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Spontaneous one- and two-dimensional optical spatial solitons supported by photoisomerization
nonlinearity in a bulk polymer
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We present theoretically another type of optical spatial soliton in steady state, which is supported by photo-
isomerization nonlinearity in a polymer. For the photoisomerization nonlinearity with saturation, this type of
one- or two-dimensional spatial soliton can be formed in a bulk polymer. The spontaneous soliton of this type
can only be dark or gray. Not only a linearly polarized beam, but also a circularly polarized beam can be used
to form the soliton, which is impossible for the photorefractive soliton. The effects of wavelength, polarization,
and intensity of the beam on the formation of the soliton are discussed in detail.
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The optical spatial solitofSS is one of the most intrigu- has been extensively applied to optical storg2@,27, re-
ing phenomena of nonlinear optics. The Kerr-type SS is theording of holographic grating$26,27], and all-optical
first optical SS, predicted more than 30 years fjoyet it switching[26,27,29,30 etc. We have recently found that the
requires very high power and can only be observed in ghotoinduced intensity-dependent refractive index change in
one-dimensional form and in a slab waveguide owing to bothhis type of material is capable of supporting SSs and we
catastrophic self-focusing and modulation instability. In thenave predicted theoretically that with the assistance of a
past decade, SSs supported by the photorefractive effect ha}é?oper background beam, a linearly polarized beam can form

attracted much attention from researchigs15]. The pho-  yark or bright one-dimensional SSs in bulk polymers with
torefractive effect is a saturable nonlinearity and can supporf, o photoisomerization nonlinearifg1].

one- or two-dimensional op_tical SSs at very low power Igvel In this paper, spontaneous one-dimensional gray and dark
(microwaty [2], however this type of SS generally requires ggg a5 well as two-dimensional dark SSs, which are sup-

an external electric field or an additional background beamported by the photoisomerization nonlinearity in the bulk

thqugh some Qxceptions hgve bee'n fo(h@]. Some in.ter— polymer material, are presented, respectively. It is found that
esting discoveries, such as interaction of the B§sotating  {he’spontaneous SSs can be only dark or gray. We show that
SSs[6,17], and multiple composite S48], have been re- o, jinearly polarized and circularly polarized beams can

ported. With the rapid development of polymer sciencesom this type of SSs. We also discuss the effects of the
many researchers are dedicating themselves to forming SGg,

i , velength, polarization, and intensity of the beam on the
or waveguides in polymers. Shetal.[14] suggested form- 5 mation of SSs.
ing the SS in photorefractive polymers, which was recently £ the |arge photoinduced change of the refractive index

realized by Chert al.[15]. Sarkisovet al.[19] formed dark (see the discussion belayone can anticipate that SSs can be

SSs in photopolymer films by means of upconverted dygomeq spontaneously. The reaction kinetics of the photo-
photobleaching and discussed the application of these SSs i, merization process in polymers induced by a linearly or

optical interconnections. Bartuat al.[20] investigated SSs circularly polarized light beam can be described [B$2],
in planar polymer waveguides supported by Kerr-like NON-Appendiy]
linearity. Wrightet al. [21] presented a two-dimensional SS
in the polydiacetylene para-toluene sulfonate with a quintic dT,
nonlinearity. Shiet al.[22] formed the photomasked channel gy =~ AreorlsTy €08’ 0+ Aesocl (To = T) + Ke(To = T)
waveguide structure on copolyester disperse-red-19 films,
and Henninotet al. [23] formed optical SSs in dye-doped (1)
liquid crystals. Some researchd2%,25 were interested in  gpq
forming self-written waveguides caused by the photopoly-
merization process in photosensitive materials. dT, _ e
On the other hand, photoisomerization is another interest-qt EqTS‘TTI STe Sin’ 6 + declo(To = Te) +Ke(To = To),
ing phenomenon of nonlinear opti€86,27). The reversible 2
transition oftrans and cis-isomerizations of the photochro-
matic process in polymers can lead to photoinduced birefrinwhereT,, (T,), and T, represent the concentrations of mol-
gence, dichroism, mass transport, and intensity-dependent rgcules in therans form under linearly(circularly) polarized
fractive index ChangéZS] Photoisomerization nonlinearity illumination and in the darkness, respecti\/@}js the ang|e
between the molecular orientation and the direction of elec-
tric field of the signal beam¢’ is the angle between the
*Corresponding author. Email address: stils02@zsu.edu.cn molecular orientation and the direction of wave vectpf,
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andqcs are the quantum yields of the signal beamtfans 1 IA kSA(nZ)
to-cis andcis-to-transtransitions, respectively;r ando are 2k 9z + TA
the absorption cross sections of the signal beam irtrtires

to-cis and cis-to-trans transitions, respectivelyK¢ is the  whereA is the slowly varying amplitude of the electric field
thermal relaxation rate of theis-to-transtransition, andgis  of the beamk=Kkgn,, A(n?) =2nyAn, ng is the unperturbed

VZA+i =0, (5)

the intensity of the light beam. refractive index, antlo=27/\, where\ is the wavelength of
In the steady state, one can getTy(l+1)/(8l coS A+I the beam in the vacuum.
+1) for the case of linear polarization, whil@=Tl For one-dimensional dark SSs, I&t=u(x)vlpexpil'z),

+1)/ (Bl sir? ¢’ /2+1+1) for the case of circular polarization, whereT is the propagation constant of the SS. Then the
wherel=14/1p, I5=Kc/(g.0c), andB=(gro1)/(dcoc). Then  soliton equations in dimensionless form derived from Egs.
the refractive index change corresponding to the photot4) and(5) are

isomerization is given by32]

Pud) u+1 [1+u?
PR b= BU? 1= BU?
An =S| (T-Tycog 6dQ, (3)
Xtan! Buz ) _ }:|
1+u?) 3

Ang= Sf (T-To)co 6dQ,

and
where(} is the solid angleSis a positive parameter depend- u?+1
ing on material and the wavelength of the signal beam, and FPu(g) w+1 BU?
cos #=sir? §' cos (¢’ —¢), according to the geometric rela- o2 U b- > T
tion shown in Fig. 6. The direction of the wave vector is ¢ A A /MJr 1
selected along the axis, ¢’ is the angle between theaxis Bu?
and the projection of the molecular orientation on ¥ 22+ 1)
plane, andy is the angle between theaxis and the electric —
field of the beam. Then we get x| pu _1 (6)

n > >
I+1 1+1 | 1 (\/2(u+1)+1+1>
+ + —
An,:47-rSTO[—(l—\/—tan‘lw'g—>——], BU?
Jel Bl 1+1/) 3
(4) for linearly and circularly polarized beams, respectively,

l+1 where W(x)=I, &=x/Xo, X%o=(8nokdmSTy)™Y2 and b
— =I'/(4kymSTy). Let u()=u,, and then we can gdi=(u?

An, = 47ST, I+1 1+ Al +1)/(Bu?)[1- (2 +1)/(Bul)tart\Bu?/ (U2 +1)]-1/3 for
Al \/Z(l +1 +1 a linearly polarized beam, and
Bl _ (2 2 2 27/ fori 2 2
20 +1) b= (uz + 1)/(Bu)(1 +(uz + D/ (Bu)/N2(uz + 1)/ (Buz) + 1
+
T . XIn{2(u2 + DI(BU2)[V2(U2 + DI(BU2) + 1 + 1]%}) - 1/3
: 2(1+1) 2| 3 for a circularly polarized beam. The dark SS solutions ob-

+1+1 tained are shown in Fig.(8) for u,=1.0 and3=1/2.[The

value of 8 depends on the wavelength and the material. As
The refractive index changeg\n, (solid lineg and An,  an example, the value ¢# will vary from about 0.3 to 1.5
(dashed lines are shown in Fig. 1 as functions offor  with wavelength for disperse red on®R1) doped poly-
different values of3. One can see clearly in Fig. 1 th@tthe  (methyl methacrylate (PMMA) polymer [35].] The exis-
refractive index change is negative and saturatile,the  tence curves for different values gfare shown in Figs. (®)
saturable values ofAn| increase with the values g8, and  and Zc).
(iii) the values ofAn|| are larger than the relative values of ~ We can see from Fig. 2 thé the existence curves of this
|Ang|. As the property(i) states, the refractive index change type of SS are similar to those of photorefractive[8% (i)
is saturable, which means that the soliton can be formed ithe existence curves will “shiftleft and down when the
the bulk material[33]; the refractive index change is always value of 8 increasestiii ) for the same intensity of the beam,
negative and decreases monotonously with the intensity offhen the value of3 is about 2, the SSs of a linearly polar-
the signal beam, which means that the SSs can onlyable  ized beam and a circularly polarized beam almost have the
or gray [34]. From the facts that the refractive index changesame full width at half maximuntFWHM); and when the
is induced by the light beam itself, and that the refractivevalue of 8 is less than 2, the SS of a linearly polarized beam
index change is large enougbee the discussion belpywe  has a smaller FWHM than that of a circularly polarized

conclude that the SSs can be fornmabntaneously beam; when the value @ is greater than 2, the FWHM of
The nonlinear Schrddinger equation describing the statéhe SS of a linearly polarized beam is larger than that of a
of the beam is circularly polarized beam in the high-intensity range) the
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FIG. 1. The refractive index change as a function éér dif-
ferent values of3, where the solid lines and the dashed lines cor-
respond toAn, and An,, respectively.
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minimum FWHM of the soliton becomes larger when the
value of 8 becomes smaller, for the saturated absolute value

of refractive index change decreases with the valug @fee

Fig. 1).

For _ the

one-dimensional

gray

SS,

Pu(é) I u+1 [1+u?
(952 —F:U{b—|: Buz <1— ,8u2
LB L
Xtan 1 1+U2) 3:|}
and
u+1
Fue F_ |+l . BU?
PN Bu? \/2(u2+ 1)
BU?
2(U?+1)
2
XIn pu —E

letA

=u(é&)Vlpexpli[T'z+ [I/u?(£)dé]}, wherel is the propagation
constant of the SSJ] is a positive constant, and then the for linearly and circularly polarized cases, respectively. As an
soliton equations in dimensionless form derived from Egsexample, we solve the equations numerically Gigr1.0, 8

(4) and(5) are

FWHM

FWHM

FIG. 2. The spontaneous dark spatial soliton solutions for the
linearly (solid lines and circularly(dashed lingspolarized beams.
(a) The intensity profile of the solitons, whete=1.0 andB=1/2;
(b) and(c) The existence curves for different valuesf
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(V)
i1+l
pu?

=1/2, anduy=0.1. The intensities and phase profiles of the
gray SSs are shown in Fig. 3, whele-0.0123(0.0105 and
b~-0.0427(-0.0302 for the linear(circulan polarization
case.

We can see from Ed4) that the distribution of the refrac-
tive index change only relates to the intensity distribution of
the soliton beam. This means if the intensity profile of the
two-dimensional beam has circular symmetrpo matter
whether the polarization is linear or circulathe distribution
of the refractive index change will have circular symmetry
too. Recalling the saturable character of the material, we can
deduce that the two-dimensional circular SS can be formed
in this material. In two-dimensional case, a vortex phase pro-
file should be introduced, and only the dark SSs can be
formed.  In polar coordinates, let Alp,0)
=v(p)VIpexpim)expil'z), wherem==+1,+2,..., and we
get the soliton equations in dimensionless form for the dark
SS,

d?y 1dv 5
_+_—_
d?  ndy
) [ e //31/2)_1}
_v{b {—sz (1 577 tan 1+.2) 3

for the linearly polarized beam, and

14
7

P+1
dv 1dv oV ¥+1 B?
—+——-m— =1y b- 1+ —F———
dZ gdp 7 BV /2(V2+1)+1
BV
217+ 1)
B2 1

XIn 2(1/2+1) > —5
7+1+1

for the circularly polarized beam, wherg=p/x,, 1%(p)=I,

026601-3



X.-S. WANG AND W.-L. SHE PHYSICAL REVIEW E71, 026601(2009

40

(@) FIG. 4. The two-dimensional vortex soliton solutions for the
linearly (solid lineg and circularly(dashed linespolarized beams,
wherev,,=1.0 andB=1/2.

It is well known that the isomerization of the photochro-
matic process in polymers can lead to large intensity-
dependent refractive index chan@s,36. For example, ac-
cording to Table 1 in Ref[28], when the intensity is about
10 W/cn¥ (the typical intensity for photorefractive S£8)),

-40 the refractive index change can be 30107 for 5% (con-
£ centration by weight DR1-doped PMMA. This change is
larger than that for photorefractive S$$04—1073) [37],
(b) which means that thepontaneousoliton is achievable.
The value of parameteB[B8=(qroq)/(qcoc)] is deter-

FIG. 3. The spontaneous gray spatial soliton solutions for thgyined by the material and the wavelength. We choose the
linearly (solid lineg and circularly(dashed linespolarized beams, disperse red onéDR1)-doped polyémethyl methacrylate
Wh_ereuoozl.o,uozo.l, and/}_:llz.(a) The'intensity profiles of the (PMMA) matrix as an example here. The valuesipandqc
solitons. (b) The phase profiles of the solitons. (the quantum yields of the signal beam foansto-cis and

cis-to-trans transitions, respectivelyary slightly in the vis-
and m corresponds to the so-called topological charge. Fofple range whileot and o (the absorption cross section of

Phase(rad)
AW NO N RO

n—, v(n) — v, we get the signal beam in théransto-cis and cis-to-trans transi-
5 > 5 tions, respectivelywill experience large variatiofsee Ref.

pe 2=t 1(1 it tar i/ BYs ) 1 [35]). In the DR1-doped PMMA material, if the wavelength

B2 B2 1+42) 3 of the beams is 514.5 nrtthe typical wavelength for an

argon laser, the value of3 is about 1/2. If the wavelength of

for the linearly polarized beam, and the beam is between 490 and 550 nm, the valug afan

2+l vary from about 0.3 to 1.5.
2,1 > The time in which the process of isomerization reaches
b= Ve | 1+ BV the steady state varies with the molecular structure, the poly-
BV, 212+ 1) meric system, the inhibiting motion of the polymer matrix,
2 e temperature, as well as the wavelength and the intensi
B +1 the temperat Il as th length and the intensity
) * of the pump beam26,27,3§. For example, in DAP-PGMA
2(v+1) material, the formation time can reach 40 [89]; in the
2
v 1
XIn 202 fl) 2|73 90
\/VOO— +1+ 1) 80
B2 70
- . . 60
for the circularly polarized signal beam. & 5o )
The numerical solutions of SS's are showed in Fig. 4 for B FRRRE
v,=1.0,8=1/2,m=1,2, and fodinearly and circularly po- 0b  mmmeee—— .
larized cases, respectively. 20 Moo=t === B
The existence curves of the vortex SSs are shown in Fig. D sofiton
5 for B=1/2. Tocompare, the existence curves of the one- ¢ .4 4.6 B 30 2 W 3

dimensional dark SS are also given in Fig. 5. One can see *

that the FWHM of the two-dimensional SS is larger com-  FIG. 5. The existence curves of one-dimensional soliton and
pared to that of the one-dimensional SS, and the FWHM ofwo-dimensional soliton§m=1 and m=2 for B=1/2. Thesolid

the circular-symmetry double charged vortex SS is largeturves correspond to the linearly polarized beam and the dashed
than that of the single charged one for the same intensity. curves correspond to the circularly polarized beam.
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APPENDIX

wave vector molecular orientation

(z-axis) From the quantum-mechanical treatment of absorption,

(rod-like) the probability per unit time of the absorption of a photon

from a monochromatic wave with an electric amplituﬁeis

proportional toX?,_,pip; EE], wherep is the transition di-

pole moment. Therefore, we can assume that the absorption

cross section i€-&-E and E-&¢-E for trans and cis-

y-axis isomerizations, respectively, whelss the unit vector of the
electric field of the beam,

9'

o'\ ®
x-axis L0 0

¢ o
ET: 0 O'-# 0 y

FIG. 6. Schematic of the mutual orientation of the rodlike mol- 0 0 o
ecule of the material, the propagation direction, and the electricand
field of the light beam.

Ooc 0 0

DR1-doped PMMA material, the formation time can be Ge=| 0 oc O
about second, when pumped by a 514.5 nm argon laser 0 0 o
C

(20 mW/cn¥) [40].
In conclusion, we have showed that the photoisomerizain the molecular coordinate for the rodlike geometry of the

tion nonlinearity in a polymer can support one-dimensionatransisomerization and the globular geometry of this-

dark and gray solitons as well as two-dimensional circularlyisomerizatio{ 26]. Generally, for the rodlike geometry of the

symmetric dark solitons. This type of soliton can be spontatransisomerization,o7 is much less tharr; and can be

neous and can be formed by using not only the linearly b“heglected [32]. For linearly polarized light, E-&rE
also the circularly polarized beams. Modification of the_aT CO 0+ o Sir? 0= oy c0Z 6, E-Fc-E=ag, Where d is

wavelength of the light beam can affect the existence curve ; . L
of the solitons via the parametg e angle between the molecular orientation and the direction
of the electric field of the light beam. For circularly polarized

light, the direction of the electric field of the light be&(s)
varies with time much faster than the process of isomeriza-
This work was supported by the National Natural Sciencdion, and then the absorption cross section of trens
Foundation of ChindGrant Nos. 10074082, 10374121, and isomerization to the light is a time averagemfcos 6, that
50173007, and the Natural Science Foundation of Guang-s, o7 sir? ¢, where ¢’ is the angle between the molecular
dong Province Chin&Grant Nos. 001192 and 031567 orientation and the direction of the wave vectsee Fig. 6.
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