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Abstract. Nonequilibrium current fluctuation is theoretically studied through a multilevel quantum dot

in the Coulomb blockade regime, where the higher-order tunneling processes, “cotunneling,” are dominant
in the transport. The current fluctuation shows a Poisson (super-Poisson) noise in the elastic (inelastic)
cotunneling regime when the bias voltag¥ between the leads is smaller (larger) than the excitation
energyA from the ground level in the quantum dot. The super-Poisson noise is remarkably enhanced by
the degeneracy of the excited states around the beginning of inelastic cotunnelihg at, qualitatively

in good agreement with a recent experimental result. An analytical expression is given for the current
fluctuation as a function of degeneracy.

1. Introduction
Nonequilibrium current fluctuation through a quantum dot yields information on the dynamic motion
of single electron transport [1]. In the present paper, we theoretically examine the current fluctuation
in the Coulomb blockade regime, where the transport takes place by the higher-order tunnel processes,
cotunneling. Although the nonequilibrium fluctuation of the cotunneling current was reported by several
groups [2, 3, 4], we pay special attention to the roles of excited levels in the quantum dot.

Let us consider a quantum dot withh energy levelsk;, E,,--- , En) attached to two leads and
R, as shown in Fig. 1. The bias voltayeis applied,eV = u; — ur with 4 andugr being the electro-
chemical potentials in the leadsy( < ui). At low temperatures, only the elastic cotunneling through
the ground leveE; takes place wherV does not exceedi1, = E, — E;, whereas inelastic processes
are also possible whegV > A1o. In the latter regime, Okazaki al. found a large current fluctuation
when an excited level is within the bias windo®; < ur < E» < u [5]. This is attributable to the
sequential transport through lev&l, besides the cotunneling through letgl A large diference in the
time scale between sequential and cotunneling transports results in a super-Poisson noise (Fano factor
~ 3) for the current fluctuation. Recently, an enhancement of the current fluctuation (Fanofacsyr
was observed when the excited levels are out of the bias windlaw-( , Ey < uRr) in the transport
through a carbon-nanotube (CNT) quantum dot [6]. The degeneracy of the energy levels should play a
role in this current fluctuation, which stems from the spin and valley degrees of freedom in the CNT.

To understand the mechanism of enhanced current fluctuation in CNT, we examine a simple model
of a quantum dot wittN energy levels for spinless electrons. We show that a super-Poisson noise in the
inelastic regime can be significantly enhanced by the degeneracy of excited levels.
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Figure 1. Two models for a quantum dot in the Coulomb blockade regime with one electron. Electrons
are spinless. The quantum dot is attached to two leads with electro-chemical potemntiats] ur

(u. > wpr). The bias voltageV is applied between the leads in such a wayuas= eV/2 and

ur = —eV/2. (a) There are two or three energy levels in a quantum dot. The level spacings are denoted
by Aij+1 = Eix1— Ei. (b) A quantum dot possesses a non-degenerate groundeleaat an excited level

E, with n-fold degeneracyA = E, — Ej.

2. Model and Calculation Method
In our model, spinless electrons are described by the HamiltoHianHy + Hg + Hr:

N N
H0+HR=ZEini +Uzninj + Z ka ¢/ ;Cakis 1)
i-1 i>] a=LRi=1 Kk
N
HT = Z Z Vai di{ Caki + h.C., (2)

with n; = di"'di, whered; and dI are annihilation and creation operators of an electron in the quantum

dot with energy leveE; (i = 1,--- , N), respectivelyC,k; andcj’lki are those in lead with wavenumber

k and channei. (We assume that levelin the quantum dot is coupled to chanihéh leada by V,; in

the tunnel Hamiltoniamdt, which is the situation in CNT with spin and valley degrees of freedom.) The
Coulomb interaction is denoted by in the quantum dot.

We examine the Coulomb blockade regime with one electron in the quantunEdet, u, ur <
E: + U. The bias voltageV = u| — ur is so small that all the excited levels are out of the bias window,
Ei<ur (i =1---,N). First, we study a model for the quantum dot with two or three levels [Fig. 1(a)].
The level spacings are denoted Myi.1 = Ej;1 — Ej. Second, the degeneracy of the excited levels is
studied by another model in Fig. 1(b).

The currentl) and current fluctuatio®(w = 0), which is the zero-frequency component of Fourier
transformation of the current-current correlation functidigt)! (0)) — (I)2, are evaluated using the full
counting statistics to solve the master equation for the stationary state [4] . The transitich } I%ta)m
level E; to level E; in the quantum dot, accompanied by the single-electron transport fron lesglis
given by the second-order perturbation with respet¢ttoFori = j, itis

asp 2T
ri—>iB: ;szdék

wherev is the density of states in the leads afj(e) is the Fermi distribution function in lead. For
i # ]
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Figure 2. (a)dl/dV and (b) Fano factoF as a function of the bias voltag®/ for the model in Fig. 1(a).
The case of two levels\j, = A) is denoted by dotted lines, whereas that of three levals £ Ayz = A)
is by solid lines.dl/dV is normalized by its value &V/A = 0. E; = —10A, U = 20A, and temperature
ksT = 0.02A. All the tunnel coupling%/,; are identical to each other.

The Fano factori- = S(w = 0)/2&(1), is useful to characterize the nonequilibrium current fluctuation at
eV > kgT, so-called shot noisé= = 1 for the Poisson processes, wherBas 1 (F < 1) for the super-
(sub-) Poisson processes.

3. Calculated Results

Figure 2 presents (a)l /dV and (b) Fano factoF as a function of bias voltageV for the model in Fig.
1(a). In the case of two leveld(, = A; dotted line),dl/dV is almost constant &V < A, reflecting the
elastic cotunneling through the lower le\ie] only, whereagsll/dV suddenly increases arousd¥ = A
owing to the possible inelastic processe®¥t> A. A small peak in thedl/dV curve is seen at the
beginning of inelastic cotunneling, which is caused by the increase in the prob&bititat an electron
occupies level 2 in the quantum dot with increase\j(dP,/dV > 0) [7]. The Fano factor is almost
unity atkg T < eV < A (largeF ateV < kgT is due to the thermal noisef. = 1 in the elastic cotunneling
regime means that the cotunneling takes place as a Poisson process franiddadF is enhanced to
1.25 ateV > A. This super-Poisson noise is caused by more than one time-scale for both elastic and
inelastic processes.

In the case of three equi-distant levelg { = A>3 = A; solid line),dl/dV shows two rapid increases
aroundeV = A and 2A. Note that the Fano factor is larger than that in the two-level system at
A < eV < 2A, which is ascribable to the additional transport accompanied by the transition from level
E> to E3. Since the probability?, to occupy leveE; is finite, an electron can be excited to letg|from
E», which enlarges the current fluctuation further.

Figure 3 is devoted to the results for the model in Fig. 1(b), where the higher levédlid degenerate
in the quantum dotn = 1, 2, and 4). The peak in thel/dV curve at the beginning of inelastic
cotunneling becomes larger for larger This is because the probability to occupy the higher level,
P2, increases witly more rapidly @P,/dV is larger) for largen.

We find a larger peak in the Fano factor/at< eV < 2A for largern. This is due to the larger
difference in the time scales for the transport through IEyednd E; for largern. In contrast, the Fano
factor becomes smaller for largerateV > 3A, where the role of the lower level in the transport is less
for largern.
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Figure 3. (a)dl/dV and (b) Fano factoF as a function of the bias voltagg/ for the model in Fig.
1(b). The degeneracy of the higher levehis 1 (solid line), 2 (dotted line), and 4 (broken line)l./dV

is normalized by its value &V/A = 0. E; = —10A, U = 20A, and temperaturks T = 0.02A. All the

tunnel couplingd/,; are identical to each other.

We obtain an analytical expression for the Fano factenat A:

14 8n(n+ 1)(x - 1)[3(n+ 1)x+n+ 9] (5)
B [(n+ 1)x+3-n)2[(Bn+ 1)(n+ 1)x2 — (5Gn + 1)(n— 3)x — 16n]’

wherex = eV/A. This expression is justified wherEq, E; + U > A, eV. The curves in Fig. 3(b) are
well reproduced by this expression @Y > A.

4. Conclusion

We have studied the nonequilibrium current and its fluctuation through a multilevel quantum dot in the
Coulomb blockade regime, where the cotunneling processes are dominant in the transport. The current
fluctuation shows a Poisson noise in the elastic regime and a super-Poisson noise in the inelastic regime.
The super-Poisson noise is remarkably enhanced by the degeneracy of the excited states around the
beginning of inelastic cotunneling, which is qualitatively in good agreement with a recent experimental
result using a CNT quantum dot. The analytical expression for this enhanced noise has been given as a
function of degeneracy.
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