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We investigated bistability with light beams in reorientational nematic liquid crystals. For a range of
input powers, beams can propagate as either diffracting or self-trapped, the latter corresponding to spatial
solitons. The first-order transition in samples exhibiting abrupt self-focusing with a threshold is in

agreement with a simple model.

DOI: 10.1103/PhysRevLett.113.023901

Bistability is a fascinating phenomenon in physics and
optics. It also plays a pivotal role in electronics, as systems
with internal states that depend on their past evolution are
the basis of memories and latch elements. In optics, several
approaches have been undertaken to achieve optical
bistability, i.e., the copresence of two stable states for a
given excitation, in which two main ingredients, nonlinear
response and feedback [1], were exploited. These ap-
proaches include cavities with saturable absorbers [2] or
materials with an intensity-dependent refractive index [3],
distributed feedback structures [4,5], self-focusing and
reflection in Kerr-like media [6,7], increasing absorption
versus power [8], linear or nonlinear interfaces [9], and
distributed coupling to nonlocal waveguides [10]. Optical
bistability was also investigated in plasmonic nanostruc-
tures [11], disordered cavities [12], and photonic crystals
[13], leading to all-optical memories in InP [14] and Si-
compatible devices [15]. Hysteresis was recently reported
in QED cavities [16]. Bistable solitons were predicted in
media with a nonlinear dependence of the refractive index
on light intensity [17,18], but were never observed.

In this Letter, at variance with previous theoretical
predictions on bistable solitons [17,18], we discuss and
demonstrate bistability with optical beams propagating in
reorientational nonlinear media, nematic liquid crystals
(NLCs), as either diffracting or self-confined wave packets.
Most NLCs are positive uniaxial fluids with long-range
orientational order and optic axis set by the alignment of the
elongated molecules, as described by the director 7i(x, y, z)
[19,20]. The two extremal values of the refractive index are
ny and n, for electric fields along and normal to 7,
respectively. Spatial optical solitons in NLCs (or “nem-
aticons" [21]) have been widely investigated because of
potential applications and unique medium characteristics,
including high nonlocality and nonlinearity, high damage
threshold and extended spectral transparency, and external
tunability of both linear and nonlinear dielectric properties
[19,20]. The physics of nonlinear reorientation is relatively
straightforward: The extraordinarily polarized electric field
of the beam induces dipoles in the anisotropic NLC
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molecules, which undergo a torque and rotate towards
the field vector to minimize the overall energy; the resulting
orientation is then determined by the balance between
torque and intermolecular interactions. Because of the
rotation of the optic axis, the extraordinary refractive index
increases with optical excitation, and its distribution forms
a waveguide for light itself [21].

The reorientational response differs from the standard
Kerr type. Its highly nonlocal character supports stable
solitons even in (2 + 1)D geometries [22]. The light-driven
refractive index change depends on the sine of the angle
between electric field E and director 7 [20], so that the
nonlinear strength can be adjusted with the initial director
alignment [23,24]. When the vectors E and 7 are initially
orthogonal (see Fig. 1), reorientation can only take place
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FIG. 1 (color online). Left: Side view of a NLC planar glass cell
with thin film electrodes for voltage bias and director 72 anchored
parallel to Z at the boundaries. A and k indicate the beam electric
field vector and wave vector, respectively. Right: Sketches of
electric potential ¢, beam intensity at the cell output
[JA]*(z = L.)], and director orientation & versus NLC thickness
x. (a) In an unbiased cell, no reorientation occurs for input powers
below OFT. (b) Without light and for bias below the (electric)
Fréedericksz threshold, # remains zero. (c) The simultaneous
presence of a light beam and voltage allows for the overcoming of
the Fréedericksz transition; the director reorients in the bulk.
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beyond a threshold associated with the optical Fréedericksz
transition (OFT) [25] (the electric Fréedericksz transition is
driven by voltage). While OFT usually is a second-order
transition [19], specific configurations were studied to
obtain first-order transitions and hysteresis [7,26-35].

Geometries exhibiting a threshold have a steplike non-
linear response and should support soliton bistability [17];
hence, reorientational NLCs subject to OFT can be
expected to exhibit bistability between states corresponding
to self-trapped (solitary) and diffracting (linear) beams.
Intuitively, for a finite beam (e.g., Gaussian), the threshold
power depends on the waist [see Fig. 2(a)] and diffraction.
When the input power is increased, once the OFT threshold
is overcome and reorientation occurs, self-focusing reduces
the beam size and generates a self-confined wave packet;
from the latter state, when the power is decreased, the
dynamics of the narrower solitary beam no longer obeys the
previous reorientational curve. The OFT threshold (from
nonlinear to linear regimes) becomes lower, and thus leads
to bistability (and hysteresis) between the two threshold
values. Analogous to mirrorless optical bistability [6,8], the
first-order transition stems from light self-action: Above the
threshold, the beam changes the refractive index, yielding
self-focusing and modifying its intensity distribution
(hence the threshold). In turn, the latter determines the
beam whereabouts as the input power decreases back to
low (linear) values.

In this Letter, we refer to a planar NLC cell as in Fig. 1,
which contains the standard mixture E7. The rubbing of the
confining glass slides ensures strong anchoring (planar on
top and bottom interfaces and homeotropic on input and
output facets) [19], so the director is uniformly parallel to Z;
i.e., @ = 0 everywhere at rest, with 0 the angle of 71 with the
propagation axis z. The NLC sample has a thickness L, =
100 ym along x and extends for L, = 1.5 mm

5 O ®©
o O O

Oy [degrees]

N
o

o

N

=)
<
eM
N
(=]

Soliton Width [um]
[
o
2
[degrees]

-
N

0
20 40 60 pdec pinc
P [mW] th th

FIG. 2 (color online). Maximum reorientation #,; versus power
for V equal to (a) 0.0, (b) 0.4, and (c) 0.8 V, respectively. Solid
lines in color correspond to w;, = 2, 5, 10, 20, and 40 ym from
left to right (blue to magenta), whereas black lines with triangles
show 6,, once a soliton is formed. (d) Soliton size versus power.
(e) Sketch of hysteresis for wj, =40 ym and V = 0.4 V; the
dashed line refers to reorientation without self-focusing. Here
K =12 x 1072 N (as in E7), 1 = 1064 nm, and L, = 100 gm.

longitudinally; it can be assumed to be infinitely wide
versus y. Thin films of indium tin oxide deposited on the
inner interfaces permit the application of a low-frequency
voltage V across L,, with a nearly uniform electric field
E g~ V/L,. Because reorientation is nonresonant, both
low- and optical-frequency fields can contribute to chang-
ing the director distribution.

The optical excitation (at A = 1.064 ym) is a continuous-
wave single-humped (fundamental Gaussian) beam polar-
ized along x, launched in z = x = 0 with wave vector k||Z.
The beam electric field is Ae’*"1% (k, = 2z/], the vacuum
wave number), with A the slowly varying envelope. We
assume all of the elastic constants to be K [19,20], and we
define the optical and low-frequency dielectric anisotropies
€, =€ —€, =nj—nj and Aepp, respectively [19].
Neglecting birefringent walk-off, the time-independent evo-
lution of an extraordinary polarized beam is described by

0A 0PA  O*A
2ikon | 2+ Digat 7 +KAn2()A=0, (1)

2 €o €a|A|2 ) .
V=0 + TaW + AepEfp | sin(20) =0,  (2)

with D, = n2(0)/e,. as the diffraction coefficient in xz
le(0) = €6 +e.ning (j.k=x,y.z), with n;, the
Cartesian components of 1] [36]. The photonic potential
An2(0) = n2(0) — n> depends on both bias V and field A
according to Eq. (2), thus accounting for nonlinearity [23].
Equation (1) governs light propagation in NLCs, according
to the potential AnZ; the distribution of n, is determined by
the balance between the external (optic and electric) torque
and the restoring elastic forces [Eq. (2)]. Models similar to
Egs. (1)~(2) apply to solitons in other systems (without
OFT), e.g., quadratic and thermo-optic media [37].

For a simple insight into the optics of the phenomenon,
we first discuss the solution of Eq. (2) in the (propagation-
invariant) limit 0, = 0, for a Gaussian profile and various
input waists w;,, adding a small perturbation on the initial
to break the system symmetry. Figures 2(a)-2(c) show the
maximum reorientation 6,, for three biases. As expected,
molecular reorientation undergoes a second-order transi-
tion due to the size of ¢, [19,26]. In this geometry both
light- and voltage-driven torques tend to rotate the director
in the same direction; thus, the bias works against first-
order optical transitions [29]. For a given voltage, the
narrower the beam, the lower the OFT power threshold
[20]; higher Ey g [from panels (a) to (c) in Fig. 2] reduces
the threshold and the power required for each 6,,.

Next, we look for solitary waves obeying Egs. (1)—(2) in
NLCs encompassing a z-invariant director distribution; the
latter assumption implies the lack of elastic forces exerted
by input and output interfaces on the director (weak
anchoring) and no propagation losses [24]. Substituting
the soliton ansatz A = u,(x, y)e™ "% and @ = 6,(x, y) leads
to a nonlinear eigenvalue problem; its solutions are plotted in
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Fig. 2(d) and as black lines with triangles in Figs. 2(a)-2(c)
(see Supplemental Material, Section 1 [38]). Owing to OFT,
solitons never exist at powers below P and ngc decreases
as the applied voltage increases [various lines in Fig. 2(d)].
Assuming an initial Gaussian intensity profile of waist w;,, a
nematicon forms only above P, the latter depending on
wy,, consistently with the reorientation trend for a given
beam profile. Conversely, once reorientation has occurred,
the self-confined beam no longer depends on wy,, i.e., the
memory of the previous (linear) state is lost.

To illustrate optical bistability, let us simply consider a
beam of waist w;, launched in the cell, with w;, and V
chosen to yield OFT at powers > PdeC Until the power
reaches P;ﬂc [lower branch in Fig. 2(e)] 0y remains zero, as
nonlinear effects do not take place. Above PI'° the director
rotates and a nematicon forms [point 1 in Fig. 2(e)], with
0, following the reorientation curve in the presence of
self-trapping. The beam size is now set by the soliton
existence curve in Fig. 2(d). When the power decreases
[from point 1, upper branch in Fig. 2(e)], this narrower
(solitary) beam evolves along the black line with triangles
in Figs. 2(a)-2(c), experiencing a lower power threshold
P%c_ independently from wy,. Between P3¢ and Pin°(wy,),
two stable states exist, owing to the light’s ability to modify
the index distribution n,. In this model, bistability does not
occur for small waists, and wider hysteresis cycles corre-
spond to larger wy,; moreover, such bistable behavior is not
restricted to NLCs with specific anisotropy or elastic
response [26,29].

In experiments, the propagation dynamics cannot be
ignored, as losses and longitudinal nonlocal effects are
present, as, e.g., in nonlinear distributed couplers [39,40].
Below OFT, the (linear) beam profile changes with z,
making the threshold power depend on the diffractive
properties, such as Rayleigh length and waist location.
Even after the nematicon is generated, the sample is not z
invariant, due to boundary conditions § = 0 on the input
and output facets. Finally, nematicons change width and
power because of both unavoidable scattering and their
breathing character [21,41]. In short, the inherent beam
dynamics, even in the solitary regime, is expected to
produce quantitative discrepancies between the experimen-
tal results and the theoretical predictions of Fig. 2.

We carried out the experiments by varying the input
beam power stepwise and ensuring that the system reached
a steady state (e.g., waiting from tens of seconds up to
several minutes near the transitions) before each measure-
ment. In unbiased cells [i.e., E; g = 0 V/min Eq. (2)], OFT
could only be achieved at powers high enough (=50 mW)
to cause temporal instabilities [42] (see Supplemental
Material, Section 2 [38]); hence, we biased the sample
across x to lower the threshold. Our calculations indicated
that a bias of V =0.92 V, which is below the electric
Fréedericksz threshold, could considerably reduce the OFT
threshold (see trend in Fig. 2) and help the observation of

bistability. The calculations also showed that the hysteresis
cycle could be widened at lower temperatures
(Supplemental Material, Section 3 [38]), e.g., by cooling
the sample with a Peltier cell. The experimental results
confirmed that a voltage V = 0.92 V was low enough to
not induce reorientation without light (see Supplemental
Material, Section 4 [38]), but was adequate to minimize the
input power required for OFT. In a sample at 18°C, a
Gaussian beam of waist w;, &2 ym diffracted at low
powers, whereas from 16 to about 20 mW it overcame
OFT, self-focused (without spurious effects), and formed a
nematicon.

Figure 3 displays the beam evolution in the yz plane
when power was first ramped up from 1 to 20 mW, and then
down from 20 to 1 mW; (b,c¢) illustrate the beam evolution
in the lower branch of the hysteresis while (b*,c*) that in
the upper branch. Figure 4 graphs the acquired beam size

(w= 2\/f y?|A*dy/ [ |A|*dy) versus z, normalized to the

measured initial w for various powers around the cycle. In
Fig. 3(a), P = 1 mW corresponds to the linear diffraction,
i.e., the initial and final states of the bistable cycle that is
sought (below Pﬂfc). For P~ 15 mW [Figs. 3(b)-3(c)],
higher than the power necessary to excite nematicons in
threshold-free geometries [21], modest self-focusing
occurred with the beam size monotonically increasing
along z due to the prevailing diffraction [green line with
empty circle and red line with diamond in Fig. 4(a)]. For
P =20 mW [Fig. 3(d)] a stable nematicon was excited
[violet line with triangle in Figs. 4(a)—4(b)]. Then, from this
(20 mW) self-confined state, the input power was
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FIG. 3 (color online). Acquired images of a w;, ~# 2 um beam
evolving in the plane yz for V = 0.92 V as power is ramped up
and down. (a) Initial as well as final state without self-trapping
(P =1mW); (d) soliton-state at the maximum power
(P =20 mW) used in the cycle. The paired panels (b,b*) and
(c,c*) show the beam evolution for inputs of 14.5 and 15.5 mW,
respectively, as power is raised (diffraction, left) or reduced (self-
confinement, right). The initial waist appears to be wy ~ 9 ym >
Wy, owing to scattering-induced image blurring [41].
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FIG. 4 (color online). Experimental results: normalized beam
size w/w, (measured across y) versus z as the input power is
ramped (a) up and (b) down from 13 to 20 mW and vice versa,
respectively. Input powers are specified in the legends.

progressively reduced to the initial value of 1 mW.
Figures 3(b*)-3(c*) and Fig. 4(b) (green line with empty
circle and red line with diamond) show that beams
propagated self-localized even at those powers for which
diffraction was observed during ramp-up [Figs. 3(b)-3(c)
and Fig. 4(a)]. The beam evolution exhibited “memory” of
the previously determined director distribution, making the
system bistable through self-action of the wave packet.
Figure 5 plots the beam mean size w = (1/L.) fOL “wdz
(measured from scattered light and averaged over L, to
reduce spurious effects due to longitudinal dynamics)
normalized to the initial (measured) waist w( versus input
power for both increasing (black squares) and decreasing
(red circles) excitations. OFT prevents the formation of a
soliton up to Piﬂc = 16.5 mW, with a beam much wider
than the input. For P > Pi® the beam self-confines,
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FIG. 5 (color online). Beam size w measured versus input
power, averaged over L, and normalized to the initial waist w,.
Black dashed line with squares and red dashed line with circles
correspond to raising and falling powers, respectively. Insets:
intensity profiles (solid lines) acquired at the cell output and
compared with the measured input (dashed lines). The numerical
labels refer to the corresponding points in the main plot w/w.

with an average size comparable to w,. When power is
ramped down, self-localization is sustained as long as
P> Pdc =145 mW. For P < P¥, the intermolecular
forces restore the homogeneous distribution of € and the
linear propagation regime.

Optical bistability was observed between diffracting and
self-trapping beam states in the range P < P < P, To
compare experimental data and the 2D model, we calcu-
lated the director reorientation in the limit 9.6 = 0 (as in
Fig. 2), using the full tensor for the elastic constants
and correcting for the actual temperature dependence
(Supplemental Material, Section 3 [38]). The results,
graphed in Fig. 6, show that the OFT threshold, computed
for a diffracting beam with w;, =2 pum, was comparable
with that of a shape- and size-preserving Gaussian of waist
~11 um (see Supplemental Material, Section 5 [38]), with
a predicted Piﬂc = 5.2 mW, nearly three times lower than
measured. Such a nonunitary scaling factor between theory
and experiments is expected and accounts for losses,
longitudinal effects, and boundary conditions resulting in
a lack of beam invariance. Applying such scaling (assumed
waist independent) to the measured P3Y*, we obtained
ngc = 4.5 mW, which, through the soliton reorientation
curve, corresponds to a self-trapped beam of waist
~3.5 um. The latter value compares well with the observed
soliton size, further confirming that system bistability stems
from distinct beam widths upon self-action.

In conclusion, we investigated bistability with finite-size
light beams in reorientational nematic liquid crystals
encompassing self-focusing with a threshold. We observed
optical bistability encompassing diffracting and self-
trapped states, stemming from beam self-action in the
medium. The good agreement between theoretical predic-
tions and experiments confirms the origin of the phenome-
non. These findings are expected to introduce significant
novelties in optical memories as well as on latch-type
switches and all-optical routers. The propagation of wave
packets with multiple states in thresholded nonlinear

16 25
s @] = (b)
£ E 20
2" 2
g 10 g 1°
£ £
g 8 _ g 10

inc
& G’jfﬁ’/_,__*th,-‘ & 5
4
2 4 6 8 10 12 14 0 02 04 06 08

Beam Width [um] Bias [V]

FIG. 6 (color online). (a) Calculated power threshold versus w
for V = 0O (upper red line), V = 0.8 (black middle line), and V =
0.92 V (lower blue line); stars indicate the extrema of the
observed bistable loop. (b) OFT power threshold versus bias
V for w = 3.5 um (nematicon size found from fitting, red line
with circles) and w = 11 pym (linear diffracting beam, blue line
with squares).
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systems without external feedback, however, is a general
result expected to have a radical impact on nonlinear wave
dynamics in various branches of physics.
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