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A different type of system with coupled ordered-disordered chains has given rise to considerable interest
recently, as it has a variety of applications in nanostructures and biological systems such as DNA molecules.
We investigate the localization/delocalization of coupled one-dimensional systems composed of one disordered
chain (chain I) and another ordered chain (chain II), focusing on the interplay among the disorder, correlation,
and interchain coupling. We find that for systems where chain I exhibits uncorrelated disorder, charge transport
in chain I (1) is enhanced (suppressed), as the disorder in chain I leads to the localization of all states in both
chains. However, for chain T with hopping amplitude #; and long-range correlated disorder (with power-law
spectral density and disorder strength W), we find there is a localization/delocalization transition for the case
W=4t,, induced by interchain coupling. For W>4t,, we find there is a quantum-phase transition at finite
interchain coupling V.: The interchain coupling induces appearance of two channels of extended states for
V>V, while there is only one channel of extended states for V<V..
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I. INTRODUCTION

There are numerous studies in condensed-matter systems
where the degree and type of disorder determine the charac-
ter of electronic transport with drastically different properties
possible. Ordered systems with spatial periodicity have con-
tinuous (dense) electronic spectra with spatially extended
states due to Bloch’s theorem. In contrast, disordered sys-
tems have, in general, discrete spectra with spatially local-
ized states (especially for low-dimensional systems with un-
correlated disorder). The ability to create experimental
systems with complex structures gives rise to the question:
what are the properties of a system with coupled ordered and
disordered components? This question is indeed not only of
academic interest but has also direct applications in many
real systems. Zhong and Stocks' investigated the transport
properties of a surface-doped nanowire, considering the ef-
fects from the ordered core, as well as the disordered surface
due to doping. Another important application is in modeling
charge transport in DNA molecules.>> DNA molecules are
composed of sugar-phosphate backbone chains, holding the
genetically important sequence of nucleotide base pairs. The
backbone has extended states due to its periodic structure.®
On the other hand, the sequence of base pairs in different
DNA molecules, although nominally disordered, may reach
different regimes (especially in artificially synthesized se-
quences), resulting in uncorrelated or correlated
disorder.>>7-1 Recent studies*>!'"'7 on one-dimensional
(ID) or coupled 1D systems show that the existence of cor-
relation in disordered systems results in interesting properties
with possibly quite different behavior, when compared with
uncorrelated disordered systems.'®-22 For instance, there are
discrete extended states for 1D short-range correlated disor-
dered systems,''"!3 and even continuous bands of extended
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states for long-range correlated disordered systems,*!*!7 in

contrast to the absence of any extended states for 1D systems
with uncorrelated disorder.?! It is therefore interesting and
important to study the behavior in coupled ordered and
correlated/uncorrelated disordered systems, and study the in-
terplay of the different components (disordered chain I and
ordered chain II) of the structure. In this paper, we explore
the properties of two 1D coupled chains, where one is as-
sumed to be disordered (chain I), while the other one is or-
dered (chain II), and will focus on the interplay among order/
disorder and correlation, as the interchain coupling is
changed. To this end, we study two complementary models.
In model A, chain I exhibits uncorrelated disorder; in model
B, chain I exhibits long-range correlated disorder.

We carry out both analytical and numerical calculations,
and find that for model A, the ordered chain can always
enhance particle transport in the disordered chain, even as
the disordered chain reduces particle transport in the ordered
chain. In model B, the situation is different. The ordered
(disordered) chain can either assist (reduce) or suppress (en-
hance) the particle transport in the disordered (ordered)
chain, depending on the various parameter regimes. Further-
more, as the interchain coupling is varied, we find that a
quantum-phase transition is produced at a critical value of
the interchain coupling.

The rest of the paper is organized as follows: in Sec. II,
we construct our theoretical model and present an analytical
analysis as well as a numerical approach based on the
transfer-matrix method. The results and discussions are given
in Sec. III. The paper ends with a brief summary and discus-
sion section.

II. THEORETICAL MODEL

Our starting point is the following Hamiltonian for the
double chain tight-binding model:

©2010 The American Physical Society
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H=H1+H2+H21+H12

= E [81,_,‘CJ1r,jC1,_,‘ + tl(Cijcl,jH + CJf,j+1C1,j)]
J

+ E [8202,‘02,,‘ + fz(cz,‘cz,jﬂ + C;,_,‘+102,j)]
J

+2 ch’jcl,j+2VcT’jcz’j, (1)
j J

where ¢, ; is the annihilation operator for a particle at site j in
chain I (s=1) or II (s=2), t, is the corresponding nearest-
neighbor hopping constant in each chain. H; describes a dis-
ordered chain with random on-site energy ¢ ; distributed in
the interval [—%V, %/] H, describes an ordered chain with on-
site energy &,. V is the interchain coupling constant, which
connects the chains “vertically” (via only the same site in
each chain). We consider two different types of diagonal dis-
order distribution: for model A, the distribution is uniform;
while for model B, the distribution function has a power-law
spectral density, S(k)~k~“ As W defines the width of the
distribution, it describes the strength of disorder, while «
describes the degree of correlation. Methods for generating
long-range correlated random on-site energies can be found
in the literature.?>2*

To understand the impact of the disordered chain on the
ordered chain, or vice versa, we use a Schrieffer-Wolff trans-
formation to obtain the effective Hamiltonian for each chain:
H, o=H,+H| and H, .=H,+H}, where

H{=Hy(E-H,) 'H,, (2)

H)=Hy(E-H)'Hp,. (3)

First we perform a perturbative analysis. For small #; and V,
we obtain the renormalization of on-site energies and hop-
ping constants, due to interchain coupling, for chain II as

V2 V2,

58 =, 8[ .. = .
2 E-¢y; 20 (E-¢& )(E-& 1)

(4)

Thus coupling to the disordered chain I brings about a cer-
tain degree of diagonal and off-diagonal disorder in chain II.
As a consequence, localization may appear in chain II. Simi-
larly, for small #, and V, the coupling to chain II leads to the
renormalization of on-site energy and hopping constants for
chain I as
v Vit
Sey ;= E——sz, 51‘1,0,]41):@. (5)

In the case of weak interchain coupling V, Hj has the form

Hi = E BmCT,jcl,ﬂm +H.c., (6)

Jj.m

where

Vzeikm V2 p’lﬂ
Bﬂl = 2

- 7)
r E—e)k) 2t,p-p, (

with &,(k)=g,+2t, cos(k), p; , the two roots of the equation
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2 =2z2x+1=0, (8)

where x=(E—g,)/2t, and p;=x—\x’—1 lies within the unit
circle when |x|> 1. In this case 3,, decays exponentially with
a characteristic length sz. When &, approaches the
energy levels of chain I, N diverges, indicating a dramatic
enhancement of charge transport in chain I. It is easy to
check that §,,8; reduce to &g ;,dt; (jjs1) respectively, in
Eq. (5) for small 7,. The coupling to the ordered channel II
results in the renormalization of the hopping between the
nearby site in chain I. More importantly, this interchain cou-
pling generates hopping to sites beyond the nearest neigh-
bors, which is absent in the original Hamiltonian for chain I.
Thus, it is natural to expect that chain II may enhance the
charge transport in chain I. Basically, in the weak interchain
coupling regime, the transport in chain I gets enhanced due
to some mixing of states in chain I with extended states in
chain II.

The analytical perturbative analysis above can give us an
intuitive picture of the interplay between ordered and disor-
dered chains as well as the possible consequences on particle
transport properties. A quantitative nonperturbative calcula-
tion is needed for a better and more accurate assessment and
understanding of the transport behavior. We use the transfer
matrix method. From Eq. (1), the eigenstates can be found by
solving the following equations:

E1,01 y + (@) g + @y ) + Vay = Eay

€20, + () iy + @ ) +Vay , = Eay )

where a; , (a,,) is the probability amplitude for a particle at
site n in chain I (chain II). Equation (9) can be written in

matrix form>1°
Yt ay g,
[e4 n [e4 n
CDn+l = 2 = Tn > = Tn(pm (10)
ayp a1 -1
a2,n a2,n—1
where
E-¢, Vv
-— =10
I 51
V E-¢
T,= - : 0 -11. (1 1)
15) 15)
1 0 0O O
0 1 0O 0

Then we have ®y= fN(I)l, where fN=Hf:llT,-. The localiza-
tion length \ at energy E is the inverse of the Lyapunov
coefficient (y>0), which is the smallest positive eigenvalue

of the limiting matrix limy_.. In(Ty7%)"2¥.20 The normal-
ized localization length A=N\/N is used in the following to
describe the degree of localization. In the calculations, the
reorthogonalization method” has also been used and we
have performed averages over 400 disordered configurations.
In the following, we explore detailed results for different
disorder and interchain couplings.
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FIG. 1. (Color online) Normalized localization length A for dif-
ferent interchain coupling V. Chain I is described by the Anderson
model with intrachain hopping #;=1 and the on-site energy distrib-
uted uniformly in the interval [-5 , %] with W=0.7. Chain II is fully
ordered with intrachain hopping #,=0.5 and on-site energy &,=1.3.
The size of each chain is N=1024. Inset: normalized localization
length A for different chain lengths, all with interchain coupling
V=0.1.

III. RESULTS AND DISCUSSIONS

A. Model A: Uncorrelated disordered chain

We first consider the model A with uncorrelated disorder
in chain I. Figure 1 shows the normalized localization length
A=N/N versus energy for model A. It is clear that for small
&, and V, there is partial overlap between the spectra of the
two chains, and the mixing of the corresponding states leads
to drastic enhancement of the localization length for the
original localized states, whenever the two chains overlap
(are in resonance). For large V, however, the energy-level
repulsion effect from the interchain coupling is large, elimi-
nating the energy overlap and producing strong suppression
of the localization length in the system. We see then that the
interchain coupling has dual roles: (i) it causes level repul-
sion between energy levels in the two chains and (ii) it mixes
the states of the two chains, leading to the enhancement of
the localization length of states in chain I and suppression of
the localization length of states in chain II. [Notice that there
is some mixing between states in both chains so that a com-
plete description should involve states of the two chains in
the coupled system. Usually interchain coupling leads to the
formation of two channels (channels I and II). In the case of
weak interchain coupling, the states in channel I/II are states
in chain I/IT with small mixing of states from chain II/I, and
the different weights in the wave function preferentially label
each state as coming from chain I or II.] One can then say
that the interchain coupling increases (decreases) the degree
of wave-function extension of chain I (II). Here we would
like to point out that all states are localized in the thermody-
namic limit, i.e., A —0 as the system’s size N— o, as shown
explicitly in the inset of Fig. 1. The one-parameter scaling
theory points out that all eigenstates are localized in 1D and
two-dimensional uncorrelated disordered systems.?! It is un-
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FIG. 2. (Color online) Normalized localization length A for dif-
ferent interchain coupling V. Chain I is described by a long-range
correlated disorder model with intrachain hopping #;=1 and on-site
energy distributed in the interval [—%,%], with W=3.2, and with
power-law correlation function ~k=¢, and @=2.5. Chain II is de-
scribed by an ordered model with intrachain hopping #,=0.5 and
on-site energy g,=1.3. The size for each chain is N=1024.

derstandable that all eigenstates of the coupled disordered-
ordered two chains (essentially a 1D disordered system) will
be localized in the thermodynamic limit.

B. Model B: Long-range correlated disordered chain

There have been many studies on the properties of disor-
dered systems with long-range correlations.!*13:17:23.24 [t has
been found that there exists a continuous band of extended
states under suitable conditions and some of the theoretical
predictions have been verified in experiments.?® Moreover,
recent developments and the tunability of properties in cold
atom systems provide new opportunities for investigating
various aspects of correlated disordered systems.”’ We first
recall some basic results for long-range correlated disordered
chains relevant for our current studies. More details can be
found in a recent paper from our group.”* We find that there
are mobility edges at E.=*[2t,—W/2| for a>2 and W
<4t,. In this case there exists an effective band of extended
states with bandwidth 4¢,—W. This suggests that one can
view chain I as an effectively ordered system with a smaller
effective hopping #,=t;—W/4 in a tight-binding model.

1. Regime I: W=4¢,

We first consider the regime with W=4¢,, in which the
chain I has an effective band (with width 47,—W) of ex-
tended states in the absence of interchain couplings.’* We
show the normalized localization length versus energy for
model B with small &, in Fig. 2, which shares some features
with Fig. 1. There is a mixture of states for two chains for
small V while the two channels separate for larger V due to
energy-level repulsion. One important point of difference is
that these are frue extended states. (Here and in the following
we have checked with finite-size scaling? that the “extended
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FIG. 3. (Color online) Normalized localization length A for dif-
ferent interchain coupling V for larger £,=2.3 and W=3.8. All other
parameters are the same as in Fig. 2.

states” are truly extended even in the thermodynamic limit.)
From the discussions in Sec. II, one knows that although the
interchain coupling introduces disorder in chain II, there are
still extended states due to the presence of correlation in
chain L. It is also interesting to notice the asymmetry in A
versus energy. As the energy approaches the ordered chain
sequence (E=¢,), A increases dramatically.

Figures 3 and 4 show the normalized localization length
versus energy for model B in the regime of large &,, where
the two channels totally separate. Figure 3 shows the depen-
dence on interchain coupling V while Fig. 4 shows the de-
pendence on the strength of disorder W. First, due to the
existence of correlation in the disordered chain I, there is still
a continuous band of extended states in channel I. The (ef-
fective) bandwidth (for the band of extended states with in-
finite localization length in the thermodynamic limit) is ob-

4.0 #
1 v=4.0 ~.
3.5 w3
| #%
3.0 g "

- 4

FIG. 4. (Color online) Normalized localization length A for
coupled ordered chain II and long-range correlated disordered chain
I. Interchain coupling is V=4.0 while the disorder strength for chain
I is W=1.0, 2.0, and 3.0 for each curve, as indicated. All other
parameters are the same as in Fig. 3.
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tained by finite scaling analysis as described in Ref. 24. In
general, it is found that the interchain coupling changes both
the effective bandwidths of channels I and II: it makes the
original wide/narrow band (without interchain coupling) ef-
fectively narrower/wider. A careful analysis of the bandwidth
shows also that the total bandwidth (the addition of band-
widths for the two channels) remains constant as V varies,
when the disorder strength W is kept fixed. Increasing W
leads to an overall reduction of the total bandwidth. With this
in mind, the numerical results above can be understood in the
following way.

Chain I may be viewed as an effective ordered system
with effective hopping 7,=t,—W/4. Then we consider the
equivalent system of two coupled ordered chains. The on-site
energy and hopping constant are £,=0, 7; for chain I and &,
t, for chain II. The eigenenergy for the equivalent system can
be obtained as

1 _
e(k) = E(sl + &5+ 21, cos k + 21, cos k)

1 -
+ —w/4V2+ (85— &, + 2t cos k — 27, cos k).

(12)

, there are two bands with bandwidths

\S}

For large |&,—¢,

)

1 _
Bl = E|4t] +4t2+A1 —Az

1, _
Bz=£|4tl+4t2—A1+A2, (13)
where
Al = \!/(81 — &+ 2?1 - 2t2)2 + 4V2,
Ay =g, — &, — 21, + 21,)7 + 4V2. (14)

For small V and large |&,—&,|

L-t

Bl:4fl+V2 — — .
(81 —82—2t1 +2t2)(81 —82+2l1 —2l2)

(15)

It is clear that the effective bandwidth B, for channel I in-
creases when #,>7, and decreases when #, <7,. The enhance-
ment is proportional to V2. The bandwidth remains invariant
when 7,=t,, as also seen in Fig. 4. [For the parameters used
in Fig. 4 (t,=1, ©,=0.5, W=2.0, V=4.0), the effective
hopping constant 7,(=t,— W/4=0.5)=t,. Figure 4 shows that
the bandwidth of channel T of coupled system (with V=4.0)
is 2.0, which is equal to the effective bandwidth for chain I in
the absence of interchain coupling (V=0) 47,—W=2.0. This
numerical result agrees very well with the prediction based
on Eq. (15).] From Eq. (13), it is clear that the total band-
width B;+B, remains constant for fixed W, as observed in
our numerical results. It is interesting to see that the inter-
chain coupling may also enhance (reduce) the bandwidth of
the ordered chain II (disordered chain I) as seen in Fig. 4.
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FIG. 5. Effective bandwidth of channel I versus V (with W
=3.8). Inset: effective bandwidth of channel I versus W (with V
=1.0). All the parameters except V and W are the same as in Fig. 3.
The curves with solid squares are for numerical results with white
circles are for analytical results from Egs. (13) and (14).

There is excellent agreement between analytical and nu-
merical results, as shown in Fig. 5, where it is shown that the
effective bandwidth for channel I increases with increasing
interchain coupling V or decreasing disorder strength W.
From Eq. (12), one can also find the correction to the energy
E=¢g,+2f, cos k as

V2 V2 V2

Ae = ~ + 5
E—82—2t2COSk E—82 (E—Sz)

21, cos k

(16)

for small V and 7,. This is just the renormalization of on-site
energy and hopping constant for chain I we found in Eq. (5).

2. Regime II: W>4t,

In this situation, W>4¢,, all eigenstates of chain I in the
absence of interchain coupling are localized.>* Considering
the results of Sec. III A, one may suspect that all eigenstates
are then localized. It turns out this is not the case. In the
inserts of Fig. 6 we show the normalized localization length
versus energy for W=4.5 and V=0.5,3.0. For small inter-
chain coupling (V=0.5), there exists a band of extended
states in channel II even in the thermodynamic limit, (in spite
of the coupling to the localized states in the strongly disor-
dered chain I) unlike the case in Sec. IIT A. Interestingly,
larger interchain coupling (V=3) has even bigger impact on
channel I, as the ordered chain II generates a narrow band of
extended states in channel I. This effect is the interchain
coupling induced delocalization. The main panel in Fig. 6 is
the total bandwidth versus V. We find a critical interchain
coupling V,.=1.45 such that for small V<V, there are only
extended states in channel II and all states in channel I are
still localized. The total bandwidth decreases with increasing
V. However, for strong interchain coupling V>V, there are
extended states in both channels. With increasing V, the
bandwidth of channel I/Il changes, but the total bandwidth
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FIG. 6. Total bandwidth versus interchain coupling V for W
=4.5 and &,=2.3; hopping parameters #;=1.0 and 7,=0.5. Right
(left) inset: normalized localization length versus energy for V
=3.0 (0.5).

=4t,— W+4t, remains constant. For large V and W=4.5, one
could consider chain I with bandwidth 4¢,—W=-0.5 is
coupled to chain II with bandwidth 2 so that the system has
a total bandwidth —0.5+2=1.5. This can be understood,
when V is large, by mapping the original problem to a sys-
tem of two chains with on-site energy e.;=(g;,+&,)/2*V
e[xV-W/4,=2V+W/4], and hopping constant f.p=(t,
+1,)/2. Then the total bandwidth is 2(4t.—W/2)=41,+4t,
-W=15 for t;=1,1=0.5, and W=4.5. Therefore for W
>4rt;, we find two phases: phase (a) for small interchain
coupling V=V, in which all states in channel I are localized
and the total bandwidth decreases with increasing V; phase
(b) for larger interchain coupling V>V,, in which the inter-
chain coupling induces delocalization in channel I and the
total bandwidth remains a constant.

The dependence of the total bandwidth on W also shows
different behavior for weak and strong interchain coupling.
We display the dependence of total bandwidth for V=1.0 and
9.0 in Fig. 7. For weak interchain coupling and weak disor-
der, there are extended states in channel I and channel II, and
total bandwidth B has a linear dependence on W, as shown in
last section for W<4t,. For W>4t,, the extended states in
channel I disappear and there is a weaker dependence of B
on W. There are extended states for W>4¢,+4t, due to the
weaker impact of the disordered chain I in the case of weak
interchain coupling. When W is larger than a critical value
(~10), all states are localized. For large V=9 and W<4¢,,
the dependence of the total bandwidth is the same as for
small V. The picture is very different for strong interchain
coupling and W>4¢,. There, the total bandwidth maintains a
linear dependence on W as described by 4t,+4t,—W. For
larger disorder, the total bandwidth vanishes and all the states
are localized. (The system may show different behavior as W
increases further to much larger values; see Fig. 8 and related
discussions.) These results show the importance of correla-
tion in the disorder, as the nature of the states in that regime
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FIG. 7. (Color online) Total bandwidth versus strength of disor-
der W. The (black) curve with squares is for V=1.0 and the (red)
curve with circles is for V=9.0. Other parameters as in Fig. 6.

are intrinsically different than in uncorrelated disorder sys-
tems. Unlike the localized states in uncorrelated disorder sys-
tems, the original localized states of the uncoupled correlated
disordered chain I only lead to localization of part of the
states in chain II for the case with weak interchain coupling.
This weaker localization effect (compared with the case with
uncorrelated disorder) of chain I on chain II is indeed due to
the correlation in chain I. Moreover, strong interchain cou-
pling may even delocalize some of the original localized
states in chain I. The appearance of extended states in chan-
nel I is the combined effect of the strong interchain coupling
and the intrinsic correlation in chain I. The correlations in the
disordered chain I ensure the existence of a quantum delo-
calization transition with increasing interchain coupling.

Figure 8 shows the dependence of A versus W in the very
strong disorder regime. One can see that the dependence is
not monotonic. With increasing W, A first decreases, and
then increases for very large W. This unusual dependence on
W is due to the fact that most states in chain I decouple from
the states in chain II because of their large energy
difference.!

IV. CONCLUSION

We have investigated the properties of a 1D uncorrelated/
correlated disordered chain (chain I) coupled to an ordered
chain (chain II). We find that this hybrid complex system
may exhibit various different behaviors depending on the
interplay among disorder, correlation, and coupling strength.
For coupled uncorrelated disordered and ordered chains, the
interchain coupling increases/decreases the extension of the
wave function of the disordered/ordered chain. All states are
localized due to the presence of disorder. For chain I with
weak correlated disorder, i.e., W<<4¢,, the presence of corre-
lation leads to the existence of a band of extended states for
uncoupled chain I. The interchain coupling increases/
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FIG. 8. (Color online) Normalized localization length versus
energy for large disorder strength W=3.0, 10.0, and 60.0; V=0.2.
All other parameters are the same as in Fig. 2. Notice nonmono-
tonic dependence of A on W value.

decreases the (effective) bandwidth of the original chains
with narrower/wider bandwidth (without interchain cou-
pling) and keeps the total bandwidth constant. For strong
disorder W>4¢,, all states of uncoupled chain I are local-
ized. These localized states in chain I show different proper-
ties compared with the localized states in chain I with uncor-
related disorder. For weak interchain coupling, these original
localized states remain localized, and they lead to part of the
extended states in (original) order chain II localized (which
is quite different from the localization of all states in the first
case with uncorrelated disorder in chain I). When the inter-
chain coupling becomes larger than a critical value, part of
the original localized states in channel I become delocalized
due to the strong effect from ordered chain II and intrinsic
correlation in chain I (the lack of correlation prevents the
delocalization). Therefore we find a quantum delocalization
transition of states in channel I as function of interchain cou-
pling.

Although in some systems the disorder, correlations, and
interchain couplings may be varied only over a narrow
range, advances in technology and great innovation may al-
low experimentalists to explore the different regimes we
have discussed. We trust that this work would motivate fur-
ther work to probe the localized/delocalized nature of elec-
tronic states in different regimes.

ACKNOWLEDGMENTS

This work is supported in part by the National Natural
Science of China under Grant No. 10744004, No. 10874020,
and No. 20911130229, CAS fund (Grant No. KICXZ-YW-
M15), National 863 Project (Grant No. 2009AA03Z335) of
China and a grant of the China Academy of Engineering and
Physics. Work at OU was partially supported by BNNT and
NSF MWN and PIRE.

214202-6



INTERCHAIN COUPLING INDUCED...

*Corresponding author.
fzhang_wei@iapcm.ac.cn
*fyangr@nanoctr.cn
1J. X. Zhong and G. M. Stocks, Nano Lett. 6, 128 (2006).
2p Carpena, P. Bernaola-Galvan, P. C. Ivanov, and H. E. Stanley,
Nature (London) 418, 955 (2002); R. G. Endres, D. L. Cox, and
R. R. P. Singh, Rev. Mod. Phys. 76, 195 (2004).
3W. Zhang and S. E. Ulloa, Phys. Rev. B 69, 153203 (2004);
Microelectron. J. 35, 23 (2004); W. Zhang, R. Yang, and S. E.
Ulloa, Phys. Rev. E 80, 051901 (2009).
4V. M. K. Bagci and A. A. Krokhin, Phys. Rev. B 76, 134202
(2007); A. A. Krokhin, V. M. K. Bagci, F. M. Izrailev, O. V.
Usatenko, and V. A. Yampol’skii, ibid. 80, 085420 (2009); R. A.
Romer and H. Schulz-Baldes, Europhys. Lett. 68, 247 (2004).
SE. Diaz, A. Sedrakyan, D. Sedrakyan, and F. Dominguez-
Adame, Phys. Rev. B 75, 014201 (2007); R. A. Caetano and
P. A. Schulz, Phys. Rev. Lett. 95, 126601 (2005); D. Klotsa,
R. A. Roemer, and M. S. Turner, Biophys. J. 89, 2187 (2005).
SH. Ikeura-Sekiguchi and T. Sekiguchi, Phys. Rev. Lett. 99,
228102 (2007).
7D. Holste, I. Grosse, and H. Herzel, Phys. Rev. E 64, 041917
(2001).
8R. F. Voss, Phys. Rev. Lett. 68, 3805 (1992).
°C. T. Shih, Phys. Rev. E 74, 010903 (2006).
10¢C, K. Peng, S. Buldyrev, A. L. Goldberg, S. Havlin, F. Sciortino,
M. Simons, and H. E. Stanley, Nature (London) 356, 168
(1992).
1. C. Flores, J. Phys.: Condens. Matter 1, 8471 (1989).
2D H. Dunlap, H. L. Wu, and P. W. Phillips, Phys. Rev. Lett. 65,
88 (1990).

PHYSICAL REVIEW B 81, 214202 (2010)

I3T. Sedrakyan, Phys. Rev. B 69, 085109 (2004).

“F. A. B. F. de Moura and M. L. Lyra, Phys. Rev. Lett. 81, 3735
(1998).

158, Russ, J. W. Kantelhardt, A. Bunde, and S. Havlin, Phys. Rev.
B 64, 134209 (2001).

16], Heinrichs, Phys. Rev. B 66, 155434 (2002); 68, 155403
(2003).

7F. M. Izrailev and A. A. Krokhin, Phys. Rev. Lett. 82, 4062
(1999); F. M. Izrailev, A. A. Krokhin, and S. E. Ulloa, Phys.
Rev. B 63, 041102(R) (2001).

18P, W. Anderson, Phys. Rev. 109, 1492 (1958).

9p A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57, 287
(1985).

20B. Kramer and A. McKinnon, Rep. Prog. Phys. 56, 1469 (1993).

2lE. Abrahams, P. W. Anderson, D. C. Licciardello, and T. V. Ra-
makrishnan, Phys. Rev. Lett. 42, 673 (1979).

22F. Evers and A. D. Mirlin, Rev. Mod. Phys. 80, 1355 (2008).

23H. Shima, T. Nomura, and T. Nakayama, Phys. Rev. B 70,
075116 (2004).

24Y. Zhao, S. Duan, and W. Zhang, Physica E 42, 1425 (2010).

25 A. MacKinnon and B. Kramer, Z. Phys. B 53, 1 (1983).

26U, Kuhl, F. M. Izrailev, A. A. Krokhin, and H.-J. Stockmann,
Appl. Phys. Lett. 77, 633 (2000).

27]. Billy, V. Josse, Z. Zuo, A. Bernard, B. Hambrecht, P. Lugan,
D. Clement, L. Sanchez-Palencia, P. Bouyer, and A. Aspect,
Nature (London) 453, 891 (2008); G. Roati, C. D’Errico,
L. Fallani, M. Fattori, C. Fort, M. Zaccanti, G. Modugno,
M. Modugno and M. Inguscio, Nature 453, 895 (2008).

214202-7


http://dx.doi.org/10.1021/nl051981m
http://dx.doi.org/10.1038/nature00948
http://dx.doi.org/10.1103/RevModPhys.76.195
http://dx.doi.org/10.1103/PhysRevB.69.153203
http://dx.doi.org/10.1016/S0026-2692(03)00215-5
http://dx.doi.org/10.1103/PhysRevE.80.051901
http://dx.doi.org/10.1103/PhysRevB.76.134202
http://dx.doi.org/10.1103/PhysRevB.76.134202
http://dx.doi.org/10.1103/PhysRevB.80.085420
http://dx.doi.org/10.1209/epl/i2004-10190-9
http://dx.doi.org/10.1103/PhysRevB.75.014201
http://dx.doi.org/10.1103/PhysRevLett.95.126601
http://dx.doi.org/10.1529/biophysj.105.064014
http://dx.doi.org/10.1103/PhysRevLett.99.228102
http://dx.doi.org/10.1103/PhysRevLett.99.228102
http://dx.doi.org/10.1103/PhysRevE.64.041917
http://dx.doi.org/10.1103/PhysRevE.64.041917
http://dx.doi.org/10.1103/PhysRevLett.68.3805
http://dx.doi.org/10.1103/PhysRevE.74.010903
http://dx.doi.org/10.1038/356168a0
http://dx.doi.org/10.1038/356168a0
http://dx.doi.org/10.1088/0953-8984/1/44/017
http://dx.doi.org/10.1103/PhysRevLett.65.88
http://dx.doi.org/10.1103/PhysRevLett.65.88
http://dx.doi.org/10.1103/PhysRevB.69.085109
http://dx.doi.org/10.1103/PhysRevLett.81.3735
http://dx.doi.org/10.1103/PhysRevLett.81.3735
http://dx.doi.org/10.1103/PhysRevB.64.134209
http://dx.doi.org/10.1103/PhysRevB.64.134209
http://dx.doi.org/10.1103/PhysRevB.66.155434
http://dx.doi.org/10.1103/PhysRevLett.82.4062
http://dx.doi.org/10.1103/PhysRevLett.82.4062
http://dx.doi.org/10.1103/PhysRevB.63.041102
http://dx.doi.org/10.1103/PhysRevB.63.041102
http://dx.doi.org/10.1103/PhysRev.109.1492
http://dx.doi.org/10.1103/RevModPhys.57.287
http://dx.doi.org/10.1103/RevModPhys.57.287
http://dx.doi.org/10.1088/0034-4885/56/12/001
http://dx.doi.org/10.1103/PhysRevLett.42.673
http://dx.doi.org/10.1103/RevModPhys.80.1355
http://dx.doi.org/10.1103/PhysRevB.70.075116
http://dx.doi.org/10.1103/PhysRevB.70.075116
http://dx.doi.org/10.1016/j.physe.2009.11.089
http://dx.doi.org/10.1007/BF01578242
http://dx.doi.org/10.1063/1.127068
http://dx.doi.org/10.1038/nature07000
http://dx.doi.org/10.1038/nature07071

