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Abstract. The first observation of optical hexagons in
a medium with dominating photovoltaic charge transport –
in LiNbO3:Fe – is reported. The optimum conditions for
hexagon observation are revealed and discussed. The dynam-
ics of hexagon formation are also studied.

PACS: 42.65.Sf; 42.70.Mp; 42.40.Pa

Spatial pattern formation in nonequilibrium systems has been
the subject of detailed studies in fluid mechanics, solid state
physics, chemistry, biology, and, recently, also in nonlinear
optics (see, e.g., a comprehensive review [1]). A system with
an initially homogeneous spatial distribution of a certain pa-
rameter (e.g., the transverse intensity distribution in a light
beam) undergoes a transition to a regular spatial pattern (e.g.,
with a one-dimensional or a two-dimensional periodic trans-
verse variation of the light intensity) at a certain critical value
of the control parameter (e.g., coupling strength for nonlinear
wave mixing). A typical example is the spontaneous appear-
ance of hexagonal structures in photorefractive crystals with
two counterpropagating pump waves of the same frequency,
first observed by Honda inKNbO3 [2]. This paper [2] inspired
further experiments that resulted in the observation of optical
hexagons also inBaTiO3 and dopedKNbO3 (see [3, 4] and
references therein).

In nearly all these experiments the interaction geom-
etry was chosen in such a way that the hexagon side lobes
were coupled only to the counterpropagating pump wave,
i.e., reflection photorefractive gratings were dominant [5].
The space-charge formation occurred because of diffusion of
photoexcited carriers, i.e.,π/2-shifted index gratings were
recorded. The theory [6–10] shows the possibility for pat-
tern formation also for photorefractive crystals with local
response (i.e., withπ-shifted or 0-shifted reflection photore-
fractive gratings), but no particular final light pattern can be
predicted.

This contribution reports on the first experimental obser-
vation and study of hexagonal pattern formation inLiNbO3:Fe
with a dominating photovoltaic charge transport [11], i.e.,
with a mixed nonlinear response that is closer to a local than

to a nonlocal response (grating phase shift betweenπ/2 and
π, closer toπ). We study the influence of a seeding beam and
the dynamics of hexagon formation.

1 Spatial structures and conditions of observation

The experimental setup is sketched in Fig. 1. A pump beam of
a single transverse modeAr+ laser is focused onto the sam-
ple by a high-quality lens L1 of40-cm focal length. With
a 20-mW pump beam in front of lens L1 the estimated light
intensity in the sample is≈ 100 W/cm2. The backward pump
beam, necessary for pattern formation, arises because of re-
flection from the crystal’s rear face (reflectivity≈ 16%). The
polar axis of the sample is aligned in such a way that the re-
flected beam is amplified because of two-beam coupling.

An auxiliary light beam of variable power (up to100 mW)
is incident onto the same area of the crystal and serves as
background illumination. This beam is loosely focused onto
the sample to ensure a photoconductivity comparable to that
originating from the pump beam.
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Fig. 1. aSchematic drawing of the experimental setup. BS1,2 are beamsplit-
ters, L1,2 are lenses, PRC is a photorefractiveBaTiO3 crystal and VBA is
a variable beam attenuator.b, c Propagation direction of the forward (F)
and the backward (B) pump wave (reflected from the rear side) inside the
sample. Note the appearance of the seeding wave (S) for the sample with
imperfectly parallel faces (c)
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Threez-cut samples doped with0.02 wt.% of Fe(labelled
further as 1, 2, and 3) are used. The thicknessesl and the an-
glesα between the front and the rear faces of the samples
are5.5 mmand≤ 0.06◦, 4.3 mmand0.8◦, 2.0 mmand1.7◦,
respectively. The effective photovoltaic field for the samples
used isEph≈ 35 kV/cm [12], i.e., it is considerably larger
than the diffusion fieldED ≈ 15 kV/cm.

With the help of lens L2, either the far-field or the near-
field intensity distribution is projected onto the screen. The
developing patterns could be monitored with a VCR cam-
era; in some experiments a detector was placed instead of the
screen to measure the scattering intensity.

For sample 1, the spatial distribution of light scattered into
the backward direction is usually irregular with a pronounced
speckle structure. However, for this sample we occasionally
observed hexagon structures like that shown in Fig. 2a during
the initial stage of illumination. For 300 recording cycles such
transient hexagons appeared only three times. Their angular
size was about1.2◦ in air. For sufficiently long exposure the
light distribution always looked irregular with a larger angular
divergence (Fig. 2b).

Well reproducible stable hexagons are observed with sam-
ples 2 and 3 possessing imperfectly parallel input and output
faces (Fig. 3). The samples are aligned in such a way that the
wave B reflected from the rear face is exactly counterprop-
agating with respect to the forward pump wave F. The part
of the wave B reflected into the sample from the input face
serves as a seeding beam S (Fig. 1c).

We have found that hexagons can be seeded efficiently
even in directions which are far from the natural directions of
the hexagon side lobes. For sample 2, the position of the seed-
ing beam in the far-field pattern coincides with the position of
one of the side lobes (see Fig. 3a). In other words, we have

Fig. 2a,b. Far-field intensity distribution for sample 1 at80 s(a) and300 s
(b) after beginning of exposure

Fig. 3a,b. Steady-state far-field intensity distribution for sample 2 (a) and
sample 3 (b). The seeding beam coincides with the hexagon upper left spot
for (a) and is in the upper left corner of the frame (b). The central spot is
filtered out inb

herek⊥s≡ k⊥1, wherek⊥s, k⊥1 are the transverse components
of the wave vectors for the seed (s) and the hexagon beam
(1). For sample 3, we have another relation,k⊥s= k⊥1+k⊥2,
wherek⊥1,2 are the transverse wave vectors of two adjacent
side lobes (see also Fig. 3b). This direction of the seeding
beam coincides with the so-called harmonic

√
3 of the prin-

cipal hexagon [13].
The size and orientation of the seeded hexagons are in-

sensitive to the light wavelength within the studied spectral
interval 476–514 nm. The polarization of the side beams is
the same as that of the pump beams. No frequency detuning
is detected for the hexagon side lobes: The observed near field
pattern is stable in time at least during half a minute, proving
that frequency shift (if any exists) is not more than0.01 Hz.

With (the thinnest) sample 3, hexagons were generated
also with a feedback mirror ensuring the backward pump
beam.

Let us discuss these results before we describe the tem-
poral evolution of hexagon intensity. For the first time to our
knowledge, hexagon excitation is achieved in a medium with
a dominating local (photovoltaic) contribution to the photore-
fractive response. The coupling strength related to the photo-
voltaic charge transport in sample 3 isγl ≈ 5.0. It is higher
than the threshold valuesγl th ≈ 3.5−4.5 estimated for local
response on the basis of the available theoretical models [8,
9]. Note that the evaluated coupling strength, which is only
due to diffusion, isγl ≈ 2.2 for this sample, considerably
smaller than the theoretical thresholdγl th= 3.6 for diffusion
transport [8]. While these estimates show the prime impor-
tance of local response, they cannot exclude some influence
of diffusion charge transport on the pattern formation via en-
ergy exchange between the pump waves.

The second important result is that excitation of hexagons
becomes easier in moderately thin samples. In spite of the
fact that the coupling strength for the thick sample 1 is much
higher than the threshold of pattern formation, the hexagons
appear only in about each hundredth recording cycle and
they are not stable in time. We would like to emphasize that
this poor reproducibility of hexagons for sample 1 could be
an indication that the hexagons become unstable at exces-
sively large coupling strengths. The transition from hexagons
to irregular structures with increasing nonlinear coupling has
been predicted in computer simulations for a Kerr medium
with a feedback mirror [14]. The interesting question whether
the observed irregular patterns exhibit deterministic spatial
chaos [15] is beyond the scope of this paper.

The third result is that the presence of an oblique coherent
light beam (serving as a seed) apart from the two counter-
propagaing pump beams can facilitate hexagon formation.
A similar effect is known from experiments with sodium va-
por [16]. The distinctive feature of our case is the possibility
to excite a hexagon via higher harmonics.

2 Hexagon dynamics

We now turn to the description of the dynamics of hexagon
formation. Figure 4a,b shows typical time dependencies of
the total intensity of light scattered into the ring covering the
hexagon spots for sample 3 with a feedback ensured by reflec-
tion from the rear face and from an auxiliary high-reflective
mirror, respectively.
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Fig. 4a,b. Dynamics of hexagon development for sample 3 at0.488µm
with (a) and without (b) a seeding beam. The coupling strength ina is grad-
ually decreasing from trace 1 to trace 4 because of growing intensity of the
background illumination

Traces 1–4 in Fig. 4a correspond to increasing intensity
of the background illumination, i.e., decreasing strength of
the nonlinearity. A limited coherence length of the laser (no
etalon inside the cavity) prevented here any grating record-
ing involving interference of the auxiliary and the pump (or
side) beams. Note an obvious acceleration of the intensity
growth in the intermediate stage for each of the traces ex-
cept trace 4. This acceleration corresponds to the emergence
of the hexagon. The coupling strength for trace 4 is below
the threshold and the hexagon does not appear. The closer
the coupling strength is to its threshold value, the longer the
hexagon build-up time becomes (time interval between the
start of illumination and the acceleration of intensity growth).
The longest time we measured is about one hour. This in-
dicates that the pattern formation inLiNbO3 is a critical
phenomenon with a typical slowing down effect near the
threshold [17].

To describe hexagon temporal dynamics, the interaction
of several weak side lobes has to be taken into account. A
suitable theory for hexagons in a medium with local or mixed
local/nonlocal response is not yet available. However, our ex-
perimental results allow for some qualitative conclusions, as
is explained below.

The standard scenario for the onset of a hexagon is via
a subcritical bifurcation [1], i.e., the hexagon appears at the
threshold with a certain finite intensity (hard mode of exci-
tation), and optical bistability [18, 19] can be observed in the
vicinity of the threshold. For hexagons inBaTiO3 (dominat-
ing nonlocal response), this was predicted [13] and recently
proved experimentally [20].

The dynamics of hexagon development inLiNbO3:Fe
with a feedback mirror is qualitatively similar to that in
BaTiO3. In particular, a step-like onset of the oscillation (hard
excitation) is observed (Fig. 4b), pointing to subcritical be-
havior and a similarity to a first order phase transition [20]. At
the same time, for seeded hexagons the onset of oscillation is
smooth (Fig. 4a), with the intensity increasing gradually from
the noise level to the steady state value. This behavior sug-
gests a supercritical bifurcation and a similarity to a second
order phase transition [1]. The presence of the seed beam does
not reduce the hexagon excitation to a thresholdless convec-
tive instability, but it changes the type of bifurcation.
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