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Interference in a system of coupled quantum wires: Theoretical study of electronic transport
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Theoretical studies of the coherent electronic transport in a system of coupled quantum wires show that
switching on the conducting channel in one wire can be manifested in the other coupled wires. Interference
processes and electronic correlations are taken into account in our studies on the same footing. The conduc-
tance changes depend on the interference conditions of a transmitted wave with that one reflected from the
wires that indirectly influence the transport. We show that electronic correlations lead to a dynamical Coulomb
blockade effect, which changes the conductance response quantitatively but its shape is still kept the same. Our
results are discussed in correspondence with an experiment recently performed by Morimoto et al. [ Appl. Phys.
Lett. 82, 3952 (2003)] on a system of coupled quantum wires.
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I. INTRODUCTION

The system of coupled quantum wires has attracted inter-
est for its potential applications in electronic devices'—for
example, as quantum logic gates>® in quantum computers.
Operation of the device is based on coherent coupling of
electronic waves propagating through the quantum wires. In
the first experiments' the tunnel coupling between two
waveguides was rather weak, but observable. The tunneling
currents increase when a new mode begins to propagate
through the wire. Recently, Morimoto et al.* studied the
transport in a system of quantum wires coupled through a
quantum dot [see Figs. 1(a) and 1(b)]. They measured the
conductance G,, in the upper wire [Fig. 1(a)] as a function of
the gate voltage V,, which controls the current flowing in the
lower wire [Fig. 1(b)]. For low voltages, when the current in
the lower wire is blocked, the swept voltage had little influ-
ence on G,,,. However, for a higher V,, when the first mode
became propagated in the lower wire and the conductance
Gy formed its first step, a resonant peak was observed in
Gyp- Puller et al.’ explained this effect as a tunnel-induced
correlation, which arises from the interaction between a lo-
calized magnetic moment with both channels.

The purpose of our work is to show the role of interfer-
ence processes between electronic waves propagating in both
channels, which can modify the electronic transport in the
upper wire when electrons are allowed to flow through the
lower wire. If the lower wire is switched off (for a high V),
the upper wire is coupled only to the quantum dot (QD). In
this case one can expect the Fano resonance, which can lead
to destructive interference and lowering the conductance
gup.ﬁ The shape of the conductance depends on the Fano
parameter ¢, and G, can have a large peak, but a dip always
appears, which manifests destructive interference. Electronic
correlations on the QD lead to Kondo resonance. The con-
ductance in high temperatures has two dips, separated by
charging energy U, which merge into one broad dip in low
temperatures.” Recent experiments performed by Sato ef al.’
gave evidence for the Fano-Kondo resonance in such sys-
tems.
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II. RESONANT TRANSMISSION

The model corresponding to the experimental situation
studied by Morimoto et al.* is presented in Fig. 1(c). This is
a three-terminal system, in which the current J,, flowing
from the left to the right electrode corresponds to the situa-
tion in Fig. 1(a) and the current J,,,, flowing from the right to
the central electrode corresponds to the situation in Fig. 1(b).
We want to study the dependence on both the currents on the
gate voltage eV,, which switches on the central electrode.
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FIG. 1. Schematic illustration of the split-gate device studied in
Ref. 4. The black regions in the figures represent metal gates, which
were deposited on the surface of a GaAs/AlGaAs quantum well.
Measurements of the conductance were performed through the up-
per wire (a) and from the right part of the upper wire, through the
quantum dot, to the lower wire (b) as a function of the gate voltage
V,. The voltage in the other electrodes was kept constant. (c) pre-
sents the corresponding model, where the left, the right, and the
central electrodes are assumed as a reservoir connected to the site
“0” or “2,” respectively. The quantum dot is denoted as ““1,” and the
gate potential shifts the position of the site level “2.”
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The Hamiltonian for this model is expressed as
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The first term describes electrons in the left, the right, and
the central electrodes (a=L,R,C); the second and third
terms correspond to electrons in the junctions connecting the
upper electrodes and the central electrode. We assume that
the junctions are represented by single states with site energy
€; and the position ¢, is shifted by the gate potential V, (i.e.,
e,=eV,). The last term in Eq. (1) is the coupling of the
electrodes with the junctions. The current flowing from the «
electrode can be derived as’
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where f, is the Fermi distribution function in the « electrode,
the coupling between the « electrode and the i site is given
by Fa=mip, and the density of states in the electrodes is
taken as constant. Gj‘f’< denote the advanced, retarded, and
lesser Green functions at the sites i=0 and i=2, respectively.
The considered system is three-terminal and, therefore, we
follow the procedure proposed for this situation.!” The cur-
rent is assumed to be equal zero in the dead wire—i.e., in the
central wire J-=0 for the case in Fig. 1(a) and in the left
wire J; =0 for the case in Fig. 1(b). Using this condition one
can eliminate the lesser Green functions in Eq. (2) and find
the potential V,, in the dead wire (a=C,L).

For the system without electron-electron interactions the
conductance in the upper wire [from the left to the right
upper wire, which corresponds the situation in Fig. 1(a)] and
from the central to the right upper wire [corresponding to the
case in Fig. 1(b)] can be expressed as
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where f is the Fermi distribution function at equilibrium,
Foc=T'ctt 63,/ |(0—€)(w—€,—iT )~ 11,|? is an effective cou-
pling of the O site with the C electrode. The retarded Green
function Gy, is given by
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FIG. 2. The conductance G,, in the upper wire (top figure) and
Giow from the lower wire (bottom figure) as a function of the gate
voltage V,, which shifts downwards the atomic position e,=eV, for
various Fermi energy Ep=0 (solid curves), Er=—0.25 (dashed
curves), Ep=—0.5 (dash-dotted curves), and Ep=-1.0 (dotted
curves). For positive values of Ey the curves G,, are mirror plots
with respect to eV,=0. The other parameters are I';=0.16, I'x=T",

=1, tg1=t;n=1, €,=¢€,=0, and the temperature 7=0.

The conductance G,,=dJ,,/dV in the upper wire and
Giow=0J,,,/ IV in the lower wire are calculated in the limit
V—0. The results are plotted in Fig. 2 as a function of the
applied gate voltage eV,, which shifts the position of the
resonant transmission. The plotted curves are for different
Fermi energies Er. It is seen that G,,,, is weakly dependent
on Ep, while G,, has different shapes. It demonstrates the
role of quantum interference of electronic waves penetrating
the system. Depending on the phase shift of the penetrating
wave, QW, has a different shape, which can be either a sym-
metric peak (for Er=0), an asymmetric peak with a dip (for
Er=-0.25, —0.5), or a symmetric dip (for Er=—1). This is
typical situation for Fano resonance.®!" We also calculated
G, for a symmetric coupling, I'; =T, for which the maxi-
mal value was obtained smaller than the conductance quan-
tum 2¢%/h—as expected for the three-terminal device, where
the dead wire plays the role of an inelastic scatterer.'?

III. ELECTRONIC CORRELATIONS IN TRANSPORT

Now, we want to consider electronic interactions and their
influence on transport. Therefore, we add to the Hamiltonian
(1) the term

H1=Un1ﬂ’l1i, (6)

which describes the Coulomb interactions of electrons with
opposite spins at the QD. We can still use the formula (3) for
the conductance G,,, which is exact also for the case with
interactions.
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Determination of the conductance G,,,, is more complex.
First, using Eq. (1) we express the currents J flowing out
from the central electrode in the form

2 o
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Similarly, the currents J; and Jp are expressed by the local
Green functions G{*{ and G ,. Since the total current flowing
into site “1” J; +Jp+J =0, one can find
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where Ty, =T,15,/|o—€—i([,+Tp)|% T ix=Tkt5,/|0—¢€
—i(T +TR), and T)c=T'cr/|o—e—il'|* are effective
couplings of site “1” with the electrodes.

We need to know the Green function G|, which is de-
rived by means of the equation-of-motion approach. We get
the following set of equations for the single-electron Green
functions:
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The equations involve a higher-order Green function G
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where n; is an average number of electrons accumulated at
the QD. All many-particle Green functions are exactly calcu-
lated within the three-site system, but the coupling to the
electrodes is treated in an approximate way (perturbatively to
the order ti)—a similar approximation was used in Refs. 13
and 14. In this approximation we take into account charge
fluctuations, but spin-flip processes, which lead to the Kondo
resonance, are neglected. In the limit U — o calculations are

simpler and one gets UG:l—l—lz—nl/ 2. Therefore, one can

calculate from Eq. (9)
G =01-n/2)GY;, (11)

where G(l)fl is the Green function for noninteracting electrons
given by
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(In further considerations we add the superscript “0” to the
Green functions corresponding to the system of noninteract-
ing electrons.) Using Eq. (9) one can find all other retarded
Green functions: for example,

or "2 20r
Goo=Goo— E’mgo G (13)

where go=1/[w—¢€y+i(I',+I')] and Ggfo is given by Eq. (5).
This result can be used to calculation of the conductance G,
from Eq. (3).

Our approach takes into account the dynamical Coulomb
blockade effect. The conductance is expressed by the local
Green function G} ; [Eq. (11)], which is reduced by the fac-
tor (1-n,/2) depending on n,, the average number of elec-
trons at QD. It is a dynamical process, because an electron at
QD blocks for a short time the transmission of other elec-
trons. The Coulomb blockade is known in single-electron
sequential transport through quantum dots, but this effect is
static and charge fluctuations are not allowed (at least for low
source-drain voltages).

In order to calculate the conductance G,,,, we need yet to
find the potential V; in the L electrode treated as the dead
wire (i.e., when J;=0). The current J; is given by Eq. (2),
but it is better to express it by the Green functions G}~
Next, one eliminates G}, using Eq. (8) and puts G} from
Eq. (11). The current

2

2e [*
Jo=(1-n/2)J]+ ff do[fr(®) = fr(w)]2n, T Tx|go

b}

(14)

where J(L) is the current flowing out from the L electrode
calculated using the Green functions for the noninteracting
case. From the condition J; =0 one derives (at 7=0) the po-
tential in the left lead

_ (1=n/2)|Gy o[ (TrVg + TocVe) +n1/2|go| Tr Vi
T (=m2)GE P+ Toc) +ni/2lgol T

(15)

We work in the quasiequilibrium case, where Vy=V/2, V.
=-V/2 and the applied potential V— 0. Now, we can calcu-
late the conductance G,,,,, which after some algebra is ex-
pressed as

2% 0
Giow= 74FRFOC(1 -ny/2)|Gy,

|2[<1 —11/2)|G o (T + T+ Toe) +n,/2|go (T, + Tp)]
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FIG. 3. The number of electrons, n;, in the QD (top figure), the
conductance G, (middle figure), and Gy, (bottom figure) as a func-
tion of the gate voltage V, for Er=-0.25, I',=0.16, I'x=I'¢=1,
to1=t1»=1, and €;=0. The dashed curves denote the conductance in
the absence of electron-electron interactions.

where all Green functions are taken at Er. The conductance
should be calculated together the number of electrons at QD,

d
nlz—if 265 (), (17)
ar

where the lesser Green function is given by Eq. (8).

The results are presented in Fig. 3. The number of elec-
trons at QD decreases, when the central electrode is switched
on (for eV,> 0). For this case electrons are more delocalized
and can also occupy the junction ‘“2”—Ieading to reduction
n;. The conductance G,, is larger than that for the case with-
out electron-electron interactions (compare the solid and
dashed curves in Fig. 3). In order to explain this effect we
plotted G,,, versus the potential €, for a QD isolated from the
central wire (#,,=0)—see Fig. 4. In this case the Fano reso-
nance appears, for which a destructive interference lowers
the conductance.® For the noninteracting case the conduc-
tance dip is larger and G,, reaches zero at Ep. In the presence
of interactions the electron accumulated at QD does not al-
low traveling waves to penetrate the QD and destructive in-
terference is then less effective.!” In Fig. 4, Gyp s reduced to
ca. 1/3X2¢e%/h. If the Kondo resonance is taken into ac-
count (in a low-temperature regime), G, can reach zero,’ but
it is apart from our approximation.

The conductance G,,,, is presented in the bottom panel of
Fig. 3. Its value is reduced due to interactions (by a factor of
ca. 2/3). This is the dynamical Coulomb blockade effect,

up
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FIG. 4. G, as a function of the energy level €; in the QD, when
the central electrode is disconnected (7;,=0). The other parameters
are Er=0, I';=Ig=1, and ry;=1. The dashed curve is for the free
electron system.

because an electron accumulated at QD blocks transfer of
another electron. The effect was seen also in the previous
paper,'® in which the transport through the double-quantum-
dot system was studied.

IV. CONCLUDING REMARKS

Summarizing, we have presented electronic transport
studies in the three-terminal model, corresponding to the ex-
perimental device of two quantum wires coupled through a
quantum dot, which was recently investigated by Morimoto
et al.* The studies have been focused on the influence of
resonant transmission from the lower wire on the conduc-
tance G,, in the upper wire. The model is simplified and
restricted to a single energy level at each junction, and there-
fore, the conductance G,,, shows only a resonant peak in-
stead of quantized plateaus. A more realistic model could
have many sites along and across the quantum point contact;
it could include changes of the height and width of the bar-
rier potential with applied gate potential. For this case one
could expect many conductance plateaus with a pronounced
resonant peak in front of each step. However, the
experiment* showed that changes in G, are evidently due to
a resonant channel and our simplification is justified.

The experiment of Morimoto et al* was for first time
analyzed theoretically by Puller et al.’ Their model is a two-
terminal system connected to a QD. The calculations® were
done in a single-electron approximation [the electron-
electron interactions were treated in the Hartree-Fock (HF)
approximation]. Our calculations go beyond the HF approxi-
mation, and two-particle Green functions are taken into ac-
count. Therefore, the present procedure includes a dynamical
Coulomb blockade effect, although it neglects spin-flip pro-
cesses and the Kondo resonance. Puller et al.” also included
interference waves penetrating the QD and a dip in the con-
ductance was seen, but the calculations were restricted to the
second order of the wire-QD coupling (to t%l in our notation).
Our procedure takes into account all scattering on the QD as
well on the contacts, and therefore, the Fano resonance can
be observed.

The measurements by Morimoto et al.* showed a sharp
resonantlike peak, without any features of destructive inter-
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ference. In our studies a peak in G,, can be observed with
small asymmetry if the position of the Fermi energy Ef is
close to the QD state € (in our notation Er=0). The
experiment* also showed that the QD plays a minor role in
the interwire coupling. They repeated the transport measure-
ments grounding one of the gates close to QD. The interwire
coupling was then through a very large quantum dot. They
observed essentially the same resonance effect. Although ad-
ditional coupling channels were opened, they did not change
the conductance. In our model we have increased the QD
coupling 7, and 7, by an order of magnitude (from 1 to 10),
but for small E} the conductance G,, has been only slightly
affected. The peak in the conductance was also observed
experimentally for multichannel transport,* when the quan-
tum point contact in the upper wire was broad enough to

PHYSICAL REVIEW B 74, 205301 (2006)

allow transmission of many electronic waves. The relative
height of the peak slightly increased (in the range
0.05-0.08 X 2¢2/h) with increasing number of channels. It
may suggest that the resonant transmission from the lower
wire is coupled with the edge states and higher transmission
channels are not affected.
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