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Kondo resonances and Fano antiresonances in transport through quantum dots
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The transmission of electrons through a noninteracting tight-binding chain with an interactingsidequantum
dot ~QD! is analyzed. When the Kondo effect develops at the dot the conductance presents a wide minimum,
reaching zero at the unitary limit. This result is compared to the opposite behavior found in an embedded QD.
Application of a magnetic field destroys the Kondo effect and the conductance shows pairs of dips separated
by the charging energyU. The results are discussed in terms of Fano antiresonances and explain qualitatively
recent experimental results.
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Semiconductor quantum dots~QD! are small droplets of
electrons, confined in the three spatial directions. Energy
charge quantization results from this confinement. As b
features are shared with real atomic systems, from the v
beginning, an extremely useful analogy has been explo
between ‘‘real’’ and ‘‘artificial’’ atomic systems. This ana
ogy received strong support through an experimental bre
through where the Kondo effect in quantum dots was una
biguously measured.1,2 Historically, the Kondo effect was
introduced about 40 years ago to explain the resistivity m
mum for decreasing temperatures observed in metallic
trices with a minute fraction of magnetic impurities.3 Ac-
cording to the detailed microscopic theory, when t
temperatureT decreases below the Kondo temperatureTK ,
the localized magnetic impurity starts to interact stron
with the surrounding electronic cloud, which finally resu
in a singlet many-body ground state, reaching its maxim
strength atT50.4 The minimum in the resistivity result
from the fact that, as the temperature is lowered, the sca
ing with phonons decreases down to the Kondo tempera
at which the scattering with localized impurities becom
important as the Kondo effect is operative. It is important
emphasize that in this case, the so-called traditional Ko
effect, magnetic impurities act as scattering centers,increas-
ing the sample resistivity.

The opposite behavior is found in the Kondo effect
quantum dots. The situation considered almost without
ception both theoretically and experimentally, consists o
quantum dot connected to two leads in such a way that e
trons transmitted from one electrode to the other should n
essarily pass through the quantum dot~a substitutionaldot!.
As theoretical calculations predicted,5,6 in this configuration
the conductanceincreaseswhen the temperature decreas
and the Kondo effect sets in, essentially due to a reson
transmission through the so-called Kondo resonance, w
appears in the local density of states at the dot site at
Fermi level. In this situation, atT50, the conductance
should take the limiting value 2e2/h, corresponding to the
unitary limit of a one-dimensional perfect transmissi
channel.7

The aim of this work is to analyze an alternative config
ration of aside-coupledquantum dot, attached to a perfe
quantum wire. In this case, the quantum dot acts as a s
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tering center for transmission through the chain, in clo
analogy with the traditional Kondo effect. We have foun
that when the dot provides a resonant energy for scatter
the conductance has a sharp decrease, reminiscent o
Fano antiresonances observed in scanning-tunnel
microscope experiments for magnetic atoms on a meta
substrate.8 A similar problem has been discussed both
Kanget al.9 and by Bulka and Stefan´ski.10 However, in Ref.
9 the authors use the approximate slave-boson mean-
theory to describe the Kondo regime in the limitU→`,
while in Ref. 10 the configuration considered is differe
from ours. In this paper we show that by using a very prec
numerical technique appropriate for this system, we can
corporate the effects of a realistic value of the charging
ergy U. This allows us to obtain the features observed
perimentally, e.g., the double-dip structures of Fig. 3, wh
give rise to the diamond-shaped features in differential c
ductance experiments.11

The models employed in the calculation are schematic
shown in Fig. 1. Case~a!, corresponding to thesubstitutional
dot situation, consists of two semi-infinite noninteracti
tight-binding chains connected to a central site~the dot!.
Case~b!, corresponding to theside dot, consists of a quan

FIG. 1. Schematic representation of our models:~a! substitu-
tional dot configuration;~b! side dot configuration. Small open
circles represent cluster noninteracting sites, big full circles rep
sent the dot site. The cluster includes the dot and a few nonin
acting sites. Left and right full lines represent the noninteract
tight-binding semi-infinite chains with their respective chemical p
tentialsmL andmR .
©2002 The American Physical Society02-1
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tum wire coupled sideways to a QD. The dot is modeled
an Anderson impurity. The Hamiltonian reads

H5H01Hint , ~1!

whereH0 is the Hamiltonian of two semi-infinite chains

H052 (
j <21,s

t j~cj s
† cj 11s1H.c.!

2 (
j >0,s

t j~cj s
† cj 11s1H.c.!, ~2a!

andHint can be written as

H int
a 5(

s
«sc0s

† c0s1
U

2
n0sn0s̄ ~2b!

for the substitutionaldot configuration, while

H int
b 5(

s
2t i~c0s

† cs1H.c.!1«scs
†cs1

U

2
nsns̄ ~2c!

for the side dot configuration. In the equations above,t j5t
for j <22, j >1, while t215t05t8, n0s5c0s

† c0s , ns

5cs
†cs , andU.0. As we are also interested in the behav

in a magnetic fieldH, we consider the local energies as«↑
5«01D«/2, «↓5«02D«/2, with D«5gmBH the Zeeman
splitting of the localized orbital, i.e., the principal magne
field effect is to shift the local QD levels.12 It is interesting to
point out that both models could be mapped to a single se
infinite chain, with the dot sitting at the free end, and t
remaining sites corresponding to the even basis states
couples to the dot.13 Both models become exactly equivale
from the point of view of their equilibrium properties,14 if
the hoppings are related as follows:t i5A2t85t. However,
as we show below, the transport properties of both mod
are completely different.

For the analysis of our transport results, we have used
following equation for the magnetic-field-depende
conductance,15 in the linear-response regime (mL→01 and
mR→02):

G~H !5
e2

h

2pt82

t (
s

rs~v50!, ~3!

wherers(v) is the local density of states~per spin! at site 0
evaluated at the Fermi energyv50.

To obtain the density of statesrs(v50) we use a com-
bined method. In the first place we consider an open fin
cluster of N sites @N57 for case~a! and 6 for case~b!#
which includes the impurity. This is diagonalized using t
exact-diagonalization Lanczos technique.16 We then proceed
to embed the cluster in an external reservoir of electro
which fixes the Fermi level of the system, attaching tw
semi-infinite leads to its right and left.17 This is done by
calculating the one-particle Green’s functionĜ of the whole
system within the chain approximation of a cumula
expansion18 for the dressed propagators. This leads to
Dyson equationĜ5Ĝĝ1T̂Ĝ, whereĝ is the cluster Green’s
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function obtained by the Lanczos method. Following R
17, the charge fluctuation inside the cluster is taken into
count by writingĝ as a combination ofn andn11 particles
with weights 12p and p respectively, ĝ5(12p)ĝn

1pĝn11. The total charges of the cluster andp are calculated
by solving self-consistently the equations

Qc5n~12p!1~n11!p, ~4!

Qc52
1

pE2`

eF

(
i

Im Gii ~v!dv, ~5!

where i runs on the cluster sites. Once convergence
reached, the density of states is obtained fromĜ. It is im-
portant to stress that this method is reliable only ift8 is large
enough, so that the Kondo cloud is about the size of
cluster ~for the parameters used here we estimate a Ko
correlation length of about 10 lattice sites!. Moreover, the
fact that the conductance reaches the unitary limit for
symmetric case provides an important test of the validity
the method~see Fig. 2!.

In order to compare both geometrical realizations
present in Fig. 2 the conductance for thesubstitutionalQD
@Fig. 1~a!#. As discussed above, at zero temperature and m
netic field, the Kondo resonance, which develops right at
Fermi level, greatly enhances the transmission when the
erage dot occupancy is close to~but less than! 1, i.e., in the
Kondo regime. For the symmetric situation«052U/2, the
transmission is perfect and the conductance reaches the
tary limit G(0)52e2/h.19 This is a nontrivial check from the
numerical point of view, and proves that our finite-syste
approach produces a Kondo peak with the exact spec
weight at the Fermi energy. Within our approach, t
Coulomb-blockade peaks become discernible through the
plication of a magnetic field. As seen in Fig. 2, with increa
ing magnetic field, spin fluctuations at the impurity site a
progressively quenched, and the associated enhanceme
the conductance turns into a valley flanked by two Coulom

FIG. 2. Conductance~in units of 2e2/h! for the substitutional
dot configuration, as a function of the impurity level position a
for several values of the magnetic field (t8/t51/A2 andU/t512).
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blockade peaks roughly separated byU. On the other side
the Coulomb-blockade peaks are rather insensitive
magnetic-field effects.

The equivalent to the traditional Kondo effect, corr
sponding to the geometrical arrangement of Fig. 1~b!, is
shown in Fig. 3. In this configuration, the conductan
reaches the unitary limit either when the dot is fully occup
(«01U,0) or empty («0.0). In both cases, theside dot
weakly perturbs the transmission along the tight-bind
chain, as the possible scattering processes disappear. O
other side, the conductance becomes progressively blo
as theside dot enters in the Kondo regime, reaching t
antiunitary limit G(0)50 exactly at thesidedot symmetric
configuration«052U/2. In other words, even though th
noninteracting central site provides, in principle, a chan
for transmission, through its coupling to theside dot it be-
comes a perfectly reflecting barrier.

The results for the total (r↑1r↓) local density of states
~DOS! shown in Fig. 4 provides a nice qualitative explan
tion of the linear conductance results in both geometr
arrangements. Figures 4~a! and 4~b! correspond to the loca
DOS at sites 0 and at the dot respectively, both for theside
dot configuration. Starting with Fig. 4~b!, a well-defined
Kondo resonance is discernible around the Fermi level in
absence of a magnetic field. The exact~unitary! zero-field
result r imp(v50)5t/(pt82)52/(pt).0.64 ~for t51 and
t8/t51/A2) is recovered from our numerical approach,
discussed above.

For these parameters, the local DOS at the impurity sit
the side dot configuration is equivalent to the local DOS
the impurity in thesubstitutionaldot configuration, and gives
rise to the unitary limitG(0)52e2/h discussed above. From
the full width of the zero-field impurity DOS at half
maximum, we estimatekBTK /t.0.3 for these parameters
note that this estimate agrees qualitatively with the magne
field values for which the Kondo effect is destroyed~see Fig.
3!. In the presence of a magnetic field, the Kondo resona
splits into two peaks, generating a local minimum betwe
them. As the conductance in thesubstitutionaldot configu-
ration is proportional to the dot DOS at the Fermi level, th

FIG. 3. Same as Fig. 2 for thesidedot configuration (t i /t51).
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explains the abrupt decrease ofG(H) with increasingH at
the middle of the Kondo valley shown in Fig. 2.

Coming back to thesidedot, the most noticeable feature
of Fig. 4~a!, corresponding to the DOS at site 0 of the cha
are the profound dips it exhibits around the Fermi level
pseudogap appears forH50 at the symmetric situation«0
52U/2 exactly at the Fermi level. The existence of th
pseudogap explains the conductance minimum of Fig. 3
«052U/2. In the presence of a magnetic field, the d
weakens and accordingly the conductance starts to incre
After a certain threshold field, the DOS develops a doub
well shape around the Fermi level; the distance between
two well minima is about 2D«.20 If the magnetic field is
strong enough (D«/kBTK@1), the Kondo effect is de-
stroyed, the associated coupling between the quantum
and the side dot essentially vanishes, and the DOS at s
recovers the semielliptical shape corresponding to the no
teracting chain witht5A2t85t i .

Conceptually, the simplest way to understand these tra
port features is using the framework developed by Fano
years ago.21 He analyzed the properties of a system cons
ing of a continuous spectrum degenerated with a disc
level, both noninteracting. Under these conditions, a dip
velops in the density of states of the continuous spectrum
a result of its interaction with the discrete level. In our ca
the continuous spectrum is provided by the tight-bindi

FIG. 4. Local density of states for theside dot configuration
corresponding to the symmetric situation«052U/2 for different
values of magnetic field:~a! at the noninteracting site 0 of th
tight-binding chain; ~b! at the QD site ~same parameters a
in Fig. 3!.
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chain, while the role of the discrete level is played by t
Kondo peak at the DOS of thesidedot. The Kondo peak in
the local DOS at thesidedot is produced at the expense of
decrease of the local DOS at the neighboring site 0. As
Kondo effect is destroyed by the magnetic field, its asso
ated many-body Fano antiresonance22 weakens. An interest
ing feature of our calculation is the evolution ofG(H) for
increasingH: as the Kondo effect is destroyed, the wid
minimum develops a high-conductance region around
Fermi level. At high fields, the conductance shows two di
roughly separated byU. These two dips are again quite nat
ral in the Fano framework: theside dot DOS, besides the
Kondo peak, has two single-particle resonances at«0 and
«01U @not shown in Fig. 4~b!#. They give rise to the
Coulomb-blockade peaks in thesubstitutionaldot configura-
tion ~see Fig. 2 at a high-magnetic-field situation!. However,
in the side dot configuration, they play the role of two dis
crete levels, which also produce a Fano antiresonance w
these levels coincide with the Fermi energy («050 and«0
1U50): the result is now two Coulombdips instead two
Coulomb-blockadepeaks. In view of this analysis, it is clea
that the wide valley of Fig. 3 results from the superpositi
of two effects: one due to the Kondo effect around«05
2U/2, and the other due to charge fluctuations between
dot and the leads around«050 and«01U50.

We believe that our calculations shed light on recent
periments by Go¨res et al.11 Using the same samples as
Ref. 1, and changing the transmission of the left and ri
tunnel barriers that connect the dot to the conducting lea
they perform conductance measurements in the Fano re
~strong coupling leads dot!, the Kondo regime~intermediate
coupling!, and the Coulomb-blockade regime~weak cou-
pling leads-dot!. The main results concern the Fano regim
where the conductance shows asymmetric Fano dips on
of a slowly varying background. Some features of the d
are reminiscent of the Kondo effect, as the temperature
pendence of their amplitude~Fig. 4 in Ref. 11!, and others of
the Coulomb-blockade effect, as the typical diamond-sha
structure in differential conductance measurements~Fig. 5 in
Ref. 11!. Both features are easily explained by our resu
While our calculation is valid forT50, it seems reasonabl
en

er

. S
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to expect similar qualitative behavior by increasing the te
perature atH50: a wide valley forT,TK and two narrow
dips separated byU for T.TK . Accordingly, one can expec
a strong dependence of the dip amplitude on temperat
decreasing for increasing temperature. Besides, the beha
of dips in differential conductance measurements should
completely analogous to the related Coulomb-blocka
peaks, leading to diamond-shaped structures for the d
While the geometry of the experiment by Go¨reset al. corre-
sponds to our substitutional dot configuration, their results
the Fano regime could be interpreted as due to the pres
of two conducting channels through the dot: one~nonreso-
nant! channel strongly coupled to the leads, and a sec
~resonant! channel weakly coupled to the leads, with an a
ditional coupling between both channels. Thistwo-levelsub-
stitutional model directly maps on ourone-levelside dot con-
figuration, with the site 0 of the chain playing the role of th
nonresonant channel and the QD corresponding to
weakly coupled~actually, zero-coupled! resonant channel
However, it should be mentioned that in addition to rath
symmetric dips, Go¨res et al. found also very asymmetric
dips in the strongly coupled regime, as shown in their F
2~a!. These asymmetric dips are beyond the scope of
model, as they will arise by giving a finite amplitude fo
~direct! transmission through the side dot, this amplitude b
ing zero in our model~see also Ref. 23!. Our results also
shed light on the somehow related problem of the persis
current in a mesoscopic ring with asidedot.24,25 The results
remain controversial on this issue, as Ref. 24 found a de
mental effect of theside dot on the persistent current whe
the Kondo effect is operative. An opposite result was fou
in Ref. 25, with the ring exhibiting a perfect~unitary! persis-
tent current in the Kondo regime. Our results for the op
configuration of the present work provide naturally stro
support to the detrimental effect found by Affleck an
Simon.24
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