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ABSTRACT

We investigate numerically the propagation and the Anderson localization of plane waves in a one-
dimensional lattice chain, where disorder and saturable nonlinearity are simultaneously present.
Using a calculation scheme for solving the stationary discrete non-linear Schrédinger equation in
the fixed input case, the disorder-averaged logarithmic transmittance and the localization length are
calculated in a numerically precise manner. The localization length is found to be a non-monotonic
function of the incident wave intensity, acquiring a minimum value at a certain finite intensity,
due to saturation effects. For low incident intensities where the saturation effect is ineffective,
the enhancement of localization due to Kerr-type nonlinearity occurs in a way similar to the case
without saturation. For sufficiently high incident intensities, we find that the localization length is an
increasing function of the incident wave intensity, which implies that localization is suppressed for
stronger input intensities, and ultimately approaches a saturation value. This feature is associated
with the fact that the non-linear system is reduced to an effectively linear one, when either the
incident wave intensity or the saturation parameter is sufficiently large. The non-linear saturation
effect is found to be stronger and more pronounced when the energy of the incident wave is
larger. We also calculate the variance of the inverse localization length and find that it also shows a
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non-monotonic behaviour.

1. Introduction

Understanding the influence of nonlinearity on Ander-
son localization of waves in disordered systems has at-
tracted much interest from researchers over the past years
(1-19). In non-linear wave propagation problems, all
aspects of the dynamics are not determined by the spec-
tral properties unlike in linear problems. Due to the pe-
culiarity of non-linear systems, different ways of pos-
ing the problem are not equivalent to each other (20).
As a consequence, there exist many uncertainties and
unanswered questions associated with the physical sys-
tems in which disorder and nonlinearity are simultane-
ously present (21, 22). Within this context, a fundamen-
tal question is whether the presence of nonlinearity en-
hances or suppresses Anderson localization. The answer
to this question can best be described as inconclusive at
this point. The influence of nonlinearity on Anderson
localization can be studied in three different contexts:
(i) the transmission of plane waves through disordered
non-linear media (1-10), (ii) the effect of non-linear

perturbations on localized eigenstates in finite-size sys-
tems (11-13, 18), (iii) the effect of nonlinearity on the
spreading of initially localized wave packets (5, 14-17,
19). The discrete non-linear Schrodinger equation can
be used in the study of all these cases (23).

Traditionally, much interest has been given to the
standard cubic nonlinearity associated with the Kerr
effect due to its relevance to a wide range of physical
systems (I1-19). In particular, it has been shown that the
effect of nonlinearity on Anderson localization is quali-
tatively different for localized and extended excitations.
It favours the propagation of localized excitations, while
it inhibits that of extended excitations (5). By studying
localized eigenstates and wave packet expansion in one-
dimensional (1D) disordered lattices, Lahini et al. have
observed that in the weakly non-linear regime, nonlin-
earity enhances localization for flat-phased states and
induces delocalization for staggered states (18). Other pa-
pers have also reported that pure Anderson localization
is destroyed and turns into a subdiffusive spreading of
wave packets in the presence of nonlinearity (16, 17, 19).
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However, the cubic nonlinearity does not always
reflect the physical reality and, in certain cases, other
kinds of nonlinearity should be considered. For example,
for short and high peak power pulses, the field-induced
change in the refractive index cannot be described by a
Kerr-type nonlinearity, since it is influenced by higher-
order nonlinearities, such as saturable nonlinearity (24).
The saturation of the non-linear response has been shown
to have novel impacts on the dynamical properties of
wave propagation in clean systems (24-35). For instance,
it has been pointed out that the saturable nonlinearity
allows the existence of stable two-state solitons with the
same time duration (24) and of breathers with high power
(25). In (26), genuinely localized travelling waves have
been found in saturable non-linear Schrédinger lattices
for the first time. Furthermore, in recent papers, the
authors have shown that there exists asymmetric wave
propagation through saturable non-linear oligomers and
wave rectification devices can be produced based on such
systems (34, 35).

Until now, many researches have been devoted to
soliton propagation in saturable non-linear systems. To
the best of our knowledge, there has been very little
research on the interplay between saturable nonlinearity
and disorder (36-38). The authors of (36) have inves-
tigated light localization in disordered photo-refractive
lattices with saturable self-defocusing nonlinearity. It has
been demonstrated that by increasing the value of the
nonlinearity strength continuously, a phase transition
from a localized state to an extended state can be ob-
tained. In a very recent paper, the authors have studied
numerically the dynamics of an initially localized wave
packet in 1D disordered chains with saturable nonlinear-
ity (38). From a detailed numerical analysis, they have
found that saturable nonlinearity can promote a sub-
diffusive spreading of the wave packet even in the pres-
ence of diagonal disorder for along time. In addition, they
have also investigated the effect of saturated nonlinearity
for initial times of the electronic evolution thus showing
the possibility of mobile breather-like modes.

In this paper, we investigate the transmission and
localization properties of plane waves in a 1D disor-
dered lattice chain with saturable nonlinearity. Using a
disordered version of the stationary discrete non-linear
Schrédinger equation, the disorder-averaged logarithmic
transmittance and the localization length are calculated in
a numerically precise manner. Unlike in many previous
works, we strictly fix the intensity of the incident wave
and compute physical quantities as a function of other
parameters. We find that the localization length and its
fluctuation are a non-monotonic function of the incident
wave intensity. For low incident intensities, the enhance-
ment of localization due to nonlinearity occurs in a way

similar to the case without saturation. For sufficiently
high incident intensities, we find that the localization
length is an increasing function of the incident wave
intensity and ultimately approaches a saturation value. It
is found that the non-linear saturation effect is stronger
and more pronounced when the energy of the incident
wave is larger. We also calculate the variance of the in-
verse localization length and find that it also shows a
non-monotonic behaviour.

2. Theoretical model and numerical method

In order to study the effects of saturable nonlinearity on
Anderson localization in a 1D disordered lattice, we use
the discrete non-linear Schrodinger equation given by

dC,(t
= = 6,Cot) — V [Cun 0 + Cra 0]
o|Cpu(1)]?
+ 1+13C|C(nt()t‘)|2 Cn(t)> (1)

where C,(t) is the wave function amplitude and V is
the hopping integral between the nearest-neighbour sites.
The on-site potential €, varies randomly as a function
of the site index n. We assume that €,’s are indepen-
dent random variables distributed uniformly in the range
[—W /2, W/2]. The parameter « is the strength of a third-
order Kerr-type non-linear response in the regime of low-
intensity waves, while 8 is the degree of saturation of
the nonlinearity. We set h = V = 1 for convenience.
We note that when the intensity of the incident wave
is sufficiently weak so that |C.(1)]? < 1, the last term
of Equation (1) can be approximated by the expression
[a|Cu(H)|*C(t) — aB|Cu(t)|*C,(t)]. With this approxi-
mation, we recover the standard cubic discrete non-linear
Schrodinger equation with an additional quartic term
—aB|Cu(D)]*Ca(h).

In a recent paper, the authors have studied the in-
fluence of saturable nonlinearity on Anderson localiza-
tion of an initially localized wave packet by integrating
Equation (1) directly (38). The main focus in that paper
was to study the time-dependent behaviour when a wave
packet was locally excited in the middle of a 1D system. It
has been widely known that in non-linear disordered sys-
tems described by discrete Schrédinger equations, there
occurs a sub-diffusive spreading of an initially localized
wave packet, without any indication of saturation for
long-time runs (17). On the contrary, in the present pa-
per, we focus on the transmission problem and study how
anincident plane wave is transmitted through a finite seg-
ment of a saturable non-linear disordered medium. Such
a set-up may be realized in experiments on layered pho-
tonic structures, where wave transmission through a non-
linear disordered medium can be studied as afunction of
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Figure 1. Schematic of the transmission problem. A plane wave is
incident on a saturable non-linear disordered medium with o # 0
and B # 0 from a uniform linear region on the right (n > L) and
is transmitted to a uniform linear region on the left (n < 1).rg, 7
and t are the complex amplitudes of the incident, reflected and
transmitted waves, respectively.

the intensity of the incident wave. To this end, we will
look for stationary solutions to Equation (1) of the form
Cn(t) = Y,e 'F', where E is the energy of the incident
wave. This leads to a set of coupled algebraic equations
for yry:

2
o[

Evrn = €nfrn — Ynp1 — Y1 + [EWIAE

Vn. (2)

In order to allow the free propagation of the wave outside
the disordered non-linear region, we take €, & and g to
be non-zero only in the region 1 < n < L. We note
that the transformation C, — (— 1)"C}, « — —« and
€, — —é€, leaves Equation (1) invariant (39). Therefore
the sign of & can be fixed to be positive when we consider
disorder-averaged quantities.

We assume that a plane wave is incident from the
right side (see Figure 1) and define the amplitudes of the
incident, reflected and transmitted waves, rg, r; and ¢, by

1 eik(L—n) +r eik(n—L)’ n>1L,
V=1 ! - (3)
te M, n <0,
where the wave number k satisfies E = —2 cos k. When

there is no dissipation, the conservation law |r1|? 4 |¢|* =
|r0|? is satisfied. In our previous works to which we re-
fer the details, we have presented a method for solving
Equations (2) and (3) numerically in the situation where
the incident wave intensity, |ro|?, is fixed (9, 10). We first
choose a positive real number for ¢ and solve Equation (2)
iteratively until we obtain v, and ;. The quantities
ro and r; are given by

et — gy

Y — e
ik _ o—ik T

1o , 11 pr—— (4)
and the reflectance R and the transmittance T are ex-

pressed as

. »
e =y ?
[yrek — )’

r

R =

1o
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o

(5)

This calculation is repeated for many different initial
values of t (t = §, 26, 38, . . .) until we obtain the value of
|r0|* sufficiently close to the pre-chosen value. The step
size § is chosen properly to achieve desired accuracy. The
main quantity we calculate is the localization length &
defined by

T 0T ©6)
& L—»oo L

where (- - - ) represents averaging over a large number of
random energy configurations. We will also present some
results on the variance of the inverse localization length,
o2, which is defined by

2, 2
o2 — lim (InT)") = (InT) ‘

L—o0 L?

(7)

3. Results

In order to calculate the localization length &, we need to
obtain the disorder-averaged logarithm of the transmit-
tance (In T'). We have computed (In T') by averaging over
10,000 random configurations of €,. Calculations were
performed for the system size L up to 60. In thelinear case,
itis necessary to do the calculation for substantially larger
values of L in order to extract accurate results for the
localization length. In the non-linear case, however, the
exponential decay of (T') or the linear decay of (In T') with
L is achieved for much smaller values of L. In the present
study, we have verified numerically that calculations up
to L = 60 are sufficient and (In T') approaches values
smaller than —6 at this value of L. Our main aim is
to investigate the effects of nonlinearity on localization
properties and all of our results were obtained for a fixed
disorder strength W = 2. The step size for t was § =
10~7. The error in the calculated value of |ry|? was always
smaller than 107>,

In Figure 2, we plot the inverse localization length
1/£ as a function of the incident wave intensity |ro|? in
the absence of saturation effects (8 = 0). The energy
of the incident wave, E, is equal to 0, 0.5 and 1 and the
nonlinearity parameter « is fixed to 0.5. We find that
the enhancement of localization occurs in the presence
of weak nonlinearity for all cases. When |rp|? is small,
the localization length is a decreasing function of it. For
sufficiently large values of |rg|?, the localization length
is found to approach a saturation value. The specific
saturation value of £ depends on the energy E and the
disorder strength W. A similar behaviour has also been
demonstrated in our previous work, though there is a
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Figure 2. Inverse localization length 1/& plotted as a function of
theincident wave intensity |ro|? for different values of the incident
wave energy, E = 0, 0.5 and 1, in the absence of saturation
effects (8 = 0). The value of the nonlinearity parameter « is
equal to 0.5 and the disorder strength W is equal to 2. For small
values of the incident wave intensity, the localization length is a
decreasing function of it. For a sufficiently large |rg|2, however,
the localization length is found to approach a saturation value.

0.11 T T T T T T T T

0.104 -

Figure 3. Inverse localization length 1/& plotted as a function
of the incident wave intensity, Iro]?, when E = 0, « = 0.5 and
B =0,1,3.When |ry|? or 8 is sufficiently large, an effective linear
behaviour is achieved. The curve for § = 3 is compared with the
dashed straight line corresponding to the linear result obtained
when £ = —0.5/3.

subtle difference in the way in which the results are ob-
tained (9). In contrast to the present study, in (9), the
incident wave intensity |ro|? was fixed and the localization
length was calculated as a function of the nonlinearity
parameter &. When B is zero, varying |ry|? is theoretically
equivalent to varying a. When g is non-zero, however,
they are not equivalent.

In Figure 3, we plot the inverse localization length 1/&
as a function of the incident wave intensity |ro|?, when
E=0,0 =0.5and 8 = 0, 1, 3. When the saturation of
the non-linear response is taken into account (8 # 0), the
localization behaviour of waves is substantially changed.
A non-monotonic dependence of the localization length
on the incident wave intensity occurs for finite satura-
tion strengths. The inverse localization length takes a
maximum value, which is a decreasing function of g,
at a certain value of |ry|?. The reason for this behaviour
is fairly simple. For sufficiently low incident intensities
where the saturation effect is ineffective, the enhance-
ment of localization due to nonlinearity still occurs in
a way similar to the case with § = 0, and therefore
the inverse localization length 1/& grows rapidly as |ro|?
increases. For larger values of |70]?, however, the satura-
tion effect begins to affect the localization behaviour and
the growth of 1/£ is suppressed (more strongly when
is larger). For sufficiently high incident intensities, the
inverse localization length is a decreasing function of the
incident wave intensity, which implies that localization is
suppressed for stronger input intensities, and ultimately
approaches a saturation value. This feature is associated
with the fact that the non-linear system is reduced to an
effectively linear one with « = 8 = 0 and the renormal-
ized energy E = E — a/B due to the saturation of the
non-linear response, when either |rg|? or 8 is sufficiently
large. We illustrate this by comparing the curve for 8 = 3
with the dashed straight line corresponding to the linear
result obtained when E = —0.5/3 in Figure 3. When
the linear value of 1/£ at E is substantially smaller than
the non-linear saturation value of 1/& at E for the Kerr-
type non-linear model, the non-monotonic dependence
of 1/& is bound to occur.

Inarecent paper, where the wave propagation through
a saturable non-linear asymmetric dimer has been stud-
ied, it has been shown that the saturation of the non-
linear response has distinct impacts on the wave trans-
mission properties for short-and long-wavelength input
signals (34). In other words, the saturation effect depends
strongly on the energy of incident waves. A similar be-
haviour is also observed in the present study. In Figure 4,
we plot the inverse localization length as a function of
the incident wave intensity for three values of the energy,
E =0,0.5,1, and « = 0.5, when S is equal to 1 and
3. From both figures, we observe that the non-linear
saturation effect is stronger and more pronounced when
the energy of the incident wave E is larger.

In Figure 5, we show some examples of the spatial dis-
tribution of the intensity of the wave function calculated
for a particular realization of disorder, when the system
size N is 60 and a plane wave is incident from the region
where n > 60. The wave function intensity is normalized
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Figure 4. Inverse localization length 1/& plotted as a function of
the incident wave intensity |ro|? for three values of the energy,
E=0,051anda = 0.5, when (a) 8 = 1and (b) 8 = 3.The
non-linear saturation effect depends strongly on the energy of
the incident wave and is more pronounced when E is large.

by the intensity of the incident wave, |rg|%. The parame-
ters o and E are fixed to 0.5 and 0, respectively. In Figure
5(a), we fix |rg|?> = 4 and compare the results for 8 = 0
and B = 1. We find that the wave penetrates more deeply
into the medium and its intensity is significantly larger
in a wider region when 8 = 1. This is consistent with the
result that the localization length for 8 = 1 is larger than
that for 8 = 0 (see Figure 3). In Figure 5(b), we fix § = 3
and compare the results for |ry|> = 0.16 and |ry|> = 2.25.
Again, we find that the wave penetrates more deeply into
the medium when |ry|?> = 2.25, for which the localization
length is larger as can be seen in Figure 4(b).

We have also considered the influence of the saturable
nonlinearity on the fluctuation of the localization length.
In Figure 6, we plot the variance of the inverse localization
length, o2, as a function of the incident wave intensity

JOURNAL OF MODERN OPTICS (&) 1927
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Figure 5. Spatial distribution of the intensity of the normalized
wave function for one particular realization of the random
potential, when (@) @ = 0.5, 8 = 0, 1, |rg|2 = 4 and (b) @ = 0.5,
B = 3, |ro|? = 0.16, 2.25. The values of N and £ are fixed to 60
and 0, respectively. A plane wave is assumed to be incident from
the right side.

|ro|%, for three values of the energy, E = 0, 0.5 and 1,
when « = 0.5 and 8 = 3 (cf. Figure 4(b)). We find that
this quantity also shows a non-monotonic behaviour. The
variance takes a minimum value at the same value of |rp|?,
at which 1/& takes a maximum value.

The effects studied in this paper may be realized in
experiments on layered photonic structures. In such sys-
tems, it has been demonstrated that the evolution of lon-
gitudinal Bloch waves can be approximated sensibly by
the discrete non-linear Schrodinger equation (7, 40). For
instance, we can employ a layered photonic system that is
fabricated from lithium niobate (LiNbO3) crystals. This
type of material exhibits a saturable self-defocusing non-
linearity corresponding to our consideration, via photo-
refractive effects (41, 42). Spatial disorder is introduced
into the system through a random variation of the layer
width in the process of fabrication.
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Figure 6. Variance of the inverse localization length, o2, plotted
as a function of the incident wave intensity |ro|? for three values
of the energy, E = 0,0.5and 1, when« = 0.5and 8 = 3.

4. Conclusion

In this paper, we have presented a numerical study of
the propagation and the Anderson localization of plane
waves in a 1D lattice chain, where disorder and saturable
nonlinearity are simultaneously present. Using a calcu-
lation scheme for solving a disordered version of the
stationary discrete non-linear Schrodinger equation in
the fixed input case, the disorder-averaged logarithmic
transmittance and the localization length have been cal-
culated in a numerically precise manner. For low incident
intensities where the saturation effect is ineffective, the
enhancement of localization due to nonlinearity has been
found to occur in a way similar to the case without satu-
ration. For sufficiently high incident intensities, we have
found that the localization length is an increasing func-
tion of the incident wave intensity, which implies that
disorder-induced localization is suppressed for stronger
input intensities. This feature is associated with the fact
that the non-linear system is reduced to an effectively
linear one, when either the incident wave intensity or
the saturation parameter is sufficiently large. It is found
that the non-linear saturation effect is stronger and more
pronounced when the energy of the incident wave is
larger. We have also calculated the variance of the inverse
localization length and found that it also shows a non-
monotonic behaviour, taking a minimum value at the
same value of the incident wave intensity, at which the
localization length takes a minimum.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research is funded by Vietnam National Foundation for
Science and Technology Development (NAFOSTED) under
[grant number 103.01-2014.10]; National Research Foundation
of Korea [grant number NRF-2015R1A2A2A01003494] funded
by the Korean Government.

References

(1) Devillard, P.; Souillard, B.J. J. Stat. Phys. 1986, 43, 423—
439.

(2) Doucot, B.; Rammal, R. J. Phys. (Paris) 1987, 48, 527-545.

(3) Doucot, B.; Rammal, R. Europhys. Lett. 1987, 3, 969-974.

(4) Gredeskul, S.A.; Kivshar, Y.S. Phys. Rep. 1992, 216, 1-61.

(5) Molina, M.1. Phys. Rev. B 1998, 58, 12547-12550.

(6) Rasmussen, K.Q.; Cai, D.; Bishop, A.R.; Grenbech-Jensen,
N. Europhys. Lett. 1999, 47, 421-427.

(7) Hennig, D.; Tsironis, G.P. Phys. Rep. 1999, 307, 333-432.

(8) Trombettoni, A.; Smerzi, A.; Bishop, A.R. Phys. Rev. Lett.
2002, 88, 173902.

(9) Nguyen, B.P.; Kim, K.; Rotermund, F.; Lim, H. Physica B
2011, 406, 4535-4537.

(10) Nguyen, B.P.; Kim, K. Eur. Phys. ]. B 2011, 84, 79-82.

(11) Kopidakis, G.; Aubry, S. Physica D 1999, 130, 155-186.

(12) Kopidakis, G.; Aubry, S. Physica D 2000, 139, 247-275.

(13) Kopidakis, G.; Aubry, S. Phys. Rev. Lett. 2000, 84, 3236
3239.

(14) Shepelyansky, D.L. Phys. Rev. Lett. 1993, 70, 1787-1790.

(15) Kottos, T.; Weiss, M. Phys. Rev. Lett. 2004, 93, 190604.

(16) Kopidakis, G.; Komineas, S.; Flach, S.; Aubry, S. Phys. Rev.
Lett. 2008, 100, 084103.

(17) Pikovsky, A.S.; Shepelyansky, D.L. Phys. Rev. Lett. 2008,
100, 094101.

(18) Lahini, Y.; Avidan, A.; Pozzi, F.; Sorel, M.; Morandotti,
R.; Christodoulides, D.N.; Silberberg, Y. Phys. Rev. Lett.
2008, 100, 013906.

(19) Flach, S.; Krimer, D.O.; Skokos, Ch. Phys. Rev. Lett. 2009,
102, 024101.

(20) McKenna, M.J.; Stanley, R.L.; Maynard, J.D. Phys. Rev.
Lett. 1992, 69, 1807-1810.

(21) Fishman, S.; Krivolapov, Y.; Soffer, A. Nonlinearity 2012,
25, R53-R72.

(22) Mafi, A. Adv. Opt. Photonics 2015, 7, 459-515.

(23) Kevrekidis, P.G. The Discrete Nonlinear Schriodinger
Equation: Mathematical Analysis, Numerical Computa-
tions and Physical Perspectives; Springer, Berlin, 2009.

(24) Gatz, S.;; Herrmann, J. J. Opt. Soc. Am. B 1991, 8, 2296-
2302.

(25) Cuevas, J.; Eilbeck, J.C. Phys. Lett. A 2006, 385, 15-20.

(26) Melvin, T.R.O.; Champneys, A.R; Kevrekidis, P.G;
Cuevas, J. Phys. Rev. Lett. 2006, 97, 124101.

(27) Vicencio, R.A.; Johansson, M. Phys. Rev. E 2006, 73,
046602.

(28) Lederer, F.; Stegeman, G.I; Christodoulides, D.N;
Assanto, G.; Segev, M.; Silberberg, Y. Phys. Rep. 2008,
463, 1-126.

(29) Naether, U.; Vicencio, R.A.; Stepi¢, M. Opt. Lett. 2011, 36,
1467-1469.



(30) Guzman-Silva, D.; Lou, C.; Naether, U.; Riiter, C.E.; Kip,
D.; Vicencio, R.A. Phys. Rev. A 2013, 87, 043837.

(31) Samuelsen, M.R.; Khare, A.; Saxena, A.; Rasmussen, K.Q.
Phys. Rev. E 2013, 87, 044901.

(32) Hu, S.; Hu, W. Physica B 2013, 429, 28-32.

(33) Cao, P.; Zhu, X;; He, Y.J;; Li, H.G. Opt. Commun. 2014,
316, 190-197.

(34) Assungio, T.F,; Nascimento, E.M.; Lyra, M.L. Phys. Rev.
E 2014, 90, 022901.

(35) Law, D.; D’Ambroise, J.; Kevrekidis, P.G.; Kip, D.
Photonics 2014, 1, 390-403.

(36) Li, Y.;Wu,J.;Liu, J; Liu, Y. J. Nonlinear Opt. Phys. Mater.
2012, 21, 1250051.

JOURNAL OF MODERN OPTICS (&) 1929

(37) Radosavljevi¢, A.; Gligori¢, G.; Maluckov, A.; Stepi¢, M.;
Milovi¢, D. J. Opt. Soc. Am. B 2013, 30, 2340-2347.

(38) dos Santos, J.L.L; Nguyen, B.P; de Moura, F.A.B.F.
Physica A 2015, 435, 15-21.

(39) Tietsche, S.; Pikovsky, A. Europhys. Lett. 2008, 84, 10006.

(40) Kosevich, A.M.; Mamalui, M.A. J. Exp. Theor. Phys. 2002,
95, 777-787.

(41) Kip, D. Appl. Phys. B 1998, 67, 131-150.

(42) Chen, F; Stepi¢, M.; Riiter, C.E; Runde, D.; Kip, D.;
Shandarov, V.; Manela, O.; Segev, M. Opt. Express 2005,
13,4314-4324.



	1. Introduction
	2. Theoretical model and numerical method
	3. Results
	4. Conclusion
	Disclosure statement
	Funding
	References



