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SPECTRAL FUNCTIONS OF THE QUANTUM DOT
COUPLED TO NORMAL
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We study the spectrum of the quantum dot coupled to two external
leads, which may be normal and/or superconducting. The dot is described by
the Anderson~Hubbard impurity model in the infinity U limit. The impurity
spectral function shows complex behavior depending on the temperature and
the state of the leads. For normal leads and at low temperature we observe
the appearance of the Kondo resonance, while for BCS-like superconducting
leads the bound states emerge due to absence of low energy excitations in
the leads.

PACS numbers: 73.40.Gk, 72.15.Qm, 71.27.4+a

The study of the electric current flowing through the quantum dot coupled
to two external leads has recently attracted much attention [1]. Experimentally
one measures the current as a function of source—drain voltage Vsp at various
temperatures and other parameters, as e.g. the coupling strength between dot
and external electrodes. The experiments [2, 3] show that one observes the same
physics as in metals containing magnetic impurities.

The current through the system is given by an energy integral [4]
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Here fi(w) denotes the Fermi distribution function for lead A = L (left) or R
(right) with chemical potential py, Go(w) is the impurity Green function and -
Iw) = 275, [Vak|?6(w — exx) is the effective coupling of localized electron
to conduction band (see below). The difference between the chemical potentials
p#1 — pr = eVsp is kept constant by the source-drain voltage.

As seen from (1) the current through the system requires the knowledge of
the dot’s spectral function A(w) = —1SG(w + i0). It depends on the spectrum
of electrons in the leads, the strength of coupling between dot and leads, position
of the energy level in the dot and other details. It is the purpose of this work to
study the spectral functions of the dot coupled to normal and/or superconducting

leads with varying parameters.
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In the previous paper [5] we have shown that the presence of the Van Hove -
singularity near the Fermi level in the spectrum of electrons in the leads induces
additional structure in A(w) and differential conductance G(Vsp) =dJ/dVsp. Ro-
bustness of this structure against temperature changes distinguishes it from the
more interesting Kondo peak.

To calculate A(w) we start with the following model:
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The parameters have the following meaning: ¢¥;,(cako) denote creation (an-
nihilation) operator for a conduction electron with wave vector k, spin ¢ in the
lead A, V) is the hybridization matrix element between conduction electron of
energy €xr in a lead A and electron localized on the dot. E4 is the single particle.
energy at the dot. Here n; = 3_, ¢ ¢;s is the number operator for electrons in
the electrodes, W;; is the electron—electron interaction energy which leads to s-
or d-wave superconductivity in the electrodes, while U is the (repulsive) interac-
tion energy between two electrons localized on the dot. To calculate the on-dot -
Green function G,(w) we used the modified slave boson technique in the U = oo
limit [6, 7]. For the purpose of numerical calculations we neglected the wave vector
dependence of the hybridization and used Vi, = Vry = V and constant density of
states for normal electrons in the leads. Thus I'(w) = I', = I'r = 27V 2/ D, where
D is the band width taken below as an energy unit.

In Fig. 1 we show the density of states (DOS) of the quantum dot coupled
to two normal leads. The chemical potentials (ur, = —0.05 and ur = 0.05) are
shifted from their common position by the applied external source—drain voltage.
Different curves correspond to different positions of the on-dot energy level Fg4
(located below, between, and above the chemical potentials). Note the appearance
of the Kondo peak each time the energy Fy lies below the chemical potential and
the “Kondo dip” for F4 above it.

If the dot is coupled to two BCS-like superconductors with constant super-
conducting gap A, then there is no Kondo resonance in the DOS. Instead we
observe the appearance of two bound states at energies falling inside supercon-
ducting gap. This behavior is shown in Fig. 2. We have plotted DOS in the energy
range close to the Fermi level of the system. The solid line corresponds to equi-
librium situation (pr, = pr = 0) while the dashed one for yj, = —ur = —-A/5. -
Except bound states (as in equilibrium) there emerge additional structures in the
regions, where one of the leads has a finite density of states.

Our model allows for a d-wave superconductivity in the electrodes. Figure 3
shows the spectral density of the dot connected to two external leads being d-wave
superconductors. We note that the DOS vanishes linearly with energy. The addi-
tional structure seen in the curve is the remnant of the bound states, which have
turned into resonances. If one of the leads is normal and other superconducting
one finds that DOS contains both Kondo peak and resonant states. The Kondo
peak can also be observed in systems with superconducting leads provided Vj;
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Fig. 1. The density of states of quantum dot connected to two normal electrodes.
The parameters are the following: the hybridization V = 0.1D, chemical potentials
pr = —p1 = 0.05D and temperature T = 107*D.

Fig. 2. The density of states of quantum dot coupled to two superconducting electrodes. .
The energy Fq = —0.2D, V =0.15D, and s-wave gap A = 0.1D.

Fig. 3. The same as in Fig. 2 but electrodes are d-wave superconductors, with A(k) =
Alcos (kza) — cos (kya)], A =0.05D, Eq = ~0.2D, and V =0.15D.

exceeds some critical value. Similar conclusion has been obtained for system in
which quantum dot was coupled to normal leads with DOS vanishing on the Fermi
level [8].

In conclusion, we have studied the evolution of the density of states on the.
dot in dependence of the state (normal or superconducting) of external leads. One
observes a variety of structures: Kondo peak, “Kondo dip”, bound and resonant
states, or combinations of them. The influence of these structures on the nonequi-
librium transport is under study and will be published elsewhere.
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