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Selective transport and mobility edges in quasi-one-dimensional systems
with a stratified correlated disorder
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We present analytical results on transport properties of many-mode waveguides with randomly
stratified disorder having long-range correlations. To describe such systems, the theory of
one-dimensional transport recently developed for a correlated disorder is generalized. The
propagation of waves through such waveguides may reveal a quite unexpected phenomena of a
complete transparency for a subset of propagating modes. We found that with a proper choice of
long-range correlations one can arrange a perfect transparency of waveguides inside a given
frequency window of incoming waves. Thus, mobility edges are shown to be possible in
quasi-one-dimensional geometry with correlated disorder. The results may be important for
experimental realizations of a selective transport in application to both waveguides and electron/
optic nanodevices. ©2004 American Institute of Physics. [DOI: 10.1063/1.1765735]
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During the last few years there are a burst of intere
the problem of localization–delocalization transition in s
tems with correlated disorder(see, e.g., Refs. 1 and 2, a
references therein). This fact is due to the possibility to o
serve an anomalous transport in one-dimensional(1D) de-
vices with random potentials. In particular, it was sho2

that specific long-range correlations give rise to a comp
transparency of electron waves for given energy inter
Experimental realization of such potentials for single-m
waveguides with delta-like scatters3 has confirmed theore
cal predictions.

The subject of wave propagation through disorde
stratified media is important both from the theoretical vi
point and for experimental applications such as optic fib
remote sensing, radio wave propagation, shallow w
waves, random photonic lattices, etc.(see, e.g., Ref. 4). It has
also a direct relation to the problem of electronic transpo
mesoscopic conducting channels. So far, main results in
field have been obtained for random Gaussian potential
the other hand, the understanding of generic propertie
transport in the systems withcorrelated disorderis importan
for the modern theory of electron/wave propagation
should also be stressed that existing experimental tec
allow for the construction of systems with sophisticated s
tering potentials resulting in anomalous transport proper5.

In this letter we study transport properties of quasi
waveguides with astratifieddisorder that has long-range c
relations. Our main interest is in exploring the possibility
constructing such random potentials that result in frequ
windows of a perfect propagation of waves.

In what follows we consider a plane waveguide(or con-
ducting wire) of width d having a stratified region of th
lengthL. The stratification is described by a random po
tial Vsxd with zero averagekVsxdl=0, and correlato
kVsxdVsx8dl=Wsux−x8ud. The x axis stretches along th
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waveguide, the angular brackets stand for the statistica
erage over realizations ofVsxd6.

Since the potentialVsxd does not depend on the tra
verse to the waveguide direction, thetotal transmittance
TsLd of a quasi-1D stratified structure is expressed as a
of partial transmittances Tn,

TsLd = o
n=1

Nd

TnsLd. s1d

Here Nd=fkd/pg is the total number of propagating mod
(conducting channels) with f. . .g as the integer part, andk is
the wave number. EveryTn describes the transparency of
correspondingnth propagating mode with a lengthwise wa
numberkn=Îk2−spn/dd2. In such a way our problem for th
quasi-1D disordered system has reduced to the 1D
scattering in everynth channel. As a result, the average p
tial transmittancekTnl is described by the universal functi
that depends on one parameterLn;L /Llocsknd only, where
Llocsknd is the localization lengthassociated with a give
channel.

According to the theory of 1D random media,7,8 for a
weak potential(and not close to the energy bandk=0) the
inverse localization length is given by

Lloc
−1sknd = Ws2knd/16kn

2, s2d

whereWskxd is the Fourier transform of the binary correla
Wsux−x8ud for the scattering potential. For large localizat
length,Ln=L /Llocsknd!1, the transmittancekTnl exhibits the
ballistic behavior and the correspondingnth normal mode i
practically transparent,kTnl<1−4Ln. On the contrary, th
transmittance is exponentially small,kTnl,Ln

−3/2exps−Lnd,
when the localization length is much less than the leng
the waveguide,Ln@1. This implies strong electron/wave
calization in a givennth channel.

The main feature ofLlocsknd is its dependence on t

mode indexn. One can see that the largern is, the smaller is
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Llocsknd and, consequently, the stronger is the coherent
tering within this mode. This dependence is quite strong
to the squared wave numberkn in the denominator of Eq.(2).
Evidently, with an increase ofn the value ofkn decreases. A
additional dependence appears because of the power
trum Ws2knd. Since the correlatorWsux−x8ud is a decreasin
function of ux−x8u, the numeratorWs2knd increases withn (it
is a constant for the delta-correlated potential only). There-
fore, both the numerator and denominator contribute in
same way for the dependence ofLlocsknd on n. As a result, we
arrive at thehierarchy of mode localization lengths,

LlocskNd
d , LlocskNd−1d , ¯ , Llocsk2d , Llocsk1d.

Thus, a remarkable phenomenon arises. On the
hand, the partial transport for any ofNd channels is chara
terized solely byLn. On the other hand, due to the revea
hierarchy ofLlocsknd, the total transmittance(1) depends o
the whole set of scaling parametersLn. This fact is in con
trast with quasi-1D bulk-disordered models, for which
transport properties are described by one parameter
Note that our model is similar to quasi-1D waveguides w
rough surfaces, for which an hierarchy of scattering len
was also found.9

The combined effect of the hierarchy ofLlocsknd and the
one-parameter scaling for everykTnl results in three differen
transport regimes.(i) If the largest localization length
much less than the waveguide length,Llocsk1d!L, all propa-
gating modes are localized and the waveguide is nont
parent.(ii ) On the contrary, when the smallest localizat
lengthLlocskNd

d is much larger thanL, all propagating mode
are openskTnl<1d and the total ballistic transmittance
equal to the total number of propagating modes,kTsLdl=Nd.
(iii ) The intermediate situation arises whenLlocsk1d is larger,
while LlocskNd

d is smaller than the waveguide leng
LlocskNd

d!L!Llocsk1d. In this case a very interesting ph
nomenon of thecoexistenceof ballistic and localizedtrans-
port occurs. Namely, whilelowestmodes are in the ballist
regime,highestmodes are strongly localized.

As a demonstration, let us consider the waveguide w
large number of conducting channels,Nd=fkd/pg<kd/p
@1, and with potential having the widely used Gaussian
relator,

Wsuxud = W0k0p−1/2exps− k0
2x2d,

s3d
Wskxd = W0exps− kx

2/4k0
2d.

It is convenient to introduce two parameters

a ;
L

Lloc
w sk1d

=
W0L

16k2, d ;
Lloc

w skNd
d

Lloc
w sk1d

! 1, s4d

whereLloc
w sk1d andLloc

w skNd
d refer, respectively, to the large

and smallest localization lengths in the limit case of
white-noise potentialsk0→`d.

One can find that for Gaussian correlations(3) all propa-
gating modes are localized whena@expsk2/k0

2d. The inter-
mediate situation occurs when

expsk2/k0
2d @ a @ d expsdk2/k0

2d. s5d

Therefore, the longer rangek0
−1 of the correlated disorder, th
simpler the conditions(5) of the coexistenceof ballistic and
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localized transport. Finally, the waveguide is transpare
the case whena!d expsdk2/k0

2d. One can show that fo
white-noise potentials the conditiona@1 localizes all propa
gating modes. However, with a proper choice of the strat
correlated disorder the ballistic transport of all conduc
channels can be realized even fora@1.

The fundamentally different situation arises when
stratified medium has specific long-range correlations
show this, we note that the localization lengthLlocsknd of any
nth conducting channel is entirely determined byWskxd; see
Eq. (2). Therefore, ifWs2knd vanishes for some wave nu
berskn, thenLlocsknd diverges and corresponding propaga
modes are fully transparent. Such a situation can be rea
by using the method of constructing random potentials w
given Wskxd.

2,10 Specifically, one should find the functi
bsxd whose Fourier transform isW1/2skxd. Then, the random
potentialVsxd can be constructed as a convolution of w
noiseZsxd with the functionbsxd,

Vsxd =E
−`

`

dx8 Zsx − x8d bsx8d. s6d

We emphasize that the transition between localized and
listic wave/electron transport can be arranged in anabrupt
wayat any given value of wave numberkn. This can be don
if Wskxd has a discontinuity at the desired point. Corresp
ingly, random potentialVsxd should havelong-range corre
lations.

To show how to arrange a sharp transition, let us
Vsxd with the following power spectrum:

Wskxd = W0 Qsukxu − 2k0d, s7d

where Qsxd is the unit-step function and the characteri
wave numberk0.0 is a correlation parameter to be sp
fied. According to Eq.(6), the random potentials having su
correlator can be constructed as

Vsxd = W0
1/2FZsxd −E

−`

`

dx8 Zsx − x8d
sins2k0x8d

px8 G .

Now one can see that all low modes with wave num
kn.k0 have finite localization lengths while for high mod
with kn,k0 the localization lengths diverge,

Lloc
−1skn . k0d = W0/16kn

2, Lloc
−1skn , k0d = 0. s8d

Remarkably, in contrast to the case of Gaussian correla
(see above), here all propagating modes with

n . Nloc = fskd/pds1 − k0
2/k2d1/2gQsk − k0d s9d

are ballistic. Since their mode transmittanceTn=1, such
modes form acoset of completely transparent channels. As
for other propagating modes withlow indicesnøNloc, they
remain to belocalizedfor large enough waveguide lengthL
whenW0L /16k1

2@1.
The expression(9) determines the total numberNloc of

localized modesand total numberNtr=Nd−Nloc of completely
transparent modes. Since localized modes do not contrib
to the total transmittance(1), the latter is equal to the numb
Ntr and do not depend onL,

kTl = fkd/pg − fskd/pds1 − k0
2/k2d1/2gQsk − k0d. s10d

For k0!k the number of localized modesNloc
2 2
<fskd/pds1−k0/2k dg is of the order ofNd. Consequently,
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the number of transparent modesNtr is small, or there are n
such modes at all. Otherwise, ifk0→k, the integerNloc

<fÎ2skd/pds1−k0/kd1/2g turns out to be much less than
total number of waveguide modesNd, andNtr is large. When
k0.k1, the numberNloc vanishes andall modesbecome fully
transparent. In this case the correlated disorder results
perfect transmission of waves. Thus, the valuek0=k1 is, in
essence, thetotal mobility edgethat separates the region
complete transparency from that where lower modes ar
calized.

It is worthwhile to emphasize a nonmonotonic stepw
dependence of the total transmittance(10) on the wave num
ber k. Specifically, within the regionk1,k0 for fixed values
of k0 [when W0Ld2/16p2. sk0d/pd2.1], all propagating
modes are transparent and the transmittance exhibits
wise increase with an increase ofk. Each step up arises f
an integer value ofkd/p when new conducting chann
emerges.

On the other hand, fork1.k0 the transmittance revea
steps down due to successive localization of low mode
contrast with the steps up, every step down occurs a
local mobility edgeof the corresponding channel, when
second term in Eq.(10) takes an integer value. These val
may not coincide with the integer values ofkd/p, thus re-
sulting in a new kind of stepwise dependence for the tr
mittance. Finally, for very large valuesk2@W0L /16 the
transmittance starts to increase again due to a successi
localization of the modes.

Our results can be used for fabrications of electro
optic nanodevices with a selective transport. For exam
for the GaAs quasi-1D quantum-well structures with the
fective electron massme=6.7310−2m0, the Fermi-energ
EF=7 meV andd=500 nm, the number of channels is ab
17. Therefore, if choose the potential withp /k0<80 nm,
with an increase ofk one can observe in the conductan
Downloaded 22 Aug 2004 to 136.142.113.16. Redistribution subject to AIP
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after 6 steps up, about 16 local mobility edges characte
by the steps down.
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