

n
ΔnðĪÞA; ð1Þ

ΔnðĪÞ ¼ 1

2
n3gε20χ

2

�
E2
0

ð1þ ĪÞ2 − a
∇Ī

ð1þ ĪÞ2
�
: ð2Þ

Here, Ī is the intensity normalized to the background
(Ī ¼ jAj2=Ib), k ¼ 2πn=λ the wave number, n the refractive
index, a the diffusive nonlinear parameter, E0 ¼ V=lx the
bias field and χ the dielectric susceptibility, coupled to the
electric field via the electro-optical coefficient g. Following
previous studies in the temporal domain [38], the regime of
intense filament formation was found from Eqs. (1) and (2),
adding a spectrally random seed noise to the input Gaussian
beam. Scattering during propagation was found numeri-
cally to not alter these single rogue wave kinematics and
only weakly affect the high-intensity statistical properties
of the field, and was rendered negligible. This means that,
although in experiments turbulence associated to the out-
of-equilibrium state of the medium is a key ingredient to
trigger extreme events, in numerics, where such turbulence-
mediated disorder is absent, input disorder amplification
is sufficient to generate rogue waves. The values of the
parameters are selected so as to match those for the KLTN
sample and optical setup, except for χ, that is the parameter
through which we fix the strength of the nonlinearity. In
details, we have Ī ¼ 30, n ¼ 2.4, g ¼ 0.16 m2=C4, E0 ¼
2 × 105 V=m and a weakly intensity-dependent absorption
is used, with average value α ¼ 2 cm−1; moreover, the
susceptibility χ is known assuming local giant values, of the
order of 105, during the phase transition in similar photo-
refractive ferroelectric crystals [26,31]. Results are in good
agreement with the experimental kinematics of intense
light filaments and show how, due to the strong nonlinear
response, instabilities grow up during propagation even-
tually leading to the breaking of the beam waveform. We
are able to identify two distinct regimes increasing the
nonlinearity: the first condition precedes the onset of
modulation instability, while the second is characterized
by randomic solitons fusion. In Fig. 4 are reported a
simulated beam propagation in both cases, respectively,
with χ ¼ 5 × 104 and χ ¼ 105. We find multisoliton for-
mation in the highly nonlinear conditions [Fig. 4(b)]; here,
collisions and mergers dynamically lead to an intensity
distribution with larger spatial fluctuations [Fig. 4(c)] and
localized structures with giant amplitudes emerge. As
shown in Fig. 4(d), the output probability distribution
function reveals a characteristic long-tailed behavior in
good agreement with the experimental statistics and con-
firms the rogue waves scenario. Moreover, consistently

with the experiments, such scenario of nonlinear origin
results weakly affected by the Raman-like component in
Eq. (2). In particular, the simultaneous occurrence of
interaction processes and extreme intensity fluctuations
suggest that filament mergers may be the microscopic
mechanism at the basis of extreme intensity waves. Recent
studies in multifilamentation [15] and in optical fiber
[38] have also pointed out a similar conclusion, and this
places our results in a general context that may relate rogue
waves to turbulence phenomena in systems described by a
nonintegrable nonlinear Shrödinger model [42].
To further investigate the role of soliton mergers in rogue

waves’appearance, we analyzed the extreme intensity spots
in terms of soliton physics, casting the normalized width or
amplitude of the filaments in the soliton parameter plane.
Considering the reduced ð1þ 1ÞD model, soliton solutions
of the type Aðx; zÞ ¼ uðxÞeiΓz

ffiffiffiffiffi
Ib

p
must satisfy specific

existence conditions [32,43], expressed in terms of the
normalized input peak amplitude u0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
maxfĪg

p
and

soliton FWHM Δξ ¼ Δx½kn ffiffiffi
g

p
ε0�χE0 (soliton existence

curve). The observed (u0;Δξ) values for a set of rogue
waves are reported in Fig. 5 and compared to the theoretical
soliton existence conditions. The experimental points are
analyzed assuming a constant χ ¼ 105, coherently with the
numerical simulations. Two facts are evident. First, the
filaments do, in fact, fall in proximity of the existence
conditions, even though a single averaged value of effective
χ is used. Second, the filaments appear to populate the
highly saturated region of the soliton existence curve. The
first fact confirms the role played by instabilities in giving
rise to general complex spatial structures of solitons [27].
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FIG. 4 (color online). Numerical simulations of the beam
intensity evolving along the propagation z direction. Typical
wave dynamics in the y − z section in (a) nonlinear conditions
(χ ¼ 5 × 104) and (b) highly nonlinear conditions (χ ¼ 105),
where soliton collisions and mergers take place leading to giant
peak intensities (detail in the inset). (c) Comparison between
output deviations in (a) and (b) along y. (d) Numerical long-tail
statistical distribution in the highly nonlinear regime (purple line)
compared with the experimental data.
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The second suggests a role played by scale invariance.
In fact, in highly saturated conditions (u0 ≫ 1), solitons
are known to manifest self-similarity in the form of a
scale-invariance relationship Aðx;zÞ→q−1Aðqx;q2zÞ [44].
Remarkably, scale invariance is one of the fundamental
ingredients thought to play a key role in the emergence
of extreme events with heavy probabilities, as occurs
for disordered fields through the integration over multiple
spatial scales and in the long-correlated random
model [45].
To conclude, we report the first observation of optical

spatial rogue waves and their long-tail statistics in a
nonlinear optical crystal. The result is found in the
disordered Kerr-saturated solitonlike propagation occurring
in a biased photorefractive ferroelectric KLTN undergoing
a phase transition. Superresolved micrometric bright spots
with intensity more than 20 times that of the average is
observed. Changing the strength of the nonlinearity allows
us to suppress on command deviations from Gaussianity.
The extreme events are microscopically related to mergers
of solitons and, in future works, a nonlinear series analysis
can be developed to study correlation and predictability of
such microscopic processes [3]. Scale invariance of the
soliton solutions further elucidate the physical picture,
explaining the occurrence of waves with arbitrary large
intensity. Our results open new important possibilities for
observing rogue waves in new systems, such as different
nonlinear optical crystals. At the same time, they lead to a
more profound understanding with respect to the debated
role of nonlinear interaction in the appearance and control
of long-tail statistics.
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