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Transport in a semiopen Kondo-correlated quantum dot is mediated through more than one quantum state.
Using the Keldysh technique and the equation of motion method, we study the shot noise S for a wide range
of source-drain voltages Vsd within a model incorporating the additional states as a background continuum,
demonstrating the importance of the Fano interference. In the absence of the interference, the noise is revealed
to be a probe of the second moment of the local density of states, and our theory reproduces the well-known
peak structure around the Kondo temperature in the S-Vsd curve. More significantly, it is found that taking
account of the background transmission, the voltage dependence of the noise exhibits rich peak-dip line shapes,
indicating the presence of the Fano effect. We further demonstrate that due to its two-particle nature, the noise
is more sensitive to the quantum interference effect than the simple current.
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Since the work of Esaki and Tsu,1 mesoscopic physics has
been a subject of increasing experimental and theoretical in-
terest for its many potential applications in the not-too-
distant future. The study of mesoscopic devices is also of
crucial importance in enhancing our understanding of funda-
mental many-body phenomena. One of the most striking
paradigms exhibiting many-body correlations in mesoscopic
physics is the Kondo effect in quantum dots �QDs� coupled
to external leads. The effect, first discovered in bulk metals
slightly doped with magnetic impurities,2 was predicted to
take place in a spin-polarized QD in 1988,3 and indeed it was
observed ten years later,4 leading to subsequent extensive
investigations. While early studies were concentrated on the
limiting cases of closed and open dots, recent focus has
shifted to the intermediate regime where the dot-lead cou-
pling is weak enough to maintain a charge quantization and
strong enough to activate a multilevel transmission. In this
regime, transport becomes more complicated and interesting.
For example, interference of transmitted electronic waves
through different dot levels leads to a Fano-shaped
resonance.5,6 Experiments7,8 measuring the transmission
phase in QDs and subsequent theoretical activities9,10 have
already demonstrated the importance of invoking transmis-
sion mediated through more than one quantum state in QDs.
The same is true if a QD is strongly Kondo correlated be-
cause the dot should be more open to the leads in order to
reach the unitary Kondo limit, which has not yet attracted
sufficient attention. Multilevel transport readily occurs in a
Kondo dot of large size,6 where irregularities in the shape
and defects in the two-dimensional �2D� geometry can give
rise to a sequence of additional quasibound levels localized
at separate sites within the dot area. A gate voltage can shift
them across the electrochemical potential and they become
occupied. These quasibound states arise in the dot’s energy
spectrum each time the extended wave function of the high-
est occupied level in the dot is unable to adiabatically adjust
to the space variations of the confining potential from source
to drain, and participate in transport provided that they are in
the vicinity of the electrochemical potential.

Out of all the transport probes, shot noise is a powerful
experimental tool to investigate correlations in transport pro-
cesses through nanostructures beyond the capabilities of dc

measurements.11 The study of shot noise through strongly
correlated QD devices in the Kondo regime has recently re-
ceived increasing attention.12–24 For a QD coupled to two
leads, shot noise was addressed for a wide range of voltages
from high-voltage Coulomb-blockade regime to the low-
voltage Kondo regime.12 Shot noise in a Kondo QD near the
unitary limit was studied with an emphasis on the effective
fractional charge.22,23 Slave-boson mean-field �SBMF� re-
sults were also reported for serial and parallel two-QD
systems15 and for a three-terminal QD in the Kondo
regime.16 These investigations have demonstrated that sensi-
tivity to quantum statistics, interference, and interactions be-
tween electrons has made noise measurement an effective
tool to probe the Kondo physics in QDs, yielding informa-
tion that is not accessible by current measurements. How-
ever, researches on the impact of a multilevel transmission
on the shot noise through a Kondo dot are still missing. This
point is important because, normally, it is very difficult to
ensure a pure Kondo transport through QDs from the experi-
mental point of view.

In this paper, we shall investigate the shot noise through a
Kondo dot in which additional transmission channels differ-
ent from the Kondo-resonant channel are activated. We
handle the problem by assuming that the additional channels
can be effectively treated as a background of continuum
states in the dot. These states hybridize with the electronic
states in the leads, but not with the Kondo state in the dot.
Such a treatment captures most of the physics contained in
the strong coupling Kondo regime, already providing a the-
oretical interpretation10 of the unusual phase evolution in the
Kondo QDs measured by the Aharonov–Bohm �AB�
interferometry.8 Here, our purpose is to study the shot noise
as a function of the source-drain voltage in the whole regime.
It is shown that the Fano effect, resulting from interference
between the Kondo state and the continuum, manifests itself
in the voltage dependence of the noise, which exhibits rich
peak-dip shapes, rather than in the corresponding current be-
havior.

According to our model, a QD coupled to two leads L and
R is described by the Hamiltonian, H=Hr+HD+HT+H0,
where
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U
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�V�Ck��
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H0 = �
k,k�,�

�V0Ck�L
† Ck��R + V0

�Ck��R
† Ck�L� . �4�

Ck���Ck��
† � and d��d�

†� are the destruction �creation� opera-
tors in the ��=L ,R� lead and in the dot, respectively. The part
Hr+HD+HT is the usual single-level Anderson Hamiltonian,
which can faithfully give rise to the Kondo-resonant trans-
mission through the dot. The last term H0 models electronic
transport through the background of continuum states in the
dot, activated in the semiopen regime. Without magnetic
fields, the system possesses a time-reversal symmetry and,
the phase difference � between the resonant and the back-
ground components is either 0 or �. Therefore, one can take
the tunneling matrix elements as V��R and V0= �V0�ei�

= �V0�cos � without loss of generality. In the absence of the
background transmission, the intrinsic Anderson hybridiza-
tion of the dot level due to tunnel coupling to the leads is
�=�L+�R, with �L/R=�	�VL/R�2, where 	 is the density of
states in the leads. In this work, we choose symmetric cou-
pling VL=VR and take 	=1 /2D, where D is the half band
width. Formally, this model also pertains to an AB interfer-
ometer with an embedded QD.25

The current and its temporal fluctuation in the � lead are
defined as

I� � �Î��t�� � − e��N̂��t�/�t� = −
e

i

��N̂��t�,H	� , �5�

S���t� � ���Î��t�,�Î��0�	+� = ��Î��t�, Î��0�	+� − 2I�
2 , �6�

with notations N̂��t���k,�Ck��
† �t�Ck���t� and �Î��t�

� I�− Î��t�. Equation �6� is a symmetrized definition
of current noise, and nonsymmetrized noise has also been
used in the literature.26,27 The two definitions are equivalent
in the zero-frequency limit. While the current only includes
the simple off-diagonal one-body nonequilibrium Green
functions �GFs� of the Keldysh type,28 the noise involves the
troublesome two-body GFs, which, in the first step, are de-
coupled and reduced to one-body ones, e.g.,

�Ck��
† �t�d��t�Ck����

† �0�d���0��

= �Ck��
† �t�d��t���Ck����

† �0�d���0��

+ �����Ck��
† �t�d���0���d��t�Ck����

† �0�� ,

where the first term on the right-hand side corresponds to
disconnected diagrams that cancel out the term 2I�

2 of Eq.
�6�. This decoupling scheme �or variations of it� has already
been employed in literature14–20,24,29 and can be justified as

follows. �i� The d electrons and C electrons are two different
types of electrons, having different spatial configurations and
less overlap of their wave functions, so that their dynamical
correlations are expected to be small. �ii� Since U is large,
the most possible population of the d level is that with only
one electron because of the strong effective Coulomb repul-
sion, which, in turn, reduces the two-body correlations be-
tween d electrons and C electrons. Therefore, like the cur-
rent, the noise is also pinned down to off-diagonal one-body
GFs corresponding to the states in the dot and in the � lead.
In the second step, with the help of the equations of motion
�EOMs� of the operators and applying the analytical continu-
ation rules in a complex time contour,28 all off-diagonal one-
body GFs are cast in terms of diagonal ones, i.e., the dot GF
Gd and the bare GF gk�� in the � lead. The lesser, greater,
retarded, and advanced components of gk�� are gk��

 �t�
= i / 
 f���k�e−�i/
��kt, gk��

� �t�= i / 
 �f���k�−1	e−�i/h��kt, and
gk��

r,a �t�= � i / 
���t�e−�i/
��kt, where f���k� is the Fermi distri-
bution function in the � lead. Although the noise S���t� typi-
cally includes current fluctuations of any frequencies, in this
work, we concentrate on the zero-frequency contribution
S��=lim�→0 
dtei�tS���t�. Therefore, the time-translational
invariance is restored for both S�� and I�, and it is advanta-
geous for all GFs to go over to energy variables. Finally,
assuming quasielastic transport, we make use of the current
conservation, IL=−IR, which implies SLL=SRR=−SLR=−SRL,
and then express the lesser and greater dot GFs �Gd

 ,Gd
�� by

the retarded one �Gd
r�.19,20 At zero temperature, where the

thermal noise vanishes and the remaining noise is called shot
noise, we obtain very compact expressions for the current
and for the shot noise as follows:

I =
2e

h
�

0

Vsd

d��a − Im��̃Gd
r��,Vsd�	

+ Im��Z + 1��̃Gd
r��,Vsd�	 , �7�

S =
4e2

h
�

0

Vsd

d��a − a2 − Im2�Z�̃Gd
r��,Vsd�	

− Im��2a − 1�Z�̃Gd
r��,Vsd�	 , �8�

where a=4� / �1+��2 is the background transmission
probability �BTP� though the additional continuum states

in the dot, �̃=� / �1+�� is the Anderson hybridization renor-
malized by these states, �=�2	2�V0�2 is a dimensionless mea-
sure of the background tunneling, and Z
=2a−1+2i�a�1−a� cos �. Derivations were performed for
the source-drain voltage bias Vsd taking place in one lead
only with the other lead being grounded. The current expres-
sion �Eq. �7�	 is exact and composed of three distinct parts.
The first term in Eq. �7� is the current mediated through the
continuum states. The second term corresponds to the usual
current expression for the single-level Anderson model, but
with renormalized parameters. The third term is the interfer-
ence between the two current components, which includes
multiple-scattering events. Noteworthy, the shot-noise ex-
pression �Eq. �8�	 can be regrouped in the renormalized non-
interacting form T�1−T�,30 where T is the total transmission
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probability through the device, i.e., the integrand of Eq. �7�.
This regrouping is a direct consequence of the decoupling
scheme and the fact that the electronic interaction U is re-
stricted to the dot, allowing for simple interpretations in
terms of transmission probabilities. Thus, the noise probes
the second moment of the local density of states on the dot,
while the current only measures the first one.

Despite their simplicity, Eqs. �7� and �8� are far from be-
ing trivial since the calculation scheme for the dot GF
Gd

r�� ,Vsd� has to include all the necessary many-body corre-
lations in order to describe the Kondo physics. Here, we
employ the EOM method20,31–33 to evaluate Gd

r�� ,Vsd� in the
Kondo regime. The EOM for Gd

r�� ,Vsd� introduces higher-
order GFs, whose EOMs produce, in turn, more GFs. One
can terminate this hierarchy by decoupling out averages of
operators. The latter are then found using the fluctuation-
dissipation relationship from the relevant GFs. In this man-
ner, the treatment becomes self-consistent. In Ref. 20, in the
limit U→�, we have solved Gd

r��� for an equilibrium QD
embedded in an AB interferometer by using a formally
equivalent Hamiltonian. For a semiopen dot we consider
here, the dot GF Gd

r�� ,Vsd� becomes strongly voltage depen-
dent since the dot-lead coupling is strong enough for the
source-drain bias to drive the dot out of equilibrium. Within
the EOM scheme, the voltage Vsd enters into Gd

r�� ,Vsd�
via the Fermi distribution functions in the leads, fL���
=1 / �1+exp ��	 and fR���=1 / �1+exp ���−Vsd�	, and the
signature of Kondo physics is logarithmic divergences aris-
ing from integrals of the types:

�
−D

D

d��
f�����

� − �� + i0+

and

�
−D

D

d��
f������Gd

r����	�

� − �� + i0+ . �9�

Therefore, the Kondo resonance in the local density of states
is dramatically affected by Vsd. The Kondo temperature is
within the EOM TK=D exp����d+Re �0� / Im �0	, where

�0=− 1 / 2�a� cos �− i�̃ is the noninteracting self-energy of
Gd

r�� ,Vsd�. Our EOM calculation for Gd
r�� ,Vsd� is consistent

with previous theories20,32,33 and correctly reproduces quali-
tative features required by the Kondo effect and by the
Fermi-liquid relations. For a quantitative analysis, one
should, of course, resort to more advanced techniques, e.g.,
the numerical renormalization group method. In all our nu-
merical calculations, the reference energy is always set at
EF=0 and the energy cutoff and the intrinsic Anderson hy-
bridization are taken as D=1 and �=0.01, respectively.

Before we present numerical results on the shot noise as a
function of Vsd, it is helpful to make some general remarks.
At zero temperature, the formula T�1−T� for interacting QD
devices in the Kondo regime was first obtained by the SBMF
theory,13–17,24 where the Anderson Hamiltonian in the limit
U→� is rewritten in terms of the slave-boson language and
becomes quadratic. Then Wick’s theorem can be exactly ap-
plied, leading to this formula. Whereas the SBMF theory

always produces a Lorentzian Kondo peak and is, hence,
completely blind to charge fluctuations, our theory has the
flexibility to follow the effect of charge fluctuations on the
shot noise in the Kondo regime ��d−��; this effect gradu-
ally vanishes as the dot approaches the Kondo limit
��d�−��. We emphasize that our EOM treatment of shot
noise is a self-consistent procedure since the decoupling
scheme used in deriving Eq. �8� and the EOM determination
of the dot GF Gd

r�� ,Vsd� contain the same high-order many-
body correlations.20,31

The validity of the EOM method to study the noise is well
illustrated in Fig. 1, where we have plotted the voltage-
scaled shot noise as a function of the voltage Vsd in the case
of no background transmissions activated, i.e., a=0. From
the low-voltage �VsdTK� Kondo regime to the high-voltage
�Vsd�TK� Coulomb-blockaded regime, the shot noise exhib-
its a nonmonotonic dependence on the voltage, with a peak
around �1–2�TK �marked by the arrow�. Results are pre-
sented for different values of the dot level �d, leading to
values of TK within the EOM differing by a factor of 100.
Nevertheless, the peak position remains almost unchanged,
demonstrating that shot-noise measurements give a straight-
forward reliable estimate of the Kondo temperature. These
features qualitatively agree with the five-method quantitative
calculations12 and the SBMF results.15 This qualitative valid-
ity of the renormalized noninteracting noise formula rein-
forces the fact that the strongly correlated Kondo resonance
can be described by noninteracting quasiparticles with renor-
malized parameters.34 At the equilibrium limit Vsd→0, on
the condition that a number of symmetries of the Hamil-
tonian are respected, the system reaches the unitary limit,
resulting in S /Vsd=0.12,15,22 However, these symmetries are
not easily accessible in realistic QDs. In this work, while the
SU�2� spin symmetry and the left-right symmetry �requiring
equal dot-lead couplings for the left and right leads� are pre-
served, the particle-hole symmetry �2�d+U=0� is broken be-
cause the EOM calculation assumes the infinite Coulomb

FIG. 1. Shot noise �in units of Vsd� through the QD in the ab-
sence of background transmissions. Inset: dependence of S /Vsd on
the dot level �d in the limit Vsd→0. All indicated values of �d fall in
the Kondo regime.
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interaction, which introduces potential scattering. Therefore,
due to a deviation from the unitary limit, we obtain a non-
zero S /Vsd as Vsd→0, as indicated in the inset of Fig. 1.
Here, charge fluctuations on the dot level, which deforms the
line shape of the Kondo resonance, also contribute to this
deviation; the contribution is small but finite for not big
−�d /� in the Kondo regime. As −�d /� increases by further
lowering the dot level, both the degree of particle-hole asym-
metry and charge fluctuations decrease, leading to a com-
plete suppression of S /Vsd in the Kondo limit. It is thus clear
that the remarkable fractional backscattered charge predicted
by Sela et al.22 and nicely confirmed by Zarchin et al.23 is
absent in the present case due to the broken particle-hole
symmetry and our noninteracting quasiparticle description of
the noise. Nonetheless, as we show below, such a description
faithfully captures the quantum interference, leading to the
distinct Fano–Kondo effect.

When the coupling of the Kondo dot to the leads increases
to a strong regime and background transmissions are acti-
vated, interference processes can play a crucial role, chang-
ing the simple single-peak structure in the voltage depen-
dence of S /Vsd in a striking way, as shown in Fig. 2. We find
asymmetric line shapes of the peaks and dips, which indicate
the presence of the Fano effect, resulting from the interfer-
ence between the discrete Kondo channel and the continuum
of background transmission. If one ignores the voltage de-
pendence of the dot GF, an intuitive understanding of these
complicated line shapes can be reached by analyzing some
special cases. �i� At a=0 or 1, the integrand of Eq. �8�,
T�1−T�, is reduced to 0.25− �Im��̃Gd

r�+0.5	2, where

−Im��̃Gd
r� develops the unitary Kondo peak near �=0 with

its half-width at half-height of TK, resulting in the fact that
T�1−T� exhibits a maximum value of 0.25 at �=TK. Thus,
one may expect a corresponding peak around TK in the
voltage dependence of the noise, which is indeed observed

�see the curves corresponding to a=1 in Fig. 2�b� and a=0 in

Fig. 2�c�	. �ii� At a=0.5, one has T�1−T�=0.25−Re2��̃Gd
r�,

where Re��̃Gd
r� is responsible for the Fano effect and pos-

sesses a peak at �=TK with its height of about 0.5. Therefore,
T�1−T� is completely suppressed at �=TK. As one might
expect, a full Fano dip shows up around TK in the voltage
dependence of S /Vsd �see the curves corresponding to
a=0.5 in Figs. 2�a� and 2�d�	. In other cases, the dependence
of the noise on the voltage consists of a complicated
peak-dip structure due to the interplay of the imaginary and
real parts of the dot GF. Here, we emphasize the similar
behaviors of Figs. 2�a� and 2�d�, and of Figs. 2�b� and 2�c�,
which can be understood from the invariance of the
noise expression �Eq. �8�	 under the transformation:
�a ,�=0⇒ �1−a ,�=�. In the equilibrium limit Vsd→0, at
a=0, the Kondo effect is identified by the suppression of
shot noise, although a complete suppression S /Vsd=0 is not
accessible in this work due to the residual potential scattering
and charge fluctuations �see Figs. 2�c�	. At finite a, the sup-
pression is violated and, in some cases, even changes to an
enhancement. This effect does not at all indicate the absence
of the Kondo resonance, but rather is due to the strong Fano
interference between the Kondo resonance and the back-
ground transmission. In the other limit, of high voltage,
Vsd�TK, the Kondo effect is irrelevant, and the Kondo-
resonant channel is effectively Coulomb blockaded, resulting
in a very weak average transmission over a scale
0���Vsd as well as weak interference contributions. Thus,
the shot noise in this regime is completely determined by the
background transmission, S /Vsd�4a�1−a�e2 /h, which is in-
dependent of the source-drain voltage bias.

Here, the noise we study probes the second moment of the
local density of states. In order to further demonstrate its

FIG. 2. �Color online� Dependence of the shot noise on the
voltage for the level position �d=−4� when background transmis-
sions through the dot are activated. The four vertical lines mark the
peak or dip positions in the curves corresponding to �a� a=0.5, �b�
a=1.0, �c� a=0.0, and �d� a=0.5, respectively. For either phase
difference �0 or ��, the voltage dependence of S /Vsd dramatically
evolves peak-dip structures as the BTP changes from 0 to 1.

FIG. 3. �Color online� Current and Fano factors as functions of
the applied voltage for �d=−4�, �=0. They exhibit asymmetric
peak or dip structure, but by no means the peak-dip shape of a
typical Fano effect.
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advantages in comparison with the usual current measure-
ment, which only reveals information on the first moment of
the density of states, we plot in Fig. 3�a� the evolution of the
current I /Vsd with a variation of the BTP. At a=0, the current
is maximal as Vsd→0 and is suppressed for Vsd�TK, giving
rise to the so-called zero bias anomaly.35 At finite a, the
current evolves an asymmetric peak for �=0 �see Fig. 3�a�	
or dip for �=� �not shown here�, but by no means the peak-
dip shape of a typical Fano effect. Therefore, it is clear that
the noise is more sensitive to the effect of quantum interfer-
ence than the current.20 The corresponding behavior of the
Fano factor, defined as F=S /2eI, as presented in Fig. 3�b�,
almost complements the current curves. It develops dip
structures at finite BTP where the current exhibits peaks. In
the absence of the background transmission, the Fano factor
is suppressed in the linear response regime Vsd→0 and in-
creases to the Poissonian value F=1 in the high-voltage
Coulomb-blockaded regime. At the moment, we have to
point out some SBMF studies13,24 where the Fano factor
saturates at a universal value of 0.5 in the large voltage limit,
which is nonphysical. Indeed, in the high-voltage Coulomb-

blockaded regime, the shot noise is Poissonian �F=1�
�Ref. 11� because the transmission probability is very small
�T�1� and correlations become not so important for trans-
mitting electrons.

In summary, we have presented a qualitative study of shot
noise through a Kondo-correlated QD, when the dot-lead
coupling increases to a strong regime and additional trans-
missions are activated. In particular, various peak-dip struc-
tures of the Fano effect are predicted in the voltage depen-
dence of the noise, which are absent in the corresponding
current behavior. The present work can enrich the existing
studies �spreading over one decade� of the noise in the
strongly correlated Kondo regime. We hope that it will be
informative for future experimental effort.
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