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Extended states in disordered systems: Role of off-diagonal correlations
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We study one-dimensional systems with random diagonal disorder but off-diagonal short-range correlations
imposed by structural constrains. We find that these correlations generate effective conduction channels for
finite systems. At a certain golden correlation condition for the hopping amplitudes, we find an extended state
for an infinite system. Our model has important implications to charge transport in DNA molecules, and a
possible set of experiments in semiconductor superlattices is proposed to verify our most interesting theoretical
predictions.
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Electronic states in disordered system have been an actiectively open conduction channels for electrons in DNA
research topic for many years. Ever since the pioneeringnolecules—even in those with fully random sequences, such
work of Andersort, it has been generally believed that dis- asA-phage DNA. The transport properties are shown to be
order in low-dimensional systems leads to unequivocal localactually determined by a subtle competition between the dis-
ization of electrons. However, the situation changes if addiorder in base pair arrangemefun-site disorderand hop-
tional structure or correlations are imposed on the statistica?ing (“off-diagonal”) correlations.
properties of the randomness. It was found, for example, that The minimal model to study random systems with diago-
a few special extended states in a one-dimensig¢hB) nal and off-diagonal disorder is an effective 1D tight-binding
“random dimer” model exist due to symmetries of the reso-model described by the Hamiltonian
nant scattering in the structufezurthermore, the existence
of a mobility edge separating extended and localized states _ P PO T oA
was confirmed for 1D random systems with weak long-range H 2 (216168 j+1(61¢j 1+ €1, @)
correlateddisorder® . . . .

Most studies have concentrated on diagonal disorde?',v_her(.e the on-site energies are chos_,en from the blyalued dis-
where the local energies in a tight-binding description ard'Putione;=e, andeg. Correspondingly, the hopping con-
assigned randomly, although some studies have explored tiF{NtS aré given by ;.1 =taa (0r tgg), if &;=e;,1=ex (O
role of off-diagonal disorder, where the intersite hopping€ee); While tj;.1=tag, otherwise. This model is perhaps
constants are chosen from a random distribution. The role df'€ Simplest generalization of the Anderson model, which is
correlated diagonal and off-diagonal disorder has receivel’® imitfortaa=tgg=tag. Notice thatin DNA, theAandB
attention only recently, both theoreticdtf and experi- labels refer to the two kinds of base pairs, AT and CG, while

mentally® Moreover, in many systems, local correlations ap-th€ model could be easily adapted to describe electronic
pear naturally due to the built-in chemical structure. In thisStates in other complex moleculgsolymerg and/or semi-
Brief Report, we investigate the effects of structural con-conductor superlattices, as we will discuss bébw.
straints on the correlated diagonal and off-diagonal disorder, When the concentration of one type of site is small, Bay
and their impact on charge transport. We find that the locaine probability for two nearby sites to have the same on-site
correlations generate extended states, which therefore efl'€'9Y¢s IS smaller. |"” this case, the system tends to the
hance electronic transport even in the macroscopic limit. re_pulzswe binary alloy” model, in which one extended state
Our studies have been motivated in part by questions oﬁ_X'StS- A simple calt_:ulatlon_ yleld_s thg transrr_nssmn coeffi-
the nature of charge transport in DNA, a subject which ha§i€nt for a system with one impurity with on-site eneegy,
arisen much interest recently, due to its fundamental roles in 2 o
biological processes and in possible novel device designs. (E)= (2tjgsink)
DNA molecular system can be viewed as a 1D chain com- ! (ZtiBsink)2+ Ni’
posed of base pairs AT and CG in a typically random order.
The on-site energies for pairs of bases AT and CG are diffewhere Ny =Wtaa+2(t25—taa) cosk, E=2taacosk, and W
ent, corresponding to the different ionization potentfalie = =zp—e5. One can see that for the state with enefgy
role of on-site energy correlations in different DNA se- =W J/(t2,—tag), the transmission coefficient is unity.
quences was discussed recently in the literatundere a The statesiear this energy have large transmission coeffi-
constant hopping amplitude was considered. However, theient and long localization length, even in systems with more
hopping amplituddvia 7-orbital overlap in DNA molecules B impurities. In fact, these states have an important contri-
depends on whether the electr@r hole hops between AT/ bution to transport. Figure 1 shows the transmission coeffi-
AT, AT/CG, or CG/CG base paifé.The short-range correla- cient for various concentration @& impurities with energy
tion of the hopping amplitudes due to the built-in chemicaleg. The transmission is obtained by a transfer-matrix calcu-
structure is shown to affect the transport properties and eflation for 1000 sites, and averaged over 300 different con-
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FIG. 1. (a) Transmission coefficients vs energW=cg—ep
=1. Curve I(empty symbolsis typical for system with local cor-
relation; hopping constants hega=1, tgg=1.73, tag=(tan
+1tgg)/2=1.36. Curve lI(solid line near zerpis for Anderson
limit, with all hopping constants equa1). Curve Il (solid sym-
bolg) is for system with “golden correlation,tag=ts= Vtaatss
=1.316, with unit transmission &=—1.9. Concentration ofg
site is 0.1 in all three curvesb) Same as ina), but with concen-
tration of ez at 0.5. Inset in(a): Localization lengthl (E) vs (E
—E.) for system with golden correlation. Slope of fitted line is 2.

Concentration oty site is 0.5. Inset inb): Localization length at
critical energyl .=1(E.) vs D=(|tag—tg|), Wheretg= \taalgg iS

the golden condition. Concentration ofis 0.5.
figurations. For the purpose of comparison, we also show thdiagonal and off-diagonal disorder. To obtain an extended

transmission coefficient for the Anderson mo@eheret,a
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single dimer impurity, a straightforward but cumbersome cal-
culation yields the transmission

(2tantpptipsink)?

(2tpatpptagsink)?+ N3’

()

T,(E)=

where N,= (ta y—t2g) (W— 2t s ACOSK)?+ tap— tantap+ tagWVP
—ZWQAtchosk. In general, there are more energy values
satisfyingT,(E) =1, but they are different from those satis-
fying T1(E)=1, in general. Consequently, although short-
range off-diagonal correlation leads to extended states for
finite systemdlocalization lengthl; larger than the system
sizel), these states are not extended states in the thermody-
namic limit, L—oo.

Figure 1 also illustrates that for special local correlations
there is an extended state even for infinite systems. One can
easily verify that whernt,g=tc=taatgg (We call this the
“golden correlation” in off-diagonal parametershe condi-
tion T,(E)=T,(E)=1 can be satisfied. This implies that for
the peculiar golden correlatidr, single and dimer impuri-
ties are essentially transparent at this energy. The question
remains how general is this result, that is, how about trimers
or more general impurities? Instead of calculating E) for
m impurities, we prove the existence of an extended state by

explicit construction. It is not difficult to check that under the

condition tag=tg, the statea,e*", with a,=1 for ¢,

=g and a,= \Jtap/tgg for e,=¢g, is indeed an extended

state with energyE=E; =g+ 2typC0Sk=¢eg+2tggCOSK.

The physical picture for this state is then that the electron

propagates on island or B in the plane wave form, while

the golden condition ensures perfect transition from island

to island B, and vice versa. One can say that this perfect

transmission arises from the cancellation of backscattered

waves produced by the subtle tuning of off-diagonal correla-

tions. We find a state with unit transmission coefficient as
that shown by curve Il in Fig. (), even for high concen-
tration of impurities although this “resonance” becomes
sharper for high impurity concentratiofpsee Fig. 1b)]. This
is an example of an extended state in the thermodynamic
limit in a random 1D system with short-range off-diagonal
correlations(but no correlation in on-site energigsNotice
also thatT(E;)=1 even for a system with 50% disorder, as
shown in Fig. 1b).

Under the golden correlation conditidgg=tg, the ex-
tended state satisfies 2dos(eg—&a)/(tan—tgg), Which can
be met only wheneg—ea|<2|tapa—tgg|, resulting in an
interesting effect. Usually in the presence of only diagonal or
off-diagonal disorder, the larger the disorder is, the poorer is
the transport. The situation is quite different for correlated

state in the presence of the diagonal differentle=eg

=tgg=tag=1) with the same degree of on-site disorder. We—¢,, the difference betweety, andtgg has to be large
see that irall cases, the local correlation built-in through the enough, i.e., one needs the correlated off-diagonal disorder to
t values leads tonuch largertransmission coefficient, com- belarge. This is contrary to expectations.

pared with those in the Anderson model. When the concen- Notice also that for fixed,,, andtgg, there is a critical
tration is small, there is in fact a regime of high transmissionon-site differencéVi=2|tys—tgg|=2A. From the time evo-

(~1), with energy centered around that given by Ej.

lution of a particle initially placed at a randomly chosen site

With increasingB concentration, the electron has a higher(not show herg we find that whetW<2A, the mean-square
chance to scatter from dimer and trimer impurities. For adisplacement in timer is (x?)~ 7%, and then it is in a su-
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08 parameters. However the golden correlation condition is not
necessarily satisfied, and it is important to see how the trans-
] port properties change when a system deviates from this. The
06 (A) inset in Fig. 1b) shows that (E.)*(tag—tg) 2, SO that to
obtain extended states, we ndegs—tg| <L~ Y2 As long as

0.7

0.5 1

this condition is met, effective conduction channels are
04_‘ opened by the off-diagonal correlations in the disordered sys-
tem.
F 034 Our predictions could be verified experimentally in sys-
- tems with access to varying degree of disorder and structural
0.2 correlation, such as model semiconductor superlattices
- (SL's). Consider a SL with quantum wells of two different
widthsd, anddg, distributed randomly in the structure. The
barriers between wells have the same helgligiven by the

0.0
. material compositionand widthb, (or bg) if the barrier is
-0 L N L A N N between two alike wells of widtl, (or dg), and otherwise
‘ ' ' ‘ ‘ ‘ have widthsb. An estimate of the hopping constant be-
tween two quantum wells with widtd, anddg, separated
FIG. 2. Transmission for SL with 100 randomly distributed by a barrier of width b and height U, is t
quantum wells of two types, width 2.@ype a well) and 2.9 nm = (7?A%/ms)\/d, dzexp(—sb), wheres=\2mU/%. By tun-
(type b). Barriers between same (or b) wells have 3.6 nm2.4  ing parameters, the golden condition can be attained. Figure
nm) width. Other barrier width is 3.0 nrtcurve A, ~ golden con- 2 shows the transmission for different systems calculated
dition), 2.0 nm(curveB), and 3.8 nm curveq). All barriers have  from a Kronig-Penney model of the SL. Curveis for a
height 0.3 eV.T(E) averaged over 600 different disorder configu- system satisfying the golden condition, as estimated from the
rations. Concentration df wells is 0.5. expression above, while curvé® and C are results away
from the condition. The discussion above for the tight-
perdiffusive phase. In contrast, whivi=2A, the system is  pinding model suggests that transport would indeed be better
in a diffusive phase(x?)~7; and for W>2A, the mean- for system in curved, even as the barrier between different
square diSpIacement is bounded. This transition is similar t@luantum We||g(curve B) is thinner. We emphasize that F|g
that in the random dimer modéRDM), although with dif- 2 is obtained from a Kronig-Penney model of the structure,
ferent characteristicsIn RDM, the transition occurs atv so that hopping amplitudes go far beyond nearest neighbors,
=2t (all tthe samg In our case, the condition is related to and the golden condition is likely much more involved than
the difference between hopping constants, and not the hopn the tight-binding model. The golden condition for cure
ping constants themselves. It is interesting thattfi=tgs ~ was not optimized, but just estimated from the relation
<WI/2, there are extended states in RDM, but no extendedbove, and the difference between these curves is
state in our model. remarkable
We study the localization length{E) for states near the As discussed before, our studies have direct application to
critical energyE, in Fig. 1(a) inset. We find that(E)=(E ~ models of transport in DNA in the literatuté® For a typi-
—E,) ~? for states neaE.. The number of extended states
for a system of length. [i.e., |(E)>L] is related tosk«<E 104
—E.xL "2 where neaE., E=E.+Adk. The number of f@
extended states is thefk/(1/L)=LY? a sizable number,
just as in the RDM? 5
The long-time behavior of the system is determined by a <
critical exponent. One can show the relation between two £
exponents ¢ and vy, defined by (x>)~7’ and I(E) =

~|E—E¢| ™. For short times, the electron has ballistic be-

havior, since it has not sampled yet the disorder potential, so -5

that (x2)~ (v 7)2. For long time, however x?)~1%(E), for

an electron with energf. We can then write the mean-

square displacement a&?)=[dEp(E) (v 7)%f(v7/I(E)), -109

wherep(E) is the density of states, and we surmise the scal- > os 04 o0 o0a

ing function f(x)—1, asx—0, andf(x)— 1/x?, asx—®. ' ' ' ' '

From this, one obtainéx?)~ 72~ 7, for long times, so that Voltage (V)

9=2-1/y. Wheny=2, as in Fig. 1a) (inseb, 6=3 (super- FIG. 3. -V curves for a random base pair sequefice, ran-
diffusive regime; while wheny=1,0=1 (diffusive). There  gom on-site energig¢sCurveA is for model ofA-DNA with realis-
is perfect agreement with our numerical calculations. tic local correlation in the hopping amplitudes. Cuiés for ran-

It is natural to expect that in many systems there existiom diagonal Anderson model with hopping amplitudes set equal.
correlations between diagonal and off-diagonal disorderegize of systems is 562; temperature in Fermi broadening is 300 K.
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cal DNA molecule the base pair sequence may be essentially We can see from Fig. 3 that the current in the system with
random, such as in-DNA. However, the chemical structure local correlation(curveA) is overall much larger than in the

determines the local correlation between on-site energies arystem without correlation, even though the hopping con-
hopping constant via ther-orbital overlap. In order to ex- Stantis larger irB. There is in fact no conductance over the

plore how the local correlation changes transport, we com€ntiré bias range for curvg, with no correlation in the hop-
pare thel-V curves of different systems, obtained using thePiNg constants. The message of these results is that even for

o T DNA with random sequences, such asDNA, “good”
Landauer-Bttiker formalism,” | =(2e/h)[dET(E)[fL(E)  yangport is possible due to the effective conduction channels

—fr(E)], where f r(E)={exdE—ju r/ksT]+1} tis the opened by structural correlations. Notice that in curve A

Fermi function. We choosgs =Eg+(1—-«)eV and ugr  does not satisfy the golden condition-(0.099 eV) by

=Eg—«eV, whereEg is the equilibrium Fermi energy/ is  about 4%, and yet, there is significant current amplitude for
the applied voltage, and is a parameter describing the pos- finite biases. In contrast to the conducting states in polymers,
sible asymmetry of contact to leads, chosen herexas which arise from the correlation in local energies, the con-
=1/3.381%e assume that the DNA is attached to ideal leadglucting states here have to do with correlation in hopping
described by a metal with bandwidth 1.2 eV. The hopping@MPplitudes. It is clear that the backbone may change the
constant between leads and DNA chain is chosen to bi@cal correlations. We may conclude that changes in local

~1t,5/10=0.01 eV, reflecting a relatively poor contact. We correlation will lead to changes in tHeV features, which
uséBtwo di.ﬁ‘erent’ sets of parameters; = —0.0695 eV may in fact be an ingredient in recent experiments, especially
AT . ’

tag=—0.1409 eV, andg=(tra+tag)/2. CUrveAin Fig. 3 if chemical changes affect the molecule structtire.
BB . ’ ABT \tAA BB ’ 9y

describe a realistic molecule, as the values are obtained from We acknowledge support from DOE Grant No. DE-FG02-
microscopic calculation¥} taa=tgg=tag=—0.1403 eV, 91ER45334, NSF NIRT Grant No. 0103034, and the CMSS
curveB, simulates an uncorrelated system, i.e., the AndersoProgram, and discussions with the NIRT group at Ohio
limit. University.
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