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Anti-Kondo resonance in transport through a quantum wire with a side-coupled quantum dot
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An interacting quantum dot side-coupled to a perfect quantum wire is studied. Transport through the quan-
tum wire is investigated by using an exact sum rule and the slave-boson mean field treatment. It is shown that
the Kondo effect provides asuppressionof the transmission due to the destructive interference of the ballistic
channel and the Kondo channel. At finite temperatures, antiresonance behavior is found as a function of the
quantum dot level position, which is interpreted as a crossover from the high temperature Kondo phase to the
low temperature charge fluctuation phase.
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The Kondo effect has been a subject of intensive study
more than three decades.1 Initially the problem was studied
to explain anomalous behavior of magnetic impurities e
bedded in a metallic host. Recent progress in the na
fabrication technique of electronic devices enabled invest
tion of the Kondo effect by means of quantum dots~QD! in
a very controllable way.2–5 The Kondo effect in the single
electron transistor~SET! structures is characterized by a
enhanced conductance due to the Kondo resonance.6–13 The
Kondo resonance at the Fermi level provides a new cha
for electric current flowing through the QD. On the oth
hand, it is interesting to note that the Kondo scattering i
phase-coherent phenomenon which is characterized b
resonance phase shift ofp/2 with unitary tunneling cross
section at low temperature and bias.6,7 The phase coherenc
of the Kondo scattering cannot be proved by the transp
measurement in SET structures because the conduct
through the QD measures only the probability of the tra
mission amplitude. In order to prove the phase-cohere
one needs a device setup which includes quantum inte
ence process. A typical example is a QD embedded in
Aharonov-Bohm interferometer14–18 or in an Aharonov-
Bohm ring,19–22 where the phase coherence is stud
through the dependence on the Aharonov-Bohm flux.

In this paper, we consider another type of simple quant
interference device with Kondo correlation: A perfect qua
tum wire with a side-coupled quantum dot@Fig. 1~a!#. This
structure is reminiscent of T-shaped quantum wave gu
known as electron stub tuners23 in which the quasibound
states in the stub play a major role in transport properties.
the other hand, we consider relatively weak tunneling lim
between the wire and the dot, so that both the electr
electron interaction and the quantum interference are im
tant. In contrast to the SET geometry, transmission thro
the system consists of the interference between the ball
channel and the resonant channel from the quantum dot,
the transport contains some informations on the pha
coherence through the quantum dot. We consider a sim
one-dimensional quantum wire with a side-coupled And
son impurity at site ‘‘0’’ @Fig. 1~b!#. The Hamiltonian of the
system can be written as
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H5H01HD1HT , ~1a!

whereH0 , HD , and HT represent the noninteracting wire
the interacting QD, and tunneling, respectively, which a
given by

H05(
ks

«kcks
† cks , ~1b!

HD5(
s

«dds
†ds1Un̂↑n̂↓ , ~1c!

HT52t8(
s

~ds
†c0s1c0s

† ds!. ~1d!

Here «d and U represent the single-particle energy and t
on-site Coulomb repulsion in the QD, respectively.t8 de-
notes the tunneling matrix element between the QD level
the site ‘‘0’’ of the quantum wire. Note that the electro
operator at site 0 is given by

c0s5
1

AN
(

k
cks , ~2!

whereN is the number of lattice sites that goes to infinity
At low temperature and bias voltage, electron transpor

dominated by the coherent transmission, and the line
response conductance is given by the Landauer-type form

G5
2e2

h E S 2
] f

]« DT~«!d«, ~3!

wheref andT(«) denote the Fermi distribution function an
the transmission probability of an electron with energy«,
respectively.T(«) is related to the Green’s function at site
with spin s, G0s :

T~«!5G2uG0s~«!u2, ~4!

whereG corresponds to the coupling strength of the site 0
the other part of the wire~which is proportional to the kinetic
energy of the electrons in the wire!. G0s can be rewritten in
terms of the ‘‘exact’’ Green function of the dot,Gds ,
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G0s~«!5
1

«1 iG S 11
t82

«1 iG
Gds~«! D . ~5!

At zero temperature only electrons at the Fermi level,«50,
are important, and inelastic processes are fully suppresse
this case, the conductance is simplified as

G5
2e2

h
T~0!, ~6!

and the dot Green’s functionGds satisfies the Friedel
Langreth sum rule:24

Gds~0!5
1

2G8cotw1 iG8
, ~7!

whereG85t82/G is the resonance width of the quantum d
level, and

w5
p

2
nd ~8!

with nd being the average occupation number of the QD
By combining Eqs.~4!, ~5!, ~6!, and ~7!, one gets the

following very compact form of the zero-temperature co
ductance:

G5
2e2

h
cos2w. ~9!

The expression~9! is in marked contrast with the case whe
the quantum dot is connected to two separate electrode
such a case, the zero-temperature conductance is give
G5(2e2/h) sin2w for a symmetrically coupled junctions,6,7

and has maximum value in the Kondo limit,nd.1. How-
ever, in our model, the conductance is fullysuppressedin the

FIG. 1. ~a! Schematic diagram of the quantum wire with a sid
coupled quantum dot.~b! Model of the device for the quantum wir
and a side-attached quantum dot. The quantum wire is consider
be impurity-free one-dimensional metal and the quantum do
modeled as an Anderson impurity.
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Kondo limit. This is purely quantum effect associated w
the Kondo correlation and can be understood in terms of
destructive interference between the ballistic channel and
Kondo resonance represented in the first and the second
of Eq. ~5!, respectively. On the other limit,nd50 or nd52,
both spin and charge fluctuations are suppressed. There
the coupling between the quantum dot and the wire beco
ineffective and the conductance approaches to the con
tance quantum due to the ballistic transmission through
wire.

To study the problem in more detail, we adopt the sla
boson mean field theory~SBMFT! which is known to be a
good approximation for describing the Fermi-liquid prope
ties with strongly renormalized parameters.1 In the frame-
work of the SBMFT for infiniteU, the dot Green’s function
is given by

Gds~«!5
12nd

«2 «̃d1 i ~12nd!G8
, ~10!

where the renormalized energy level«̃d and the occupation
numbernd are to be obtained by solving the self-consiste
equations:1

«̃d2«d52
2

p

]

]nd
E

2D

D

f ~«!tan21F ~12nd!G8

«̃d2«
Gd«,

~11a!

nd52
2

pE f ~«!I
1

«2 «̃d1 i ~12nd!G8
d«. ~11b!

A constant density of states~DOS! for the wire at2D,«
,D is assumed in the above equation for simplicity. At ze
temperature the integrations in Eq.~11! can be performed
analytically and we get

«̃d2«d52
2G8

p
log

A«̃d
21~12nd!2G82

D
, ~12a!

nd5
2

p
tan21

~12nd!G8

«̃d

. ~12b!

A very important point is that the SBMFT satisfies aut
matically the unitarity of the scattering matrix, that is,

R~«!1T~«!51, ~13!

whereR(«) andT(«) denote the reflection and the transm
sion probability of an electron with energy«, respectively. It
should be noted that some other methods based on the la
Ns approach (Ns being the spin degeneracy of the dot!, such
as the noncrossing approximation~NCA! or diagrammatic
1/Ns expansion, do not satisfy this relation. In addition, Eq
~5!, ~6!, ~10!, and ~12b! lead to the expression~9!. That is,
the zero-temperature conductance obtained by the SBM
gives the exact expression of Eq.~9!.

Figure 2 displays the conductance as a function of
quantum dot energy level. In the experiment«d can be con-
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trolled by attaching a voltage gate to the QD. At zero te
perature, the conductance shows a crossover from reso
reflection in the Kondo limit («d!22G8) to perfect trans-
mission where the coupling to the wire is ineffective («d
.2G8). The perfect reflection in the Kondo limit originate
from the completely destructive interference between
ballistic and the Kondo channel. At finite temperatures,
conductance shows a dip structure with an asymmetric
shape.25 The dip occurs, as a peak does for the Kondo eff
in the SET structure, due to a continuous transition from
high-temperature Kondo phase to the low-temperat
charge fluctuation phase. As the temperature increases
dip position moves toward«d50 with reduced depth. Note
that the simple SBMFT fails to give the correct energy sc
of TK and becomes less good with increasing the temp
ture, while it provides an excellent description at lo
temperature.1 Therefore, the results in Fig. 2 may not b
quantitatively correct. Nevertheless, the overall feature of
antiresonance is quite universal and not affected by the
proximations made here.

Figure 3 explains the crossover behavior for a fixed te
peratureT50.1G8, in relation to the Kondo temperature
TK . At very low energy level («d!22G8) the Kondo tem-

FIG. 2. Conductance~in unit of G052e2/h) as a function of the
level position of the quantum dot («d) for four different tempera-
tures. All the energy scale is renormalized in unit ofG8 in this
figure and in Fig. 3.
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perature is much smaller than the given temperatureT. In
this case the Kondo effect is negligible and the Kond
resonant reflection is suppressed due to the ineffective c
pling between the QD and the wire. By increasing«d , the
Kondo temperature is increased exponentially and the Ko
effect becomes important. Then the current reaches its m
mum at a point that satisfies the conditionTK.T and«d,
22G8(nd.1). Further increasing«d results in an increase
of the current because of charge fluctuation. Kondo phys
is no longer valid in this region and the transmission throu
the QD begins to resemble that of a pure quantum wire asnd
decreases further, again due to the ineffective coupling.

In conclusion, we have analyzed the quantum transp
through a ballistic quantum wire with a side-coupled inte
acting quantum dot. We have shown that the Kondo re
nance associated with a quantum interference leads to a
fect reflection of the electrons. We have also discussed
antiresonance behavior which originates from the crosso
of the high temperature Kondo to the low-temperatu
charge fluctuation region.

This work was supported by Grant No. 1999-2-1140
005-5 from the Basic Research Program of the KOSEF,
by the electron Spin Science Center at POSTECH.

FIG. 3. Conductance~solid line with circles! and Kondo tem-
perature in log scale~solid line!, as a function of the level position
of the quantum dot forT50.1G8.
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