
PHYSICAL REVIEW B 15 AUGUST 1997-IIVOLUME 56, NUMBER 8
Quantum oscillations in mesoscopic rings with many chains
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We obtain exact analytical expressions for the electronic transport through a multichain system, also in the
presence of magneto- and electrostatic fields. The geometrical structure of the electrodes is found to cause a
splitting of the conduction band into many subbands depending on the number and the length of the chains, and
the conductance approaches zero when the chain number is sufficiently large due to quantum interference. In
the presence of a magnetic field very complicated oscillatory behavior of the conductance is found with a very
sensitive dependence on the number of chains and their lengths, in a remarkable distinction from the usual
two-chain Aharonov-Bohm~AB! ring. A transverse electric bias is found to cause oscillations of the conduc-
tance and by increasing the chain number the widths of the resonance peaks become narrower without a change
of the oscillation periodicities. If electric and magnetic fields are simultaneously applied the magnetoconduc-
tance oscillation pattern depends sensitively on the bias. The present study may provide useful information for
quantum device engineering.@S0163-1829~97!01032-1#
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I. INTRODUCTION

Quantum transport through artificially fabricated nan
structures has been extensively studied both experimen
and theoretically during the last years.1,2 The miniaturization
of quantum dots or wires has now reached a stage w
devices can be fabricated at sizes smaller than the sin
particle electronic coherence length. In such mesoscopic
tems the wave function maintains its phase coherence so
the electron can travel coherently through the sample. Acc
to ‘‘coherent transport’’ is granted by the advances made
lithography techniques which have opened a very rich fi
of theoretical and experimental research concerning quan
wires and quantum dots. Electro-optical experiments
solid-state devices could lead to new switches which use
quantum wave nature of the electron.

Many interesting quantum effects can be also found
coupled nanostructures where the electronic transport is d
tically affected by quantum interference phenomena. Mo
over, the application of a magnetic field, which is often us
to probe the properties of devices, can also induce chara
istic changes in the phase coherence of the electronic w
functions3 which, in turn, give rise to particular interferenc
effects for the electronic transport. In the pioneering work
Aharonov and Bohm4 such an effect was demonstrated via
thought experiment and it was shown that the conductanc
a ring should oscillate as a function of the magnetic fl
threaded through it. Among the manifestations of the A
ronov Bohm~AB! effect5–10 usually are the periodic magne
toresistance oscillations in normal metal rings and in elec
statically defined heterjunction rings. The AB effect is
result of the relative phase shift between the two elect
560163-1829/97/56~8!/4778~8!/$10.00
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beams enclosing a magnetic fluxf, where the magnetic field
causes a 2p(f/f0) change of the phase difference betwe
the two arms of the ring. In this system the magnetore
tance oscillations have periodf0, which allows tuning of the
phase of a wave packet with destructive and construc
interference in cycles. The AB effect in the presence of m
netostatic flux and electrostatic potential has also b
discussed.11–13 The electrostatic AB effect is due to the di
ferent phase shifts caused by the potential difference betw
the two arms. The combination of the electrostatic and m
netostatic AB effect also exhibits interesting conductance
cillation behavior.13

Owing to the great variety of the possible configuratio
for quantum dots it is of great interest to investigate t
change of the interference effect in AB rings when the ch
number is greater than 2. In this paper, we study the e
tronic transport properties of a multichain structure w
common leads attached at its ends. We show that it can
vide many alternative options to the usual AB effect for tu
ing quantum interference in the electronic transport. In
considered structure an initial wave splits up into comp
mentary wavesc1 . . . cN , whereN is the total number of
chains involved. These waves propagate independentl
every chain and are finally recombined at the outgoing le
Interference effects among the different waves can be
served from the behavior of the electrical resistance obtai
between the two leads. We also show that if the numbe
chains involved is large enough most of the states are
flected and only a few of them can propagate through
system. This kind of ‘‘blocking’’ or ‘‘localization’’ of the
electron waves via quantum interference due to the geom
4778 © 1997 The American Physical Society
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56 4779QUANTUM OSCILLATIONS IN MESOSCOPIC RINGS . . .
cal structure, can occur despite the absence of any disord
the system.

In the presence of a magnetic field the electron mov
around a loop will experience a phase change determine
the flux threaded through the loop. In the multichain syst
the phase changes are not the same for different path
propagation so they can lead to particular interference p
nomena accompanied by much more complicated cond
tance oscillations than in the ordinary two-chain AB rin
We find that the pattern of these magnetoquantum osc
tions is very sensitive to the number and the length distri
tion of the chains involved in the structure. Moreover, t
oscillation patterns and their periodicities are very sensi
to the partitioning of the flux among the areas enclosed
the paths. The obtained electrostatic conductance oscillat
have unchanged periodicities although the resonance p
become narrower by increasing the chain number. In
presence of both magnetic flux and electrostatic bias a m
drastic change of the magnetoconductance oscillation pa
can be seen. At the same time, if the magnetic flux is la
enough the electrostatic oscillations of the electron transm
sion exhibit an abrupt drop from maximum to minimum
every period. It should be pointed out that the results
tained in this paper could be useful towards understand
quantum dots with a special configuration.

The structure of the paper with the exposition of our
sults is as follows: in Sec. II we describe the studied struct
and give analytic expressions for the electronic transport
Sec. III we demonstrate different kinds of transport induc
by special quantum interference effects with and with
magnetic flux and transverse electrostatic bias. The obta
results are summarized and discussed in Sec. IV.

II. MODEL AND FORMULA

We consider a ring which consists of many chains w
two common leads at their ends threaded by a magnetic
which produces a flux in every loop enclosed by two near
neighbor chains. In addition we suppose that the multich
system is embedded in an infinite perfectly conducting ch
with a left and a right part serving as the two electrodes. T
configuration is shown in Fig. 1 and the transport proper
for non-interacting electrons in this system are studied
the tight-binding Hamiltonian

H5 (
a51

N FVa(
i 51

Na

ca,i
† ca,i2t0 S c0

† ca,11eifaca,Na

† cs

1 (
i 51

Na21

ca,i
† ca,i 111 H.c.D G , ~1!

whereci ,a (ci ,a
† ) is the annihilation~creation! operator which

FIG. 1. The considered multichain system with the left and ri
nodes indicated by 0 ands, respectively. The total number of chain
is N55 and the number of sites in theath chain is
Na , a51,2, . . . ,N without counting the nodes 0 ands.
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iannihilates~creates! an electron on the sitei of chaina, Na
s the number of sites in theath chain ~excluding the two
nodes!, N is the total number of chains and the two lead no
sites are labeled by 0 ands. The first sum is due to an applie
electrostatic bias in the transverse direction so that the
tential Va depends only on the chain indexa. The next two
terms in Eq.~1! describe hopping of the electrons betwe
the ends of every chaina and the two leads 0 ands and the
final term describes hopping between the nearest-neigh
sites in every chain. Moreover, since the chains are c
nected to each other only at their ends 0 ands we made a
convenient choice of the gauge for the vector potential
affect only the phase of the wave functions at the hopp
bonds between the right ends of each chain~site
Na ,a51,2,. . . ,N) and the right nodes. Thus, in the Hamil-
tonian of Eq.~1! the magnetic field is expressed via the thi
term in the sum with the phase differencefa2fa21 propor-
tional to the fluxHWa , a52,3, . . . ,N, H being the strength
of the magnetic field andWa is the area enclosed by thea
and (a21)th chains. The phase of the first chain is chos
to be zerof150 and the hopping strength for all the bon
t051 is the energy unit used throughout the paper.

An experimental realization of the considered chain s
tem is the GaAs quantum wire. This structure has been p
posed for an experimental design of AB interferometers
Bandyopadhyay and Porod,11 since the wires can be made s
narrow to carry only one transverse channel. The localiza
effects in this system can be minimized because of the h
mobility of GaAs. Moreover, at low temperatures the re
evant length is shorter than the inelastic mean-free path
the structure is essentially ballistic. The carrier density of
GaAs quantum wire is about 108 m21 and according to
Kane’s formula14 the renormalized coupling constantg is
very close to 1. Thus, the one-dimensional electron sys
may be reasonably treated in the free-electr
approximation.13 If we adopt the above analysis we can n
glect the Coulomb interaction and/or inelastic scatter
from our discussion.

Our picture of the electronic transport consists of an el
tron wave incident from the source into the perfect cha
then ramified into theN chains of the structure, experiencin
different phase increments, and eventually recombined
one channel at the output lead. Thus, an electronic be
incident from the right should be partially transmitted a
partially reflected by the multichain system. In the site re
resentation the coefficients of the wave function at the
and the right parts of the pure chain can be written as

aj5e2 ik j , for j <0,

aj5Ae2 ik~ j 2s!1Reik~ j 2s!, for j >s, ~2!

wherek5cos21(E/2) is the wave vector of a wave functio
with energyE, A is the amplitude of the incident wave,R is
the amplitude of the reflected wave, and the wave functio
normalized so that the transmitted wave amplitude is un
The transmission coefficient which measures the trans
ancy of the system can be subsequently defined
utu251/uAu2. The wave-function coefficients in theath chain,

t
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by including the left node 0, can be expressed as a lin
combination of the propagating and the reflected pla
waves via

aa, j5Aaeika j1Rae2 ika j , for 0< j <Na , ~3!

whereaa, j is the coefficient at thej th site of theath chain
andka5cos21

„(E2Va)/2… is the electron wave vector of th
a chain in the electrostatic potentialVa .

The coefficient at the left lead nodej 50 from Eqs.~2!
and ~3! gives the relation

Aa1Ra51. ~4!

Similarly, we can calculate the coefficient at the right no
j 5s, by including the flux-induced phase shift term, and
comparison with Eq.~2! gives a second relation

~Aaeika~Na11!1Rae2 ika~Na11!!e2 ifa5A1R. ~5!

Therefore, from the two Eqs.~4! and~5! we can express the
wave-function coefficient of Eq.~3! for all chainsa via

Aa52
e2 ika~Na11!2~A1R!eifa

2i sin„ka~Na11!…
, ~6!

Ra5
eika~Na11!2~A1R!eifa

2i sin„ka~Na11!…
, ~7!

in terms ofA andR.
On the other hand, from the Schro¨dinger difference equa

tions at the two lead nodes 0 ands we obtain

E5eik1(
a

~Aaeika1Rae2 ika!, ~8!

E~A1R!5Ae2 ik1Reik1(
a

e2 ifa~AaeikaNa

1Rae2 ikaNa!, ~9!

and by a substitution of Eqs.~6!, ~7! into Eqs.~8!, ~9! even-
tually obtain two equations forA and R. Finally, the trans-
mission coefficient can be calculated from their soluti
which gives

utu25
4u f 0u2sin2k

z~c02e2 ik!22u f 0u2z2
, ~10!

where

f 05(
a

eif1ei ~fa2f1!sinka

sin„ka~Na11!…
,

and

c05(
a

sinkaNa

sin„ka~Na11!…
,

for arbitrary chain lengthsNa ,a51,2, . . . ,N.
Equation~10! is the most important result of this pape

which presents the general analytical expression for
transmission coefficient in a multichain ring. This express
can be further simplified for special geometries, for examp
ar
e

e

e
n
,

if the chain lengths are equal toN15N25 . . . 5NN[L, and
the two nearest-neighbor chains enclose a fixed a
f5fa2fa21 in the absence of electrostatic potential

f 05
ei ~N21!f/2sin~Nf/2!sink

sin~f/2!sin„k~L11!…
, ~11!

c05
N sinkL

sin„k~L11!…
, ~12!

and a simpler exact expression for the transmission co
cient ut(E)u2 can be obtained. It can be seen from Eq.~10!
that the magnetic-field dependence is solely due tou f 0u so
that if the factors 1/W2, 1/(W21W3), . . . , 1/(a52

N Wa have
common multiples the oscillations ofut(E)u2 as a function of
a magnetic field have a period ofnf0, wheren is the small-
est common multiple withf0 being the flux quantum. The
electronic conductance can be also directly computed fr
the transmission coefficient via the Landauer formula15

s~E!5
ut~E!u2

12ut~E!u2
, ~13!

at the Fermi energyE.

III. QUANTUM OSCILLATIONS FOR VARIOUS
MULTICHAIN CONFIGURATIONS

In this section we show our results associated with qu
tum interference effects in multichain systems by applicat
of Eq. ~10!. Our purpose is to illustrate the electronic wa
transport in the geometric multichain ring structure, also
the presence of external fields.

A. Equal chain system without fields

In the absence of a magnetic field the replacementf50
for f 0, c0 is made in Eqs.~11!, ~12!. The obtained results in
this case correspond to a similar model of a total numbe
N thin wires joined together at their two ends as it was
troduced by Wanget al.16 in their study of electronic trans
port through a quantum cavity. These authors have predi
that the total electron transmission can be simply expres
as a coherent sum of the transmission coefficients obta
from every chain. Our results can give even more com
cated transmission behavior due to the geometrical struc
of the electrodes.

In Fig. 2 we plot the transmission coefficient versus t
electronic energy for such a multichain system made of eq
chains. The pattern shown exhibits an interesting bridge
shape whose curvature becomes larger and the blank re
below the arc smaller if the chain number increases, w
some states still having high values of the transmission
efficient. Thus, if the chain number is large enough most
the states are reflected and only very few states can pr
gate through the system. It must be emphasized that
blocking of the electron propagation at most energies
merely caused by quantum interference due to the geom
cal structure involved. It seems, however, a puzzle why s
a rather symmetric geometry can give rise to a very com
cated behavior of the outgoing wave. This is probably due
the fact that the translation symmetry is broken at the t
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56 4781QUANTUM OSCILLATIONS IN MESOSCOPIC RINGS . . .
contacts, which leads to partial destructive interference of
electron waves. Wanget al.16 have also observed a parti
blocking of electron waves by varying the electronic wav
length in the propagation regime of a quantum-wave fi
consisting of field-induced nanoscale cavities and 1D wir
Our results could account for the reported experimental
havior.

We have also investigated the relationship between
obtained features of the conducting spectrum and the c
number for an equal chain multichain system. In Fig. 3
conduction band as a function of the number of chains
illustrated and we observe that by increasing the chain n
ber the transmission pattern becomes more and more sp
and the conduction band splits into several subbands. If
number of chains becomes large enough we find that mo
the states cannot propagate through the system, beco
‘‘blocked’’ or ‘‘localized.’’ Thus, the conduction band be
comes discrete due to quantum interference in the absen

FIG. 2. The transmission coefficient as a function of the el
tronic energy for aN-chain system of equal chain lengths~a!
L5Na5100, a51,2, . . . ,N and~b! L51000. The chain number
involved in each case are~1! N52, ~2! N54, ~3! N510, ~4!
N540, and~5! N580.
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disorder and/or interchain couplings, except at the two e
node connections. A relation between the conductance
the chain number can be extracted from Fig. 4, wher
monotonic drop of the conductance is seen when the num
of chains is increased. This is another indication of the tre
shown by the system to become more ‘‘insulating’’ for lar
chain numbers.

B. Magnetoconductance oscillations

In Fig. 5~a! we show the characteristics of the transm
sion coefficient obtained in the absence of a magnetic fi
such as the bridge-arc shape already seen in Fig. 2~a!, in
order to compare with the cases with an applied magn
field @Figs. 5~b!, 5~c!, and 5~d!#. We find a remarkable
change of the transmission in the latter case when the a
between neighboring chains enclose equal magnetic flu
In Figs. 5~b!, 5~c!, and 5~d! the arc structure is no longe
present and the transmission becomes more and more s
due to the higher magnetic flux through the system.

In Fig. 6 we present the magnetic-field dependence of
transmission coefficient for equal chains with the sa
nearest-neighbor path areas. In this case the curves s
periodic quantum-magnetic oscillations governed by the fi

-

FIG. 3. The conduction band vs the chain numberN for a mul-
tichain system with chain lengthsNa55000, a51,2, . . . ,N. A
conduction band is defined as being nonzero at the energy va
where the corresponding transmission coefficient is higher than

FIG. 4. The conductances(E) as a function of the number o
chains N for a system with equal chains of lengthL5Na,
a51,2, . . . ,N, at a Fermi energyE51.0, in the absence of a
magnetic field.
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4782 56YAN CHEN, SHI-JIE XIONG, AND S. N. EVANGELOU
dependence which entersf 0 via Eqs.~11! and ~12!, finally
leading to (N21)f0. These findings share many similaritie
with the optical multislit interference patterns5,6 with main
common features theN21 minima and theN22 subsidiary
maxima between every two consecutive principal maxim
However, the obtained electronic transmission is more co
plicated when compared to the analogous optical case du
the complexity of the denominator in our expression
ut(E)u2. Moreover, from Fig. 6 we can observe many poin
of zero transmission which imply a magnetic-field-induc
destructive interference effect.

FIG. 5. A comparison of the transmission coefficient with a
without a magnetic field. The structure consists ofN54 chains of
lengthsL5Na52000, a51,2,3,4 and the magnetic flux threade
in the system is~a! 0, ~b! 0.1, ~c! 0.5, and~d! 2.0.

FIG. 6. The electronic transmission vs the magnetic flux fo
multichain system with equal chain lengthsL5Na52000,a
51,2, . . . ,N and fixed electron energyE51.1. The unit of the
magnetic flux is the flux quantumf051 and the chain numbers ar
~a! N52, ~b! N53, ~c! N54, ~d! N55, and~e! N59.
.
-
to

r

Our results for a system with equal chains but noneq
areas enclosed by every two nearest-neighbor paths
shown in Figs. 7 and 8. It can be seen that the interfere
pattern and the magnetoscillation periods vary, depending
the distribution of the magnetic flux between the clos
paths. In Fig. 7 we show the electronic conductance ver
the magnetic flux for a four-chain system made of eq
chains with magnetic flux periods~a! 3f0, ~b! 5f0, ~c! 4f0,
and~d! 4f0. One can easily deduce the relation between
oscillation period and the distribution of the ma

a

FIG. 7. The electronic conductance vs the magnetic flux fo
multichain system (N54) with equal chain lengths
L5Na52000, a51,2,3,4 and electron energy fixed atE51.1,
with the magnetic flux quantumf051. ~a! f22f15f32f25

f42f3, ~b! f22f15f32f25
1
2 (f42f3), ~c! f22f153

f32f2 andf42f350, ~d! f22f15f32f25 2(f42f3).

FIG. 8. The electronic conductance vs the magnetic flux fo
multichain system (N54) with equal chain lengths
L5Na52000,a51,2,3,4 and electron energy fixed atE51.1,
with the magnetic flux quantumf051: ~a! f22f15f32f25
f42f3, ~b! 0.99(f22f1)5f32f25 1.01(f42f3), ~c!
0.98(f22f1)5f32f251.01(f42f3).
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56 4783QUANTUM OSCILLATIONS IN MESOSCOPIC RINGS . . .
netic fluxes by noticing that the phase shift for every ch
must be an integer times 2p. If the magnetic flux distribution
has small deviations the mageto-oscillation pattern and
period changes abruptly, as shown in Fig. 8. Without a
deviation, the spectrum has a strict period of 3p and destruc-
tive interference occurs twice during this period. Introduci
small deviations, the spectrum has no longer strict perio
ity and the interference pattern changes aperiodically.

In Fig. 9 we present results for a system of both differe
chain lengths and nonequal areas enclosed by two nea
neighbor paths. From the realizations of Eq.~10! we find that
the conductance changes when the chain length varies
cause of variations in both the numerator and the denom
tor of Eq.~10!. For a certain length distribution we observe
quasiperiodic pattern close to about 1.5f0, but its real period
is 3f0 as in Fig. 9~d!. Thus, we may conclude that even
small variation of the chain lengths can cause abrupt chan
in the conductance oscillation patterns. It is, perhaps, wo
mentioning that the sensitivity found could provide an o
portunity for applications of the studied multichain structu
to electronic device engineering.

C. Electro- and magnetoconductance oscillations

In this subsection, we investigate the influence of an
ditional electric bias on the conductance of the system
Fig. 10, we show the characteristics of the transmission
the electrostatic potential for a system with different ch
numbers. We observe periodic oscillatory behavior and
increasing the chain number the period of the oscillatio
remains unchanged but the widths of the resonance p
become narrower with the distance between minimum
maximum decreased in each period. If the chain num
reaches 80 the maximum to minimum value ratio is nea
500. These results are similar to those obtained in the s
of serially connected mesoscopic rings.13 The corresponding
magetoconductance oscillation pattern in the presence

FIG. 9. The electronic conductance vs the magnetic flux fo
multichain system (N54) with almost equal chain lengthsNa ,
a51,2,3,4 and electron energy fixed atE51.1 with the magnetic
flux quantum f051: ~a! the chain lengths are~a! Na52000,
a51,2,3,4, ~b! N152000,N252002,N352004,N452006,
~c! N152000,N252010,N352020,N452030, ~d! N152000,N2

52100,N352200,N452300.
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electrostatic bias can be seen in Fig. 11 where a drastic e
of the magnitude of the bias to the oscillation pattern
shown. If the voltage is increased the number of the seco
ary maxima in every oscillation period first decreases a
then recovers the zero-bias value. This implies an oscillat
effect of the bias on the magnetoquantum oscillations.

Figure 12 shows electroconductance oscillations un
different values of the magnetic flux. It can be observed t
the periodicity is not changed by variations of the magne
flux. It is seen, however, that by increasing the magnetic fl
the transition from maximum to minimum in each period
oscillation is sharpened and the width of resonance reg
becomes very narrow. It is interesting to point out that
zero magnetic flux there is only a single peak in every per
but by applying a nonzero flux two peaks appear with one
them extremely sharp.

IV. DISCUSSION

Quantum interference plays a central role in the quant
physics of mesoscopic systems. We have shown that f

a

FIG. 10. The transmission coefficients vs the electrostatic po
tial for systems with various chain numbers, equal chain leng
L5Na51000, a51,2,3,4 and an electric biasV50.5. The chain
numbers are~a! N52 for the solid line,~b! N56 for the dotted-
dashed line,~c! N520 for the dashed line, and~d! N580 for the
dotted line.

FIG. 11. The electronic transmission vs the magnetic flux fo
multichain system (N56) with equal chain lengths
L5Na51000, a51,2, . . . ,N: The electrostatic bias is~a! V50,
~b! V50.004,~c! V50.008, and~d! V50.012.
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4784 56YAN CHEN, SHI-JIE XIONG, AND S. N. EVANGELOU
multichain system an incident wave splits into several ch
beams at the entrance and recombines at the exit. Thus
conduction band becomes discrete and the electronic tr
port properties are drastically modified by a ‘‘localization
effect, despite the absence of any disorder. Moreover, in
presence of a magnetic flux we obtain magneto-oscillatio
which are much more complicated than these known in
usual AB rings. In the AB effect a magnetic field is thread
through the center of a ring so that the electrons passing
each of the two chains experience different phase shifts
we vary the magnetic field one can modulate the phase
produce conductance oscillations in the wave transport f
one terminal to the other. We show that the transmission
function of an electric bias also exhibits a miniband stru
ture, similar to that obtained for serially connected A
rings.13 However, the origin for the similar behavior in th
two cases is different, since in Ref. 13 theN connected rings
correspond toN tunneling barriers in one-dimensional supe
lattices which giveN21 resonance peaks in the transmiss
curves. In our ring structure it is the presence of many cha
which provides channels with different phase shifts due
the bias, finally inducing destructive or constructive interf
ences. Thus, the physical origin of the miniband structure
our case is solely due to the considered multichain ring
ometry.

The magnetic-field dependence of the electrical cond
tance also shows an oscillating behavior different from
AB ring effect, since the multichain system exhibits mo
complicated interference phenomena determined by
phase shifts in the various propagation paths. Each ph
shift is caused by both the electronic momentum and
magnetic flux, so that momentum variations and change
the chain lengths as well as variations in the distribution
the magnetic fluxes can modify the interference patte
Electron wave propagation through our multichain syst
pierced by a magnetic field has also an interesting ana
with optical interference phenomena by many slits. In b
phenomenaN22 subsidiary maxima andN21 minima be-
tween two consecutive principal maxima occur. Of cour

FIG. 12. The electronic transmission vs the electric bias with
rest of parameters the same as in Fig. 11. The magnetic flux i~a!
f50, ~b! f50.01, ~c! f50.02, and~d! f50.04.
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between each pair of minima a subsidiary maximum exist17

as confirmed by our numerical calculations. In the prese
of a transverse electric bias the conductance also oscillate
a function of the bias. If the chain number increases
periodity of the oscillation does not change but the widths
the resonance peaks become narrower. Furthermore, in
presence of both electric and magnetic fields the magn
conductance oscillation pattern is very sensitive on the b
Questions refering to more appropriate conductance for
las can be found in Ref. 18 and the AB oscillations in a ri
with a quantum dot inserted in one of its arms is studied
Ref. 19.

It must be pointed out that our results are also relev
for the case of Andreev scattering20 which occurs in normal-
superconductor interfaces. It turns out that if the rig
hand side periodic chain attached to the considered
structure is replaced by a clean superconducting wire
obtained results for the transmission coefficient of t
normal-dot-normal geometry can be used for finding
transmission through the normal-dot-superconductor s
tem. This is achieved via Beenaker’s formula21 for the
conductance G5(2e2/h)2utu4/(22utu2)2, which is ex-
pressed via the transmission of the nonsuperconducting
only. If we use the obtainedutu2 from Eq. ~10! an extra
doubling of periodicity is expected for the do
superconductor interface.

In summary, we have systematically studied the electro
properties of a multichain system connected at its t
ends. A recursion method was employed and an ex
analytic expression for the electronic conductance w
presented. Many interesting features of the transmission
efficient, the magneto- and electroconductance were sh
for various configurations:~1! The geometrical structure
of the electrodes is found to cause a discreteness of the
duction band, which eventually affects remarkably the tra
port properties leading to a kind of ‘‘localization’’ in the
absence of disorder.~2! We find various magneto-oscillatio
periodicities and interference patterns by varying the dis
bution of the relative magnetic flux through the structure a
abrupt changes of the conductance versus the magnetic
if the length distribution of the system is modulated, which
useful to distingush even slight chain length variations.~3!
The studied system can be also used to probe the distribu
of the magnetic field since the obtained interference patte
are very sensitive to the distribution of the magnetic fl
among neighboring closed paths.~4! The small ratio of the
resonance peak widths to the period of the oscillation in
plots of conductance vs the electric bias for large enou
chain numbers may be useful for quantum device engin
ing.
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