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Abstract: We study 1D stacks comprising alternating layers of normal and metamaterials, with disorder in both refractive index
and layer thickness, and show strong suppression of localisation with only index disorder.
©2008 Optical Society of America
OCIS codes: (050.1950) Diffraction gratings; (290.4210) Multiple scattering; (160.3918) Metamaterials.

Introduction

Disorder-induced localisation is amongst the most fascinating and fundamental phenomena of wave propagation [1].
While the literature is extensive [2], with the phenomenon having been studied in both quantum and classical sys-
tems, there still remain open questions. To date, studies of localisation of photons have mainly considered structures
composed of regular (right-handed) materials. Now, however, there is a considerable interest in the properties and
applications of metamaterials which have negative refractive indices, and which exhibit unusual optical properties.
Recently we have shown that the combination of disorder (refractive index disorder) and meta-refraction, can sub-
stantially suppress Anderson localisation [3]. In this paper, we extend the previous study to investigate the effects of
both refractive index and the layer thickness disorder.

Method

We consider a 1D mixed (M) stack comprising disordered right-handed (R) and left-handed (L) slabs, which alter-
nate over its length of N (even) layers. The thickness of the j ™ layer is d ; =d+0d,, while the magnetic perme-

ability and dielectric permittivity &, of the layer are respectively x; =+l and &; = i(1+ ov, )2 , with the fluctua-
tions dd, and Ov, being independent, zero-mean, random variables, distributed normally in [—Qd,Qd] and
[—QV,QV] respectively. We also consider the corresponding homogeneous (H) samples that contain only a single
type (R or L) of disordered layer. The localisation length / is calculated from l=}i_1>130 ;/;1, where

vy, =—InT(L)/2L , with T(L) denoting the transmittance of a unit amplitude plane wave (wavelength A ) incident

normally on the random sample (mean length L = Nd ). In our modelling, we regard the structure as a stack of lay-
ers, each of which is separated by an infinitesimal gap, and compute the stack reflection

(R,=r,+R _t;/(1-R,_r,)) and transmission (7, =T, _,, /(1-R,_7, )) coefficients by recursion. Here R, and 7,

n—1"n n—1"n n—=1"n n—1"n
denote the amplitude reflection and transmission coefficients of a stack of n layers, each of which have correspond-
ing reflection and transmission coefficients », and ;. In the case of weak and moderate disorder, we approximate

the layer reflection and transmission coefficients and linearise the recurrence relations to obtain analytical expres-
sion for the localisation length. The results we present include numerical simulations and analytic approximations,

applicable to both weak and moderate disorder in both refractive index v =£./ue and layer thickness d .

Results and Discussion

The localisation features of a sample depend strongly on the type of randomness. In contrast to H-stacks, the elec-
tromagnetic properties of M-stacks can differ strongly depending on whether the disorder is in v, d , or in both. In
the case of only thickness disorder, the localisation length diverges as all configurations are transparent, irrespective
of the strength of the thickness fluctuations—a consequence of x;/¢; =1. In the case when there is disorder in

both v and d, while there is no essential difference between the properties of M-stacks and those of H-stacks of
either R- or L- type, the localisation length for the H stack is always shorter than that for the M stack, for a given
wavelength (Fig.1(a)). In the short (1/d <« 1) and long (A/d > 1) wavelength limits, the localisation length is
independent of the sample type. For short A, this is because the localisation properties are determined solely by
Fresnel reflection coefficients, and hence by the relative impedance which is independent on the sign of & and x .

978-1-55752-859-9/08/$25.00 ©2008 IEEE
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Fig.1(a) Localisation length vs. wavelength for Q=0.25, Q,=0.2 for a M stack; thin solid line is the analytical prediction, top dashed line is the
numerical simulation, lower dotted line is for the correspond H stack. Solid straight lines show short and long wavelength asymptotics. (b) /,

vs A for stacks of length L =10°, 5=3,4,5,6,7 from bottom to top. The straight line is the A° asymptotic.

The situation is quite different in the case of pure refractive index disorder. While the localisation length of
M-stacks for A/d <1 is comparable to that for H-stacks, the long A asymptotic of /, for M-stacks differs dramati-
cally from that of H-stacks. Fig. 1(b) presents simulations for increasingly long stacks and it is seen that, in the long
A limit, /, is a strong function of the stack length L. For intermediate A, where /, = 1/<7L> has converged, /, is
well approximated by /, oc A°, in contrast to the long-established asymptotic for disordered H-stacks, /, oc 1*. The

dramatic difference between the M and H cases is due to the much weaker interference for M-stacks.
The introduction of thickness disorder strengthens the interference and hence the localisation, causing the lo-

calisation length at long wavelengths to transition from A° dependence to the classical A°> dependence . This tran-

2
| ~
1001y A
I, /d
10*
102
1 10 A/d 100

Fig.2 [, vs A for stacks with Q,=0.25 and Q4=0.005,Q4=0.01 and Q4=0.05 from top to bottom.

sition is apparent in Fig. 2 which shows the impact of increasing thickness disorder on the localisation length. While
the A° asymptotic is only weakly apparent for strong thickness disorder (bottom curve of Fig.2), it becomes increas-
ingly evident with decreasing thickness disorder. We note that the curves of Fig. 2 have been computed using stack
lengths sufficient to ensure well converged results. The accurate characterisation of the localisation length requires

only 10° layers in the case of strong thickness disorder, but needs 10" layers for the weak thickness disorder case.
This contrasts with the curves of Fig 1(b), for the absence of thickness disorder, in which well converged results are
achieved for comparatively short wavelengths, A/d <10, using very long stacks (10 layers).

Conclusion

In conclusion, the localisation properties of one-dimensional stacks composed of alternating layers of normal and
metamaterials have been studied both computationally and analytically. It is shown that the localisation length in
mixed stacks in the long wavelength limit is much longer than that in the corresponding homogeneous samples.
This is due to much weaker interference and is associated also with an absence of transmission resonances in mixed
stacks for long wavelengths. This, we attribute to the inability of waves in such structures to accumulate phase. In
addition to these results, our presentation will outline the theoretical analysis and will also present numerical results
for absorbing structures.
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