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We calculate conductance of an Aharonov—Bohm (AB) interferometer for which a single-level quantum dot in the

Coulomb blockade regime is embedded in one of its arms. Using the Schrédinger equations and taking into account

the Coulomb interaction on the dot, we calculate conductance G as a function of flux ¢ threaded through the ring
and as a function of gate voltage V applied to the dot. It is found that the AB oscillations of G(¢) depend on the
particle occupation on the dot, controlled by V. If the system is closed, there is no loss of particles, G(¢) is periodic
and G(¢) = G(—¢), satisfying the Onsager relation. In this case G(¢) can reach its maximum value, 2¢2/h, at the
resonance. When the system is open, one has G(¢) # G(—¢), G(¢) yields a phase shift which depends on the loss rate

of electrons in this open system.
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1. Introduction

Recent lab measurements of transport proper-
ties through small semiconductor quantum dots have
revealed interesting quantum-coherence phenomena
ranging from Aharonov-Bohm (AB) oscillations of
current through multiply connected geometries con-
taining quantum dots,!!) to Fano-type line shapes
in multichannel transport situations.[?! Theoretically,
the transport of electrons through a quantum dot with
Coulomb interaction has been investigated by pertur-
bation theory and Green function method,3—3! and
the related transmission phases measured by closed
or open AB interferometer have been discussed in
Refs.[6] and [7] without considering the interaction
on the dot.

conductance of an AB interferometer is affected by

It is interesting to consider how the

the occupation and spin states of the embedded dot
in the Coulomb blockade regime. In this paper, we
solve the Schrédinger equation for the transmission of
electrons through a closed or open AB interferometer
with an embedded quantum dot in Coulomb blockade

regime by using the equivalent single-electron network

method.[® For closed interferometers, we obtain the
conductance G as a function of the flux ¢ threaded
through the AB ring obeying the Onsager relation
G(¢) = G(—¢). So the initial phase of the first har-
monic of G(¢) can only take values of 0 or m. We find
that this phase and the magnitude of the conductance
crucially depend on the occupation of the quantum
dot. For the open AB interferometer, the system has
no time-reversal symmetry. In this case the initial
phase can take values other than 0 or 7, depending on
the states of the dot. The occupation of the quantum
dot is controlled by the gate voltage V applied on the
dot. In the presence of Coulomb interaction on the
dot, there exists a finite range of V' in which the dot is
singly occupied. In this range the spin-flip scattering
of the tunnelling electron is possible and the transport
properties are much different from the situation of the

empty dot.

The paper is organized as follows: in the next
section we describe the model and basic formulae, in
Section 3 the numerical results are presented and dis-

cussed, and the last section is a brief summary.
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2.Model and basic formulae

First we consider a closed model for a typical AB
interferometer with one quantum dot inserted from
which the transmission coeflicient is calculated. The

model of the system is shown in Fig.1.

Fig.1. Structure of AB ring with a quantum dot.

The Hamiltonian of the system can be written as
H= Hl + H2;

where H; is the sub-Hamiltonian of the first arm,
the leads and the quantum dot, and Hs is sub-
Hamiltonian of the second arm. In the tight-binding

scheme they can be written as
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where @mo (bmo) and d, are the annihilation opera-

tO(bIngbm+la' + HC)

tors of electrons on the mth site of the first (second)
arm and at the dot, respectively, with spin o, £q is the
site energy and t; the hopping integral in leads and
arms, t*®) is the coupling between the dot state and
the left (right) contact site of the first arm, ¢ is the

dot level energy, V is the dot potential induced by the
plunger voltage, and C is the dot capacitance. When
a magnetic flux ¢ is threaded through the AB ring,
we adopt a gauge where the phase induced by the flux
only occurs at one of the jumps, t®e'® (¢ = ep/hc),
and the other jumps are unchanged according to the
Lorentz invariability.

Because the interaction exists only on the quan-
tum dot and the electrons are free in the leads and
in other places of arms, we can consider many-body
states on the dot and single-electron states in other
places.[l Thus, we are interested in a sub-Hilbert
space where there is no restriction on the number of
electrons on the dot, but there is at most one elec-
tron in other places. In this sub-Hilbert space one can

construct the following set of basis functions:

wD,l,m,a = alna |D> )
¢D525m1‘7 = blna' |D> ?
¥p,, =d}|D), 3)

where |D) is one of the dot states, |0), |1, [{), |T}). In
this basis a wavefunction can be expressed as a linear

combination
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By applying the Hamiltonian on the wavefunc-
tion, we obtain the Schrédinger equations for the co-

efficients:
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where FE is the total energy of the electron sys-
tem, and xp (Xp,) is €0, €0 + V + &€ + €2/2C, and
€0 + 2V + 2¢ + 2¢2/C, if the dot state |D) (df |D)) is
empty (|0)), singly occupied (|1} or |})), and doubly
occupied (|1])), respectively. In the above equations
the terms with gp, are zero if df |D) is not allowed
according to the Pauli exclusion principle.

When an electron with spin o is incident from the
left lead and the dot state is in | D), it can be partly
reflected and partly transmitted, and the coefficients

in the leads can be expressed as

§yoreik™ 4 TD;m,ze_ikm for m < —N,
Ppim,o’ = .
e tDioorelF™ for m > N,

where rp.;o and tp,,,s are reflection and transmis-
sion amplitudes, respectively, with dot state being | D)
and spin from o to ¢’, and k is the momentum satis-
fying E — xp = 2tg cos(k). From the above equations
we can solve rp.so’ and tp,so. At zero temperature,
the conductance can be calculated with the Landauer

formula:
2
e
G(SO) = z ZPD(EF; V) Z |tD;a'a’(5F)|2;
D o,0!

where ep is the Fermi level in the leads, and Pp(er, V)
is statistical factor of dot state | D) at given gate volt-

age V and Fermi level er. At zero temperature, one

has
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where 6(z) is the step function. From these expres-
sions it can be seen that by varying the gate voltage,
the dot state can be changed from empty, single occu-
pation, to double occupation. In the next section we
will present numerical results of G(¢) for different dot

sates.
3. Numerical results

In this section we present numerical results for the
conductance as a function of the magnetic flux. For

simplicity we use ¢y as unit of energy (tp = 1), and

assume that t is equal to t® and they are real num-
bers. For given Fermi energy er and given spin of the
incident electron, both reflection and transmission co-
efficients, as well as the coefficients in arms and on the
dot, are unknown. They can be uniquely solved from
the Schrodinger equation. For a closed system we ob-

tain an even function of G(i), i.e. G(p) = G(—¢).[%
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Fig.2. Conductance as a function of the magnetic flux
in a closed AB ring with a quantum dot embedded in
one of the arms. The parameters for the quantum
dot are: t = tR = 0.5¢0, €2/C = 1.5tg, N = 38, and
£ = 0.2tg. The solid line corresponds to the case of sin-
gle occupation, and the dash-dotted line corresponds

to the empty case.

In Fig.2 we show the conductance as a function
of the flux for both the empty and singly occupied
Here the Fermi level of the leads is set to be
the energy zero, er = 0. It can be seen that the AB os-

cases.

cillations deviated from the standard harmonic form,
and complete destructive interference [G(¢) = 0] can-
not be reached. This is due to the scattering of the
quantum dot which alters the direction and paths of
the electron propagation. In particular, the shapes
of curves are drastically different for the singly occu-
pied and empty cases. This is because in the former
there exists spin-flip scattering that changes spin di-
rection of the incident electron, making the spin of
the quantum dot also altered, while in the latter two
spin channels are completely separated. Apart from
the spin-flip processes, the transmission through the
quantum dot is governed by the level position, the in-
teraction, and the hopping strength between the arm
and the dot. Maximum transmission through the dot
is achieved at the resonance where the energy of the
incident electron coincides with the energy of the in-

termediate state in which the tunnelling electron is
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located on the dot. Thus, the maximum of the con-
ductance through the whole system is determined not
only by the interference effect of the arms, but also by
the resonance through the dot. In one period there
are two maxima in the empty case, and there is only
one maximum in the single occupation case, reflecting
substantial difference in the transmission of quantum
dot between the two cases. In both cases the Onsager
relation, G(p) = G(—y), is satisfied. We do not show
the curves for the double occupation case, because in
this case the arm with the quantum dot is completely
blocked and there is no AB oscillation.
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Fig.3. Conductance in a closed AB ring as a function
of energy level of the quantum dot. The parameters
are V = —0.8tg, €2/C = 1.5tg, eg = 0.08%g, N = 38,
and t® = tI' = 0.1¢5. The parameters correspond to
the single occupation region. For ¢ = 0, the valley
occurs at £ = —0.036tp, while for ¢ = 7, the valley
is at £ = 0.33tg. The appearance order of peak and
valley is also altered by changing ¢.

In order to investigate the resonance of the quan-
tum dot in such a structure, in Fig.3 we plot the con-
ductance of the closed AB ring as a function of the
energy level of the quantum dot. The peak position
corresponds to the resonant transmission through the
quantum dot, while the valley indicates the effect of
the destructive interference of the AB ring. The curves
show asymmetric Fano line shape 1% due to the exis-
tence of two paths, one with the embedded dot and
another without it. With varying £ the Fermi level
crosses over the resonant level of the dot, changing
the phase of the transmission through the dot by .

This results in changing the interference of the two

arms from constructive to destructive, corresponding
to the adjacent peak-valley structure in the curves.
It can be seen that this peak-valley structure can be
easily controlled by changing the flux, implying the
sensitivity of the Fano effect to the phase induced by
the flux.
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Fig.4. Conductance in a closed AB ring as a function
of the gate voltage. The parameters are e2/C = 1.0tg,
eg = 0.0Ttg, N = 38, £ = —0.26tg, and t& =
th = 0.1tq.
tion, and empty regions correspond to V < —0.8tq,
0.2ty >V > —0.8tg, and V > 0.2tq, respectively.

The double occupation, single occupa-

In order to study the effect of Coulomb blockade
on the conductance, in Fig. 4 we display the conduc-
tance as a function of the gate voltage. Due to the
Coulomb interaction on the dot, there are two res-
onance peaks in varying the gate voltage, although
there is only one level on the dot. One resonance
peak (V = 0.2¢() corresponds to the change from the
empty state to the single occupation state, and the
other (V = —0.8tg) to the change from single to dou-
ble occupation. The spacing between these two peaks
is just the strength of the Coulomb interaction. Phys-
ically this spacing is the energy cost for an electron
to overcome the Coulomb blockade on the quantum
dot. In varying the flux, both peaks oscillate, but
with different phases. This reflects the different quan-
tum interference for these resonances due to different

transmission phases through the dot.
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Fig.5. Conductance in an open AB ring as a func-
tion of the flux. The parameters are e2/C = 1.0tg,
go = 0.1tg, N = 38, V = —0.6tg, £ = —0.2tg, and
tR =t = 0.1¢9. W is the hopping strength from the
dot to an additional lead.

In experiments 11714 an open system, in which
there is electron leakage, is adopted. The experimen-
tal results show additional phase shift 8 in the AB
oscillations. In Fig.5, we show the calculated results

for the conductance of an open system as a function of

the flux. The open system is realized by adding an ad-
ditional lead to the quantum dot. It can be seen that
in this case the Onsager relation is violated, and the
additional phase shift is increased by increasing the
hopping strength between the dot and the additional
lead.

4. Summary

In summary, we have investigated the transport
properties of a dot in the Coulomb blockade regime
embedded in an arm of the AB ring in both the closed
and open cases. The calculated results show different
interference behaviour if the occupation of the quan-
tum dot is different. The resonances exhibit Fano line
shape, and the Coulomb blockade causes splitting of
the resonance peak due to the charging energy. In an
open system an additional phase shift in the AB oscil-
lations appears, and the Onsager relation is violated
due to the breaking of the conservation of the particle

number.
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