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By operating an A lGaA s w aveguide array at the half band gap, w e ex-
p erimentally demonstrate basic features of discrete systems, w hich do not
app ear in the corresp ondin g continuous counterpart | the slab w aveguide.
U nder selected initial conditio ns, w e observed nonlinea rly induced locking
of an initia ll y mo ving soliton to the input w aveguide. I f the power is even
higher, original ly locked beams start to mo ve again, but in a direction op-

p osite to the initi al tilt.

PACS numb ers: 42.65.T g, 42.65.Wi, 42.82.Et

1. I n t rod uct io n

Spat ial sol i to ns can be easily generated in planar wa vegui des, where the slab
conÙnes one of the dim ensions [1]. They ori ginate from a balance between the
m ateri al non- lineari t y and di ˜ra cti on. By imposing a phase gradi ent on the gen-
erati ng beam they can be steered into a desired di recti on, a pro perty tha t can
be used f or e.g. routi ng appl icati ons in opti cal Ùber netwo rks. The exi stence of
spati al sol i to ns has also been predi cted for an inÙnite array of identi cal , weakl y
coupl ed wa veguides [2, 3]. In such a structure, when low intensi ty l ight is injected
into either one or just a few waveguides, i t wi l l coupl e and spread to an increasing
num ber of gui des as i t propagates, thereby broadeni ng its spati al distri buti on. Thi s
wi deni ng of the Ùeld di stri buti on is analogous to di ˜ra cti on in conti nuo us m edia.
By inj ecting a strong opti cal Ùeld, i t is possible to m odi fy the ref racti ve index of
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the excited wa veguides thro ugh the opti cal nonl ineari ty of the m ateri al and to
decouple them from the rest of the arra y. In ideal condi ti ons, parti cul ar hi gh in-
tensi ty beams pro pagate whi le keepi ng a Ùxed spati al pro Ùle local ized in a l imi ted
porti on of the array, as spati al sol i to ns do in a slab wa veguide [4]. D ue to thi s sim -
i lari ty , these quasista ti onary excita ti ons are cal led discrete spati al sol i tons. Thei r
behavi or is rather general . Ma ny natura l system s consist of sim ple elements, whi ch
are periodical ly ordered and m utua ll y intera cti ng. Lo cal ized m odes in molecular
chains [5], in electri cal latti ces[6], in Josephson juncti on ladders [7] or in a coupl ed
arra y of m echanical pendul a [8] as well as polarons in ionic crysta ls [9] are just a
few exam ples of energy local izati on in discrete systems. It turns out tha t in par-
ti cul ar the dyna m ical properti es of these sol ita ry wa ves or di screte breathers [10],
whi ch we are about to investi gate in thi s paper, di ˜er f rom the conti nuous case
considerably.

The paper is structured as fol lows. Fi rst we expl ain the exp erimenta l setup,
the m etho ds of m easurem ent used and the way we used to m odel the exp eriment.
The di scussion of the experim enta l resul ts f ocuses on the power induced locki ng
of sol ito ns generated by a ti l ted beam . A short summary concludes the paper.

2. E x per i m ent al real i zat ion an d m od el i ng

The sam ple empl oyed for the measures (see Fi g. 1) was an arra y of 41 wave-
gui des etched 0 : 9 ñ m in the claddi ng of an Al GaAs slab, whi ch was composed
of a core of Al 0 : 1 8 Ga0 :8 2 As, 1 : 5 ñ m thi ck, sandwi ched between two cl addi ng lay-
ers com posed of Al 0 : 2 4 Ga0 :7 6 As. The upp er layer was 1 : 5 ñ m and the lower was
4 : 0 ñ m thi ck. These wa vegui de di mensions were chosen to guarantee sing le m ode
operati on f or a Ùxed polarizati on di recti on. The gui des, 4 ñ m wi de, had a di stance
center- to -center equal to 9 ñ m . The sam ple was 6 m m long. The exp erimenta l
setup is represented in Fi g. 1, whi ch is com pleted by a m icrograph of the arra y.
T o carry out the experim ents reported in thi s paper, we used a Spectra Physi cs
Beam Lo ck-Tsuna mi-Opa l system . The emission wa velength of the parametri c os-
ci llato r wa s 1530 nm , delivered under the form of a tra in of pul ses wi th a length
of about 150 fs and a repeti ti on rate of 80 M Hz. Thi s wavel ength, below hal f the
band gap of the m ateri al , wa s chosen in order to m ini mi ze the detri menta l e˜ects
of non- l inear absorpti on. T o exci te the m odes in the sampl e we used ell ipti cal ly
shaped T E polari zed beams wi th a Ùxed height of 3 ñ m , but wi th three di ˜erent
wi dths equal to 9 ñ m , 1 3 ñ m , and 2 0 ñ m respecti vely.

No te tha t only the Ùeld at the output facet could be recorded wi th an infrared
camera. Any insight into the Ùeld evoluti on in the arra y can onl y be obta ined by
m eans of num erical sim ulati ons. To model the Ùeld evoluti on in the arra y a coupl ed
m ode theo ry wa s appl ied. Here we assume tha t the mode pro Ùle in the indi vi dual
gui des remains uncha nged, where onl y the am pl i tudes a n evolve wi th respect to
ti m e t and pro pagati on di recti on z as
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where the quanti ti es involv ed are the chro m ati c dispersion D = 1 3 5 0 ps2 / km ,
the linear losses ˜ 1 = 0 : 9 cm À 1 , the Kerr nonl ineari ty Û = 3:6 m À 1 W À 1, the
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Fig. 1. Exp erimental setup and a view graph of a sample (B. S. = beam splitter ).

three pho ton absorpti on coe£ cient ˜ 3 = 10À 4 m À 1 W À 1 and the coupl ing term
C = 0 : 8 2 m m À 1 . Al l these values, except the l inear dam ping, were deri ved f rom
a calculati on of the mode proÙles and by using materi al constants publ ished in
the li tera ture. The l inear dam ping, whi ch is mainl y due to scatteri ng losses on
im perfections, was determ ined by evaluati ng the Fabry { Perot fri nges shown by
the sam pl e operated in tra nsmission.

Onl y if quanti ta ti ve agreement was requi red we used Eq. (1) incl udi ng losses
and tra nsient e˜ects. To identi fy typi cal e˜ects of di screteness most of the simul a-
ti ons were based on a more simpl iÙed version of Eq. (1). It turned out tha t m ost of
the phenom ena observed can already be understo od if the ti m e dependence of the
Ùeld am pl itudes is neglected. Note tha t i f addi ti onal ly al l dissipati on is neglected,
Eq. (1) tra nsform s into the wel l kno wn so-cal led di screte nonl inear Schr �odinger
equati on (D NLS).

3. Exp er im ent al r esu l t s an d int er pret at io ns

3. 1. Sol i ton for mat ion and beam break-up

Al tho ugh i t is not the m ain subj ect of thi s paper, we start wi th a bri ef di s-
cussion of sol i to n form atio n in waveguide arrays. The evoluti on of unti l ted beams,
whi ch are centered on a guide, is rather sim i lar to tha t in the conti nuous case.
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Fig. 2. Soliton formation and b eam break- up: (a) Exp erimentall y recorded Ùeld struc-

tures for a w ide input beam (beam w idth 2 0 ñ m) and for di˜erent pow er levels; (b) ex-

p erimentally recorded output Ùeld proÙle for varying input pow er levels; (c) simulation
of the w idth of the output Ùeld distrib utio n on the basis of the complete model (see

E q. (3)) (w hite: w ide output b eam, black: narrow output beam). I n dependence from

the b eam size and the input pow er three di˜erent scenarios can be distingui shed: I : linear

di˜racti ve spreading, I I : formation of a discrete soliton, I I I : soliton break- up.

Three di ˜erent scenari os can be di stinguished, corresp ondi ng to three di ˜erent ar-
eas in a param eter space spread by the incoupl ed power and the beam wi dth (see
Fi g. 2c). In the l inear case the beam di˜ra cts. The narro wer the exciti ng beam the
m ore power is requi red to balance the spreadi ng and to form a discrete sol i to n.
If the beam is wi de enough and theref ore cl ose to the conti nuous l imi t the beam
Ùnal ly spli ts f or the highest input power (see Fi g. 2). Al most the same break- up
is experim ental ly observed in a com parabl e slab wa vegui de (unetched sam ple).
The physi cs behind thi s e˜ect can be interpreted in term s of the conti nuo us lim i t,
where thi s spl i tti ng is well kno wn [11]. Ab ove a certa in thresho ld a two -soli to n
state is form ed. D ue to i ts lack of bindi ng energy i t Ùnal ly spli ts in the presence
of nonl inear absorpti on.

Al tho ugh the acti on of any absorpti on is usual ly not appreci ated, the sol i to n
break- up generates m any new and interesti ng physi cs, as we wi l l demonstra te later.
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3.2. Exper iment s wi th ti l ted beams

The experim ents on dyna mical e˜ects were devoted to externa lly induced
latera l moti ons of discrete sol i to n. A glass wedge was positi oned before the input
lens in order to generate a tuna bl e phase ti l t across the beam . In thi s way, i t was
possible to vary the angle of pro pagati on wi th respect to the input facet between 0
and about 1 degree (angle m easured inside the wa veguide).

Fig. 3. Power induced lo cking of a discrete soliton for a small initial tilt: (a) Ùeld
proÙles for low (dashed line) and high (f ull line) p ower; (b) contour plot of the output

Ùeld proÙles vs. input peak power (initia l tilt: ¤ 0: 15 £ in A lGaA s, beam size 9 ñ m).

In Fi gs. 3 and 4 we show the output power distri buti on of a narro w input
beam (9 ñ m wi de) tra vel l ing along the arra y for two di ˜erent values of propagati on
angles. For low energy (see to p of Fi gs. 3 and 4) the ti l t results in a power redi stri -
buti on in the arra y, but does not a˜ect the basic structure of discrete di ˜ra cti on.
Mo st of the input energy is tra nsla ted by about 8 0 ñ m (8{ 9 wa vegui des) when
compared to the origina l input positi on. W e note tha t thi s tra nsl ati on is not in-
creased for bigger values of the input angle, but only the power im balance between
the two pronounced wi ngs is increased (co mpare to ps of Fi gs. 3 and 4). As stated
above, once the geom etry of the arra y is Ùxed, the Ùnal num ber of waveguides
exci ted by the di ˜ra cti ng beam depends on the length of the sam ple rather tha n
on the input angle. Thi s is com pletely di ˜erent from the conti nuous case where a
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Fig. 4. Pow er induced locking of a discrete soliton for a large initial tilt: (a) Ùeld proÙles

for low (dashed line) and high (f ull line) power; (b) contour plot: output Ùeld proÙles

vs. input peak pow er (initi al tilt ¤ 0 : 5 £ in A lGaA s, beam size 9 ñ m).

Fig. 5. \A ntilo cking " for a w ide tilted beam, Ùeld proÙle vs. incoupled p eak p ower

(b eam size 20 ñ m, input guide 0, initia l tilt ¤ 0: in GaA s towards guides w ith ).

constant m oti on of the beam center wi th increasing ti l t is observed. At least for
smal l ini ti al ti l ts the energy redi stri buti on in the arra y is even faster tha n in a
comparable slab waveguide. In case of Fi g. 3 the same ti l ted beam inj ected into a
comparable Ùlm wa vegui de of the sam e length woul d onl y exp erience a di splace-
m ent of about m , where we observe a more tha n 5 ti m es bigger shift in the
arra y.

In the nonl inear case, the e˜ects of di screteness are even more pronounced.
Let us consider Ùrst the case of lower input ti lt (see Fi g. 3). As we increase the
power we observe how the l ight distri buti on, ini ti al ly shifted away from the input
wa veguide relocates back to the centra l positi on. Thi s happ ens alm ost im mediatel y
as the discrete sol i to n is form ed. Ho wever, the success of thi s process wi l l depend
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cri ti cal ly from the ini ti al input angle. For an increased ti l t al ready in the low power
case m ost of the power is conÙned to one of the di ˜ra cti on wi ngs. For increased
input power the sol i to n form s but keeps on m ovi ng. For thi s large angle, we do not
m anage to lock the sol i to n in the centra l porti on of the arra y even at the highest
input power. Instea d, we observe a conti nuous scan of the output positi on wi th
increasing incident power.

The locking behavi or described above was studi ed in l i tera ture [3] based on
the D NLS. It dem onstra tes the power-induced tra nsiti on from a quasiconti nuous
state wi th hi gh m obi li ty to a highly local ized and almost locked one. For low input
power, the soli to n can fol low the ini ti al ti lt, where the Ùeld is almost decoupl ed
from the rest of the array for the hi ghest power levels. If the ini ti al beam is wi de
enough to al low for beam break- up nonl inear absorpti on may intro duce some new
e˜ects whi ch parti al ly contra di ct thi s simpl e picture. Again, the sol i to n fol lows the
ti l t of the input beam for low input power levels Ùrst (see Fi g. 5). For increased
power levels, it starts to lock to the ini ti al guide, but then i t suddenl y j um ps

Fig. 6. cw -simulation of the Ùeld propagation for b eam parameters similar as in Fig. 5

(p eak power 1800 W, dashed line: propagation direction of a low pow er beam): (a) sim-

ulation s based on the D N LS (see Eq. (1)). The beam is locked, but oscill ati ons around

the Ùnal state occur; (b) CW- simulations w ith losses includ ed. T he beam turns into the

direction opp osite to the tilt.
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into the opposite di recti on. Thi s \ anti locking " is related to the beam break- up
intro duced above, but can be understo od on the basis of cw simul atio ns, i f we
accept slightl y di ˜erent values for the scal ing and the powers predi cted.

W e assumed an ini ti al beam sim i lar to the experim ent shown in Fi g. 5. The
power wa s chosen hi gh enough to ensure locki ng and to al low for beam break- up,
i f absorpti on was added. In Fi g. 6a we solved the D NLS f or ideal condi ti ons (cw,
no absorpti on), where the sol ito n stays conÙned in the ini ti al wa vegui de. Nev-
erthel ess, a closer look reveals damped oscil lati ons around the Ùnal positi on and
smal l outbursts of radi ati on duri ng each oscil lati on peri od. If l inear and nonl in-
ear absorpti on are added, the power of the sol i to n is reduced duri ng propagati on.
Co nsequentl y, i ts abi l i ty to lock to the ini ti al waveguide di minishes. No w the ra-
di ati on observed previ ously is becoming stro nger and stronger. Fi na lly, alm ost the
who le residual of the beam leaves the ini ti al guide at the end of the Ùrst oscil lati on
period (see Fi g. 6b).

Varyi ng the input angleone Ùnds a conti nuous tra nsi ti on from beam break- up,
where the Ùnal power di stri buti on is symm etri c to the \ anti locked" state, where
alm ost a ll the power is conta ined in one of the beam s leavi ng the ini ti al gui de.

4. Co n cl usion s

In concl usion, we have experim enta l ly dem onstra ted tha t discrete system s
present dyna mical properti es, whi ch di ˜er considerably from tho se of conti nuous
ones. W e showed how, under certa in condi ti ons, an ini ti al ly m ovi ng sol ito n can
be captured at the ini ti al wa veguide, i f a certa in power is reached. If the power
is hi gh enough to induce beam break- up, an \ anti locking " m ay occur. Hence, the
sol i to n m oves into a di recti on opposite to the ini ti al ti l t.

The autho r woul d l ike to acknowl edgethe Israeli Mi nistry of Science and the
Bri ti sh Eng ineering Physi cal Science Research Counci l and the D eutsche
Forschungsg emeinschaft (G erm an R esearch Founda ti on) for Ùnancial supp ort to
thi s work.
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