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We review the electronic states and transport
ductors, from a theoretical point of view.

Coulomb blockade: In quantum dots the ch:
which significantly influences the transport p
current is suppressed unless the “resonant” co
E(N) is the energy of N-electron state and p

to the dots by the tunnel junctions. This is ¢
applied to change the electrostatic potential i
In consequence, the conductance shows a quas
voltage (Coulomb oscillation; solid line in Fig.
blockade region where the number of electron

N is changed one by one with increasing the g

Cotunneling and Kondo effect: The condug
region at low temperatures. Then the transy
tunneling processes, so-called cotunneling [2, 3]

The Kondo effect can significantly enhance the
2¢2 /h below the Kondo temperature, T. Geng
spin is brought in contact with electron Ferr
state that has a lesser spin, which influences t
quantum dots coupled to external leads throt
by the electrons confined in the dots. The Ko
electrons in a quantum dot with spin S = 1/9
electrons with spin-singlet (S = 0).




There are several ways to observe the Kondo effect in quantum dots. First, the conductance
G increases with decreasing temperature in the Coulomb blockade regions with an odd number
of electrons (dotted line in Fig. 1(a)). Second, in the Kondo valley, G shows a logarithmic T
dependence between ~ 0.17k and 10Tk (Fig. 1(b)). G becomes as large as ~ 2¢2/h at T < Tx.
This is called unitary limit. Third, under finite bias voltages, V', the Kondo resonant level on one
lead is off that on the other lead. As a result, the differential conductance dI/dV has a sharp peak
at V' = 0. The width of the peak is of the order of Tk (Fig. 1(c)) since the Kondo resonance has a
width of ~ Tk.

Singlet-triplet Kondo effect: The Kondo effect with an even N has been reported in “vertical”
quantum dots [4]. In vertical dots, the strength of the electron-electron Coulomb interaction is
comparable with the spacing of discrete levels, and this may give rise to a complicated ground
state [5]. If two electrons are put into nearly degenerate levels, the exchange interaction favors a
spin-triplet state. This state can be changed to a spin-singlet by applying a magnetic field since the
magnetic field increases the level spacing [3, 5]. Hence the energy difference between the spin-singlet
and -triplet states, A, can be tuned experimentally. Sasaki et al. has found a large Kondo effect
when the spin states are nearly degenerate (A = 0). Tuning of the energy difference between the
spin states is hardly possible in traditional Kondo systems of dilute magnetic impurities in metal
and thus this situation is quite unique to the quantum dot systems.

We examine the Kondo effect in quantum dots with an even IV, in the vicinity of the degeneracy
between spin-singlet and -triplet states [6]. By the scaling method, we evaluate Tk as a function
of the energy difference between the states, A = Eg_g— Eg—;. We find that (i) Tk (A) is maximal
around A = 0, (ii) for positive A, Tk (A) decreases with increasing A obeying a power law, T (A)
1/A7; and (iii) for negative A, the Kondo effect is not relevant when |A| > Tk (0). Our calculated
results indicate an enhancement of the Kondo effect by the competition between the spin states,
which is in accordance with the experimental results by Sasaki et al. Recently the power law of
Tk (A) has been observed experimentally [7].

For qualitative discussion, we study the “singlet-triplet Kondo effect” by the mean-field method [8].
In the mean-field theory of the Kondo effect, the spin couplings between the dot states (pseudo-

fermion operator f; s to create state |[SM)) and conduction electrons (c}; , to create state |k, o))

are taken into account by the mean field, ( f; MCho)- This results in the resonant state at the
Fermi level p with the width of the Kondo temperature Tk. The unitary limit of the conductance,
G ~ 2¢2?/h, can be understood in terms of the resonant tunneling through the state at p. In the
singlet-triplet Kondo effect, the overlap between the resonant states of S = 1 and S = 0 in the
quantum dot enhances the Kondo effect. The mean-field calculations yield a power-law dependence
of Tk on A, in accordance with the scaling calculations.
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