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W e present an overv iew of our recent exp eri menta l results on tw o-

-dimension al optical spatial solitons in volta ge biased planar cells w it h ne-
matic li qui d crystals . Excitation , induced w aveguiding, and interactions are
illus trated and interpreted in terms of the inherent re- orientational , non-
-resonant and nonlo cal nonlin ear response.
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1. I n t rod uct io n

Bri ght opti cal spati al sol i to ns, the propagati ng eigenm odes on a nonl inear
system encom passing a self- focusing response counter balanci ng di ˜ra cti on in one
or t wo tra nsverse dim ensions, have been long di scussed theo reti cal ly and num er-
ically, and reported in Kerr- l ike, quadra ti c, photo refracti ve and l iquid crysta l l ine
m edia [1{ 3]. W hi le typi cal Kerr- and quadrati c m ateri als requi re substanti al peak
powers and pul sed lasers, however, both pho toref racti ves and l iqui d crysta ls ex-
hi bi t a rather slow but large nonl inear response, and sol i to ns were reported at
m W excita ti ons even wi th cw-sources [2{ 4]. Thi s characteri stic, in conjuncti on
wi th thei r liqui d state and inexp ensive pro cessing, m ake l iquid crysta ls qui te at-
tra cti ve for sol i to n investi gatio n in term s of both funda m ental phenom ena and
appl icati ons to signal pro cessing. Here we wi l l di scuss on exci tati on, self- and
induced- wa veguiding, steering and intera cti ons of two- tra nsverse dim ension bri ght
spati al sol i to ns in bul k nemati c liqui d crysta ls, outl ini ng the ro le of nonlocal i ty in
the nonl inear m ateri al response.

2. T heor y

Nem ati c l iqui d crysta ls conta in elongated m olecules whi ch, subj ect to an
electri c Ùeld, underg o a di pole-Ùeld to rque. The latter tends to al ter thei r ini ti al
ori enta ti on and reduce the angle between the di recti on of Ùeld oscil lati on | or
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polari zati on | and the long m olecular axi s | or di rector. As a consequence,
Ùeld- induced molecular re-ori entati on results into an increased refracti ve index
accordi ng to the usual expression f or an extra ordi nary wa ve in positi ve uniaxi als,
i .e.,
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. W henever the di rector-axi s is ini ti al ly ortho gonal to the Ùeld,
however, the Ùeld-dependent orienta ti on ˚ i s subj ect to a thresho ld, kno wn as
the Freedericks intensi ty . For an ini ti al ˚ = ˚ 0 6= 0 thi s nonl inear e˜ect becomes
Kerr- l ike wi th satura ti on (˚ can never exceed ¤ =2 ), and is indeed m axim ized for
˚ 0 = ¤ =4 [5, 6]. W hi le a satura ti ng Kerr response ensures existence and stable
pro pagati on of bri ght sol i to ns in tw o tra nsverse di mensions [7], the elasti c forces
am ong the m olecules in the m edium pro vi de i t wi th nonlocali ty . The latter, for
smal l enough reorienta ti on values, is the leading stabi l izing m echani sms for such
sol i to ns [8]. The equati ons coupl ing the di rector reori enta ti on ê wi th the opti cal
Ùeld a propagati ng down the crysta l can be cast in a dim ensionlessform as
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where we intro duced
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wi th E | the am pl itude of a (quasi-sta ti onary or low-frequency) electri c Ùeld
pro vi di ng the pre- ti lt ˚ 0 ; " RF | the di electri c ani sotro py , A | the slowl y- varyi ng
am pl i tude of the propagati ng opti cal Ùeld of wavel ength Ñ = 2 ¤ n ( ˚ 0 ) =k , Ù |
the nonl inear correcti on to the wa vevector k ; K | the Frank elasti c constant
ta ken equal for splay, bend and twi st of the molecules. ˜ determ ines the degree
of nonlocal i ty of the medium , and ¯ i s a smal l constant, whi ch can be neglected
in our nem ati c m edium . Sol i ton soluti ons are obta ined from Eqs. (1) by setti ng
@z = 0 and, for a real , thei r proÙle is given by
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whi ch resemble tho se describi ng spati al sol i to ns in bul k quadra ti c crysta ls, wi th
a ( ê ) pl ayi ng the role of the funda menta l (second) harm onic in a frequency dou-
bl ing intera cti on [9]. D espite the di ˜erent underl yi ng physi cs, such sol i tary solu-
ti ons are kno wn to exi st and be stabl e in tw o tra nsverse di mensions [3].

In our exp eriments, we employed a planar cell wi th electro des perm i tti ng
the pre- ti l t thro ugh the appl icati on of a vo l tage across x , as sketched in Fi g. 1.
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Fig. 1. Planar geometry employed in the experiments. The cell and the spatial distri-

bution of the directors are sketched w ith the relev ant directions . The indium {ti n{o xide

Ùlms allow ed the applicati on of a voltage V to pre- tilt the liqui d crystal E7.

The glass interf aces were sil ica-coated to guarantee the pl anar ancho rage of the
nem ati c crysta l , and the l ight beam was inj ected far from the bounda ri es and in
the z -di recti on.

For an appl ied vo l tage of 1 V at 1 kHz, a 2 m W x -polarized input beam wi th
a < 2 ñ m waist su£ ced to balance di ˜ra cti on, and a spati al sol i to n propagati ng
for more tha n 20 Rayl eigh lengths wa s cl earl y observed at 514 nm . A compari son
between l inear and nonl inear pro pagati on regimes is shown in Fi g. 2 for the same
exci ta ti on but using ortho gonal l inear polari zati ons, such tha t the y -polari zed in-
put, being below the Freedericks thresho ld, coul d not induce any nonl inear e˜ects.
The photo graphs were obta ined vi a a m icro scope, imaging the light scattered above
the cell by the beam propagati ng in the y À z plane. Notewo rthy enough, i f thi s
polari zati on dependence clearl y identi Ùesthe m olecular reori enta ti on in the x À z

pl ane as the self-focusing m echanism, i t can also be probed by a weaker signal at
633 nm pro vi ded i t was co- launched wi th the beam from the argon laser (514 nm ).
Fi gure 3 shows l inear and nonl inear propagati on of a probe when co-launched wi th
the sol i to n-generati ng beam: i t is apparent tha t the sol ito n orig inates a channel
wa veguide able to conÙne the weak beam . Such capabi li ty is, indeed, wa velength

Fig. 2. Photographs of a linearl y di˜ractin g (a) and solitary (b) beam of 2 mW p ower

from an argon- ion laser oscillati ng at 514 nm. In the upp er case the light w as p olari zed

orthogonal ly to the reorientation plane ( x À z ).
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Fig. 3. Photographs of a linearl y di˜racti ng (a) and guided (b) beam of 100 ñ W p ower

from a helium{ne on laser oscillati ng at 633 nm, corresp ondin gl y to the tw o cases show n

in Fig. 2. T he prob e w as collinea rly launched and co-p olarized w ith the argon beam.

and proto col tra nsparent, in-as-much-as the m edium response rel ies on a m olecu-
lar e˜ect and is non-resonant. Even l inear losses,present but largely attri buta ble
to scatteri ng, are bound to decrease at longer wa vel engths. Al l -opti cal ly induced
wa veguiding of an otherwi se freely di ˜ra cti ng signal al lows to envi sion a num ber
of appl icati ons, from signal readdressing in space to logic operati ons and gati ng.

Fi gure 4 shows an exam ple of signal steering by acti ng on the input angle
of the sol i to n-generati ng argon beam: an x -polarized beam at 514 nm is injected
at two opp osite angles wi th respect to the z -di recti on, whi le a co-polarized signal
at 633 nm is launched along z . The signal is tra pped into the sol i to n and, tha nks
to the signiÙcant num erical aperture of the induced channel , m odi Ùesi ts di recti on

Fig. 4. Exp erimental results on propagation of a w eak (< 20 ñ W) x -polarized signal

at 633 nm w hen tilting by ˚ the soliton obtained w ith a 2.2 mW A r + beam: (a) ˚ = 0 £ ,

(b) , (c) . T he photographs on the lef t (and the insets with enlarge-

ments) show that some radiated light is present in the last tw o cases. T he graph on the

top- right displays the corresp ondin g transverse proÙles after mm, indicati ng a

lateral shif t as large as m.
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of propagati on as the sol i to n is steered. Af ter 1 mm , the signal has been latera l ly
shi fted in the output pl ane by as much as 7 0 ñ m [10].

No ti ceabl y, the feature described above could be e˜ecti vely im plemented by
steering the sol i to n by acti ng on the appl ied vol ta ge thro ugh a pro perly ta i lored
electrode or by a phasefront- m odul ato r. Furtherm ore, Eqs. (2) describe a non-
local sol i to n whi ch can also be exci ted wi th a spati o-tem pora l incoherent beam,
al lowing the al l -opti cal contro l and the signal addressing to be im plemented wi th
l ight- emitting di odes or whi te-l ight sources [11].

Fig. 5. Interaction of tw o identical soliton s launched w ith a 28 ñ m separation along y

and a 5
£ relative angle: (a) w eak attraction for a power of 2.8 mW each; (b) stronger

attraction at 3.6 mW; (c) crossing at 4.5 mW. T he w hite arrow s on the far right indicate

the output separation resulting after the interaction.

The nonl ocali ty , however, is better expl oi ted in sol i to n{ sol i to n intera cti ons,
where it results in a long-range attra cti ve force between them , due to the tra ns-
verse extensi on of the refracti ve perturba ti on in a l iquid governed by elastic
forces [12]. Such behavi or is clearl y i l lustra ted in Fi g. 5, where two equi -power
beam s at 514 nm are injected at 5£ from one another to form ini ti al ly-di verging
sol i to ns. D ue to the mutua l attra cti on, however, thei r tra jectori es becom e nearl y
para l lel at 2 .8 mW, bend and converg e at 3.6 m W, and cro ss and interl ace at
4.5 m W. Thei r Ùnal separati on at z = 0 : 9 mm , in turn, goes from 28 to 8 and
to À 2 7 ñ m, respectivel y [13]. Natura l ly, thi s coll isional long-range intera cti on be-
tween spati al sol i to ns excited by the pum p is of relevance in term s of a co-launched
co-polarized weak pro be in one or both of them . A sol i to n-conÙned signal , in fact,
wo uld be subj ect to the sam e tra jectory devi ati ons al tho ugh i ts power and/ or
m odul ati on form at rem ains una˜ected. An exam ple is shown in Fi g. 6, where a
power- dependent X- juncti on can be obta ined by launchi ng two sol i to ns para l lel to
one another: for 1.7 m W exci ta ti on, the sol i to ns proceed stra ight, and so do the
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Fig. 6. A power dep endent X -j unction. (a) Sketch: signals S 1 and S 2 at 633 nm are

co- launched with the soliton beams A and B , resp ectively . A t low powers (solid tra-

j ectories) the signals pro ceed straight, w hereas at high powers (dashes) their output

p osition s are Ûipped. (b) Exp erimental signal proÙles after 1 mm, at low (solid line) and

high (dot- dashes) powers.

signals co-propagati ng wi th (one or both of ) them . As the input is increased to
4.3 m W, however, the outputs are Ûipped in space, real izing an X- swi tch [14].

Fi nal ly, interesti ng possibi l i ti esare o˜ered by using three sol i to ns to engineer
al l -opti cal logic gates. An exam ple is the N OR gate sketched in Fi g. 7a. Two inputs
A and B determ ine the wherea bouts of the signal co- launched wi th and guided
by sol i to n S . The latter ' s tra jectory depends on the presence of either one or both
A and B , whi ch cause i ts deÛection based on long-range attra cti on. The signal
wi l l exit thro ugh the output port O u t , theref ore, only when neither A nor B

are inj ected, e˜ecti vely real izing a NOR gate, wi th the truth ta ble shown in the
inset on the ri ght. Fi gure 7b displ ays the actua l results of experim ents perform ed
wi th 1.7 m W input beams, probi ng the signal tra nsverse proÙles after a 1 m m
pro pagati on [14]. The signal peak positi on is labeled in term s of the logic state of
sol i to ns A and B (wi th \ 0" and \ 1" corresp ondi ng to absence and presence of the
sol i to n, respectivel y).

Fig. 7. A N O R gate w ith three solitons. (a) Sketch: A and B are control inputs at

514 nm, S guides the signal at 633 nm. (b) Signal transverse proÙles obtained af ter

1 mm for various input combinations. The truth table in the inset refers to the O u t

p ort.
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4. Co n clu si on

In concl usion, sol i to ns in nem ati c l iquid crysta ls are an excellent test- bed
for al l-opti cal pro cessing and swi tchi ng based on l ight self- and cross-local izati on.
Al tho ugh the reported e˜ects are inherentl y slow, faster response ti m es can be
pursued in di ˜erent m ateri als and/ or geometri es, leadi ng the way to appl icati ons
for opti cal communi cati ons.
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