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1. Introduction

The Kondo effect and the Fano-Kondo effect are impor-
tant phenomena that have been observed in quantum
dots (QDs)[1-5]. We theoretically investigate the trans-
port properties of a coupled QD system [6](Fig.1) in order
to study the possibility of detecting a qubit state from the
modulation of the conductance peak in the Kondo effect
and the dip in the Fano-Kondo effect. We use a slave-
boson mean-field theory (SBMFT)[3-5] with the help of
nonequilibrium Keldysh Green functions. We show that
the peak and dip of the conductance are both shifted de-
pending on the qubit state, and that we can estimate the
optimal point and tunneling coupling between the two
qubit eigenstates.

2. Formulation

The Hamiltonian has three terms H = Hqet + Hg + Hint,
where Hge¢ describes the detector, Hy the charge qubit,
and H;i, the interaction between the charge qubit and the
detector. Here H, is written as Hy, = Q(d!d, + d,tda) +
gq(did, — d;ﬂdb), where d, and d, are electron annihila-
tion operators of the upper QD a and the lower QD b in
the charge qubit, respectively. The Kondo (K) detector

Hamiltonian is H g:t) = Hsp —}—H(gg, and the Fano-Kondo

(F) detector Hamiltonian is H(gt) = Hsp +H(%FD), [5] where

HSD = Z Z{skac;‘casckas + Va(cchasfds + f;sckas)}7 (1)

a=L,R kq,s
HGY =" eaf] fas +Xa | D flfas +blba — 1], (2)
HE = 3 S carflyufore A fosfcs+blbc—1]
aj=c,d s s
+ tdz(f;sbzfcs+fjsb0fds)~ (3)

Here ¢i, is the energy level for electrodes (« = L, R);
e. and g4 are energy levels for the two QDs, respectively.
cr,s and fo, s are annihilation operators of the electrodes,
and of the QDs (aq = ¢, d), respectively; s is the spin
degree of freedom with spin degeneracy 2; We take (b,, )
and €4, = €4, + Aq, as mean-field parameters.

Hip is derived from a capacitance network model[6]
such as Hiy = Vy2a, 0°ng,, where n. and ng are the
numbers of electrons in the trap QD ¢ and QD d. o~
is given by 0. = did, — d!dy. By using the decoupling
approximation [7], we have

HilzltF = Viza, {(0%)nay +07(na,) —

(0%)(na,)}  (4)

where oy = ¢,d. By this decoupling, we have the rela-
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FIG. 1: Two types of charge qubit (two-level system) detec-
tors. (a) The charge qubit detected by the Kondo effect. (b)
The charge qubit detected by the Fano-Kondo effect.

tions for Fano-Kondo detector:

/
A
A :65+)\C+quc%tanh BT’ (5)

gq = &g + Vaze[l — 2], (6)

(we have similar. relation for the Kondo detector). The
detector current is calculated as [5

j_¢ dw 23T . Tr(w — el)?

= 5 ? Coo [fL (w) - fR(w)] ) (7)

with Coo =[(w—el)(w—ea)—|ta|*)> +7*(w—e")?. and v =
(T +TRr)/2. fr(w) and fr(w) are the Fermi distribution
functions of the electrodes.

3. Numerical results

Figure 2 shows the conductance of the Kondo detector
[(a) and (c)] and the Fano-Kondo detector [(b) and (d)].
The peaks and dips are maximized when the coherence
between the discrete energy state and the continuum

states is largest, we thus denote corresponding energies

sfipeak) and sff”p) as coherent extrema. For both detec-

tors, the shifts of the conductance peaks and dips are
observed, when ¢, is changed.

As the qubit bias e, increases, the distribution of the
excess charge in the qubit approaches to the detector
QDs, resulting in raising the energy of QD d of the Kondo
detector and that of QD ¢ of the Fano-Kondo detector.
Finally, the increase of the QD energies are saturated be-
cause of the balance of the charge distribution. Figure 3
reflects this fact and shows that £ ") and (")
as g4 increase.

Because zo, = 0 (a1 = ¢,d) is satisfied at the coher-
ent extrema, we have the relation e, = ¢, from Eq. (6).
(Speak)

increase

Then, it can be observed that the minimum of ¢
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FIG. 2: Numerical results for the conductance G for detectors
as a function of the QD energies for Q/tq = 1, V; /ta = 0.5 and
temperature T'/tq = 0.02. (a) Fast Kondo detector :I'/tq4 = 2.
(b) Fast Fano-Kondo detector :I'/t; = 2. (c) Slow Kondo
detector :I'/tq = 0.4. (d) Slow Fano-Kondo detector :I'/ty =
0.4. The peak positions for the Kondo detector and the dip
positions for the Fano-Kondo effect are shifted by the qubit
bias g4.
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FIG. 3: The coherent extrema £ P***) (conductance peak) and
gldip) (conductance dip), as a function of the qubit bias e,.
The conductance peak of the Kondo detector for the Q/ty =
0.5 qubit (a), and the Q/tq = 1 qubit (c¢). The conductance
dip of the Fano-Kondo detector for the /¢4 = 0.5 qubit (b),
and the Q/tq = 1 qubit (d). The sfipeak) and ("™ are smallest

around the optimal point &, = g, = 0.

and £\9"P) exist around the e, ~ 0 region in Fig. 3. At

5:1 ~ 0, the qubit energy splitting is a quadratic func-
tion of the qubit bias. Thus, qubit state is insensitive to
charge noises that lead to qubit dephasing, and this zero
bias point corresponds to an optimal point [8].

The third terms of Eq. (5) decrease 5Eipeak) and ')
when ¢}, < 0 and increases them when g, > 0 (8A > 1),
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FIG. 4: Maximum values of de ?*** /de, and d=!*™® /de, plot-
ted as a function of the qubit-detector coupling V; for both
fast (I'/ta = 2) and slow (I'/tqs = 0.4) detectors for (a) the
Kondo and (b) the Fano-Kondo detectors. It can be seen that
the maximum values do not vary with the speed I' of the de-
tectors. It can also be seen that de”**/de, o V,/Q and

det) de, o V, /9.

resulting in the minimum structure of Fig. 3 at the op-
0. The derivatives, dz*™ /de, and
de{™) /de,,, have their maximum values around the mid-

dle points between the minimum of the optimal points
and the small g, region as shown in Fig. 4. It can

timal point e =

be seen that: (i) the maximum values of ds((ipeak) /de,

and daﬁdip)/daq do not depend on the speed T' of the
detectors, and (ii) there is a relationship between the

peaks and V,/Q such as Max(de Peak) /ge,) o V, /9, and

Max(del™ /de,) x V,/ when Q/t; > 1. These weak
dependences of the maximum values on the speed I' of
the detectors are considered to be because of the sharp
response of the Kondo and Fano-Kondo effects at their
coherent extrema. In principle, V, can be calculated from
the structure of the system. Thus, in experiments, if we
can prepare several samples with the different distances
between the detector and the qubit, we can estimate the
tunneling coupling 2 for the charge qubit by using these
relations.

4. Coclusions

We have studied the Kondo and the Fano-Kondo effects
in QD system from viewpoint of the detectors of a ca-
pacitively coupled charge qubit. We found that, by ana-
lyzing the derivatives of the shifts of the peak and dip as
the function of the qubit bias, we can infer the tunnel-
ing strength between the states |0) and |1) of the charge
qubit.
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