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Lateral Fano resonances and Kondo effect in the strong coupling regime of a 7T-coupled
quantum dot
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We study the electronic transport through a quantum wire (QW), modeled by a tight-binding linear chain,
with a side-coupled quantum dot (QD). We obtain the conductance with a strong Fano antiresonance. The
calculated density of states shows that this behavior is associated to a many-body renormalized QD resonant

level E~f at the edge of the conduction band (CB) strongly hybridized with the Van Hove singularity of the
one-dimensional density of states of the lead. Different from the Fano antiresonances experimentally found
when this system is at the Kondo regime, this phenomenon appears above the Kondo temperature. It is due to
the quantum interference between the ballistic channel and a thermal activated channel created by the QD

resonance at the vicinity of the bottom of the CB.
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I. INTRODUCTION

The electronic transport through a quantum wire (QW)
with a side-coupled quantum dot (QD) has been studied,
from the theoretical point of view, by several authors!=> and
was recently observed experimentally in a quantum wire
with a side-coupled dot (T-coupled QD).® Experiments per-
formed in a single-electron transistor,” and by scanning tun-
neling microscopy on a single magnetic impurity on a me-
tallic surface,® showed that the Kondo resonance, predicted
theoretically in these systems’ and experimentally
measured,'” is present simultaneously with a Fano
resonance.!! This resonance appears when there is a quantum
interference process in a system consisting of a continuous
degenerated spectrum with a discrete level. The interference
is produced among the electrons that circulate along the two
channels of the system constituted by the discrete level and
the continuous band, and gives rise to asymmetric line
shapes in the linear conductance as a function of gate volt-
age. The Fano resonance has been observed in several differ-
ent geometries of nanoscopic devices when the conditions
for the resonance are fulfilled. Examples of such devices are
Aharonov-Bohm interferometers,'? single-electron transistor
in a strong’ or weak coupled regime,'® and recently the
T-coupled quantum dot in the presence of magnetic field was
proposed as an effective spin filter.!*!>

In a previous work we studied the Fano resonance in a
T-coupled quantum dot, for a weak coupling between the
quantum dot and the ballistic channel.’ Now we discuss a
kind of Fano resonance that appears in a 7-coupled QD when
the energy level of the QD is located very near the edge of
the CB. In this case the Fano resonance is generated by the
quantum interference between the ballistic channel and a
thermal activated channel created by the QD resonance at
one of the edges of the CB.
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In Fig. 1 we present a pictorial representation of the quan-
tum wire side-coupled to a quantum dot (7-coupled).

We applied the X-boson method,'®!” for the single impu-
rity case, to describe the transport properties of this system.
This is an approximation that is within the spirit of the slave
boson formalism. For the sake of simplicity, we take the limit
when the Coulomb interaction at the QD is U— . As we
analyzed in our previous work,> the X-boson approach is not
completely reliable at low temperatures in the extreme
Kondo regime, because the Friedel sum rule is not com-
pletely satisfied. However, the rule is very well fulfilled in
the intermediate valence and in the moderate Kondo regime.
On the other hand, for temperatures 7 greater than the Kondo
temperature (Tk), while the slave boson approach breaks
down at T, the X-boson solution evolves to the correct limit
at high temperatures.”> We can say that the X-boson impurity
is a reliable approximation to study the intermediate valence
regime for all parameters of the model and it is particularly
useful to study temperature-dependent properties of the
Anderson impurity for 7> T. This is the case of the present
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FIG. 1. Pictorial representation of the quantum wire (QW)
coupled via hybridization (V) with a side quantum dot (QD).
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paper. We are interested to study another kind of Fano reso-
nance, which occurs when 7> T and the f level is located at
the vicinity of the bottom of the conduction band (CB). In
this context the X-boson approach is a reliable approxima-
tion.

II. MODEL AND GREEN’S FUNCTIONS
A. Model and conductance

We are interested in describing the quantum dot side-
coupled to a ballistic channel. The Hamiltonian of the system
can be described as an Anderson Hamiltonian and we take
the U= limit. It can be written

H=H,+H,,, (1)

where H, describes a tight-binding infinite chain correspond-
ing to the lead, an isolated dot sited at 0 and H_,, represents
the hybridization that connects the quantum dot to the lead:

H{, =t 2 (cj,(rci—l,0'+ HC) + E Ef,U'Xf,a'0'7 (2)
o,i#0,1 o

and for the side-coupled dot,

Hcon = E [C(T)U(t_lc_l,,, + t+1C+1,0. + VXf,Oo' + HC)] (3)

o

We employ the Hubbard operators'® to project out the double
occupation state |f,2), from the local states on the QD (we
employ “f” to indicate localized electrons at the QD site). As
the X Hubbard operators do not satisfy the usual commuta-
tion relations, the diagrammatic methods based on Wick’s
theorem are not applicable. One has to use product rules
instead: %!

Xtab - Xp.ca= Op.cXfaa- (4)

The identity decomposition in the reduced space of local
states at the QD is given by

X000+ Xf oo+ Xpoo =1, (5)

where o=-0, and the three X, ,, are the projectors into the
states |f,a). The occupation numbers on the QD Ny
=(X4q) satisty the “completeness” relation

nf’0+nf,,,+nf’1.,= 1 (6)

At low temperature and small bias voltage, the electronic
transport is coherent and a linear conductance is obtained.
Considering the coupling between the chain and the dot
V<« t, we can write the conductance as?

= hpg(,u) - pOO,a’(w)dw’ (7)

Jw
where ny is the Fermi distribution and pc,U(w)zf Im g7(w)
with ¢g7(w), being the Green function (GF) of a linear chain
that represents the lead. The density of states (DOS) at the
dot pg(w) is calculated within the X-boson approach
through the Green function Ggp(w). The DOS py (@) is
calculated from the dressed Green function Ggy(w) at the
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wire site 0, and we can write this function in terms of the GF
at the QD, GJp(w) and the GF of the linear chain g7(w) as

Go() = [¢/(0) VIGEp(w) + g7 (w). (8)

Considering the lead as a linear tight-binding chain repre-

sented by the DOS p,,(w):ﬁ, the X-boson Green’s
5,16

functions are given by

1
o) = LAt -
go(2) = <<Co,mco,g>>0 == V/m7 )
o — oyt __—D‘T 0
Go0) = Ky Ko e = ———2=—,  (10)
z—E.— ,——0
f V,Zz _ 412

where z=w+in, the quantity D,=(X,o)+n, is responsible
for the correlation in the cumulant X-boson approach>!¢ and

E~f= E+ A, where A renormalizes the localized level and is a
parameter of the X-boson method given by

2V
5 (CioXL 00 (11)

A=

where the average in Eq. (11) is calculated through the non-
diagonal GF

Goo.op(@) = (co.0i X a0, = Go()VGo(2).  (12)

Replacing Eq. (8) in Eq. (7) and neglecting the depen-
dence of p,(w) on w near the chemical potential u, the Lan-
dauer conductance can be written as

2¢? V2
G=—1|1-——1}|. (13)
h w
where
anp>
1= - — |py, dw, 14
J( P pro(®)dw (14)

and 2¢t=W is the half-width of the tight-binding conduction
band.

III. RESULTS

In a previous work,> we were interested in studying the
interplay between Kondo and Fano effects, where the extra
channel at the disposal of the electron to produce the Fano
interference phenomenon implied in the Fano antiresonance
was provided by the Kondo effect. In our present case the
extra channel is provided by the localized electron of the QD
that becomes conducting due to thermal promotion. This is
the situation where, even in the strong coupling regime, there
is a very sharp resonance at the dot, which gives rise to an
almost discrete level used by the electrons to go through,
creating the possibility of a Fano interference pattern. We
will see that the CB amplifies the Fano effect because there

is a strong hybridization between the renormalized f level EA}
and the one-dimensional Van Hove singularity. The param-
eter that controls this phenomenon is Dy, the difference in
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FIG. 2. Conductance G vs E~f for temperature 7=5.0 and differ-
ent values of Dy. In the inset we present the adjustment to the Fano
formula given by Egs. (15) and (16).

energy between the chemical potential x and the edge of the

conduction band where the renormalized energy E~f of the
QD state is approximatgly located. All the energy scales are
given in units of A:g—x‘;zl. We assume the chemical poten-
tial to be wu=0.

In Fig. 2 we present the linear conductance G versus E}
for several values of D, where the temperature is taken to be
T=5.0. The curve corresponding to D;=50.0 does not
present the Fano effect, but as we approximate the Fermi
level to the vicinity of the band edge, the Fano resonance
appears as it is the case of D;=25.0, and increases more as
Dy reduces as we can see in the figure for D;=10.0 and Dy
=5.0. It is clear that in this last case, as Dy coincides with the
temperature of the system, the localized electrons have
enough thermal energy to participate in the conduction to
give a huge Fano antiresonance.

In Fig. 3 we present, at the same temperature as in Fig. 4,
the DOS at the QD pqp (@) at the wire site 0 p,, ,(w) and
with the purpose of comparison, a free chain p, ,(w) taking
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FIG. 3. Density of states associated with the Green’s functions
of the system. In this case E;=-28.0 and appears a strong f peak at
the edge of the conduction band.
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FIG. 4. Density of states associated with the Green’s functions
of the system. In this case Ex=-20.0 and the f peak appears inside
the conduction band.

Dy=25.0 and E;=-28.0. For these parameters the f level
suffers a strong renormalization due to its hybridization with
the Van Hove singularity. This produces a strong enhance-
ment of the renormalized peak as indicated by the insets of
the figure. The existence of the resonance within the support
of the CB creates an alternative interfering channel for the
electrons to go along, producing a Fano resonance. However,
for this to be operative there should be enough thermal acti-
vation so as to permit the electrons populating the edge of
the CB to contribute to conduction.

In Fig. 4 we present the DOS associated with the QD
pop.o(®), the free DOS p, ,(w) and the DOS at the wire site
0, pyo.o(w) for the same set of parameters of Fig. 3, but for
the case where the Fermi energy (E;=-20.0) is located in-
side the CB. In this case we can see that pyp ,(w) loses
completely its strong peaked character and there is no Fano
resonance. This means that in order to see the resonance
Fano effect we are studying it is crucial to have the renor-
malized f level at the very edge of the CB. In the inset of
Fig. 2 we show the Fano character of the lateral resonances
by adjusting them to the Fano formula’-!!

E +q)?
G=G0+G1%, (15)
(E()_Er)
E= 2 5 Eo = Vgate: Ef’ (16)

where G, in the experimental device corresponds to the non-
interfering contribution of the lead and is a smooth function
of E that can be considered as a constant for the Fano peak,
G, is the amplitude, E, is the center of the resonance, and
I'/2 is their width.® As shown in the figure, the results can be
almost perfectly adjusted to a Fano shape by adopting the
values: G,=0.941, G,=0.045, '=0.072, ¢=0.44, and E,=
-17.0.

In Fig. 5 we show the conductance of the system as a

function of E~f for different values of the temperature. We
expect the lateral Fano structures to disappear as the tem-
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FIG. 5. Conductance G vs Iff for several temperatures (low tem-
perature behavior).

perature is reduced because, in this case, the thermal acti-
vated channel is frozen. In fact, as we can see from Fig. 5, as
the temperature is reduced from 7=5.0 to 7=0.01, the lateral
Fano resonances disappear. This behavior is controlled by
Dy, the difference in energy between the chemical potential
m and the edge of the CB. As this is a one-level phenom-
enon, D should be less than the interlevel energy of the QD.
As discussed below, for low doped semiconductors, this im-
poses restrictions on the size of the QD that fortunately are
experimentally obtainable. Figure 5 depicts as well the emer-
gence of the dip antiresonance, below 7=1.0, associated with
the Kondo resonance at the chemical potential when the tem-
perature is reduced below the Kondo temperature.'=

In Fig. 6 we present the behavior of the lateral resonances
in the high temperature limit. When the temperature in-
creases above Dy, the interference between the two channels
reduces together with the Fano lateral antiresonance, and si-
multaneously the background conductance suffers a de-
crease. A similar result appears in the weak interaction limit
when the temperature is increased above the Kondo tempera-
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FIG. 6. Conductance G vs E~f for several temperatures (high
temperature behavior).
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FIG. 7. Conductance G vs E~f for different hybridizations, tem-
perature 7=5.0 and D;=15.0.

ture as it has been experimentally measured.® In the inset of
the figure we present a detail of the lateral Fano resonance.

In Fig. 7 we present the behavior of the lateral resonances
for different hybridization values, where V=v2WA/m, T
=5.0, and D;=15.0. We can see from the figure that fixing
the temperature, the Fano character of the resonance in-
creases with the increase of the hybridization.

IV. DISCUSSION

As we pointed out earlier, a side-coupled quantum dot
was recently studied experimentally by Kobayashi et al.® Un-
fortunately, they limited their study to very low temperatures
in order to be able to study the Fano-Kondo antiresonances.
Our purpose here is to analyze a similar device but for higher
temperature. Let us suppose that the two-dimensional elec-
tronic gas of the system presents a carrier density p,=3.8
X 10“{ cm~2. As the 2D density of states in these systems is
pE=#, where m” is the electronic effective mass (we sup-
pose the system to be made of GaAs) and i is Planck’s
constant, it is possible to estimate the value of the chemical
potential u measured from the bottom of the conduction
band D;~1.0 meV. This result implies that the Fano anti-
resonance we are studying could already appear for tempera-
tures 7=5 K. On the other hand, several meV for the QD
interlevel spacing is an attainable experimental condition.

V. SUMMARY AND CONCLUSIONS

In this work we have studied the transport properties of a
T-shaped quantum dot in the strong coupling regime, apply-
ing the X-boson method for the single-impurity case, in the

limit of U— 0. We observe that when the E~f localized level
is located near the edge of the CB a lateral Fano resonance
appear. At low temperatures, there is a Fano lateral resonance
associated to the Kondo effect, for a QD populated by an odd
number of electrons. This is an experimentally well studied
phenomenon. As the temperature is increased above the
Kondo temperature this Kondo-Fano antiresonance disap-
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pears and, according to our results, another type of Fano
behavior dominates the conductance when the gate potential
is at the neighborhood of the bottom of the CB. This new
Fano structure is a result of the quantum interference be-
tween the ballistic channel and the thermal activated channel
created by the discrete resonance at the edge of the CB. We
would like to emphasize that this type of Fano resonance is
enhanced when the QD is connected to a one-dimensional
lead. The Van Hove singularities at the edge of the CB
strongly hybridize the f level, amplifying the Fano effect. We
expect that a possible experimental realization of this Fano
resonance could be obtained in devices where the ballistic
channel is constituted by a carbon nanotube,?>?° because the
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DOS, in this class of materials, presents several Van Hove
singularities that can amplify the Fano effect.

To the best of our knowledge, this Fano regime has not
been experimentally studied so far. We hope that our results
will motivate experimental investigations of this Fano behav-
ior.
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