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Currents and their fluctuations in multilevel quantum dots are studied

theoretically in the limit of sequential tunneling. The spin degrees of free-

dom, many-body electronic states (singlet and triplet) as well as relaxation

processes between the levels of the quantum dots are considered. In general,

due to the rapid relaxation processes the shot noise is sub-Poissonian, how-

ever for a large polarization of the outgoing currents from the singlet and

triplet states one gets the super-Poissonian type of the shot noise due to the

bunching of tunneling events.

PACS numbers: 73.23.–b, 72.70.+m

1. Introduction

Small semiconducting or metallic quantum dots are seen as potential can-
didates for building of novel electronic devices because of the small size and low
energy dissipation. The multilevel quantum dots (QDs) are very interesting be-
cause many-body electronic states (e.g. singlet and triplet) can be use as qubits
in quantum computations, see e.g. [1]. The fundamental problems appearing in
connection with quantum computations are decoherence and dissipation of energy,
which destroy quantum entanglement. The energy relaxation processes from ex-
cited states can be induced by interaction of electrons on the QD with phonons
bath. Such transitions are very fast and accompanied by acoustic phonon emis-
sion [2]. In contrast, if the transition involves spin-flip processes, on the QDs there
appear long-lived (more than few µs) spin states, which can cause spin blockade
phenomena [2, 3].

In the nanoscale devices out of equilibrium, current fluctuations provide
a great deal of insight into the relevant transport mechanisms, correlations and
different relaxation processes [4].

2. Model and method of calculations

The system under consideration is presented schematically in Fig. 1a. We
assume that the gate voltage shifted the levels down and two electrons can oc-
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cupy the quantum dot. Let the singlet state (s) be a lower energy state than the
triplet one (t) (as it occurs in most situations), and the source-drain voltage is
high enough, so the singlet and the triplet states lie in the voltage window and
both participate in electronic transport (see Fig. 1a). Two single-electrons levels
are below the chemical potentials of the electrodes, and one electron (with the
spin σ =↑ or ↓), which occupies the level n = 1 or n = 2, is always present at
the QD. An electron (with the spin σ =↑ or ↓) can tunnel (with the transfer rate
γLns or γLnt, n = 1, 2) from the left electrode to the empty state. An electron
can leave the singlet (triplet) state |s〉 (|t〉) and tunnel to the right electrode with
the transfer rate γRns (γRnt). A relatively large source-drain voltage is chosen
in order to eliminate backward tunneling processes, which would degrade the re-
laxation time measurements [2]. All tunneling rates γL(R)ns(t) are assumed to be
small ~γL(R)ns(t) ¿ kBT . It implies that the tunnel resistances of the left and
right barriers are much larger than the quantum resistance RQ = h/2e2 and elec-
tronic transport can be described within the sequential tunneling approach [5]. We
include also relaxation processes with the transfer rate wt and w21 for transition
from the triplet to the singlet state and from the n = 2 to the n = 1 state, respec-
tively (Fig. 1a). It is assumed that the temperature is low (kBT ¿ wt, ~w21) and
excitations from the lower to the higher state are absent.

Fig. 1. (a) Schematic view of the system. (b) Fano factor of the current noise as

a function of the frequency ω/γ0. The parameters are: γLt = 1.5γ0, γLs = 3γ0,

γRt = γ0, γRs = 0.1γ0, w21 = 0, e = 1 (for a large relaxation rate wt – circles, and

for wt = 0 – triangles), while γRs = 0.8γ0 (for wt = 0 – square). γ0 is taken as unity in

our calculations.

Electronic transport is governed by the master equation dp̂(N)/dt = M̂p̂(N),
where p̂(N) = {p1σ, p2σ, ps, ptS} (σ = {↑, ↓}, S = {1̄, 0, 1}) denotes the probability
to find an electron at one of the levels: 1, 2, singlet, triplet. In the tunnel matrix
M̂ there are included all transition processes described above.

Fluctuations in the system are studied within the generation–recombination
approach for multi-electron channels [6, 7]. The Fourier transform of the correla-
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tion function of the quantity X can be expressed as [6, 7]:

SXX(ω) = 4
∑

N,N ′
X(N)Re (GN,N ′(ω))X(N ′)p(N ′), (1)

where the elements of the Green function GN,N ′(ω) ≡ [iω1̂ − M̂ ]−1
NN ′ , N (N ′) in-

dexes final (initial) states. The correlation function between the currents Iα and
Iβ in the tunnel junctions α and β can be expressed by formula

SIαIβ
(ω) = δαβSSch

α + Sc
IαIβ

(ω), (2)
where SSch

α = 2eI is the high frequency limit (ω →∞) of the shot noise (Schottky
noise), and the second part is frequency dependent [7].

3. Results and conclusions

In order to show relevance of the relaxation processes wt we consider asym-
metric barriers γLns(t) > γRns(t). We also assume that the transfer rates to the
states n = 1, 2 are equal, i.e. γα1t = γα2t = γαt and γα1s = γα2s = γαs/2, but
γαt 6= γαs. We found that the stationary current I is independent of the transfer
rate w21 between the single-electron states.

For the rapid relaxation processes from the triplet to the singlet state
(wt À ω, γαs(t)) both the singlet and the triplet state contribute to the incom-
ing current (through the left junction), while only singlet state contributes to the
outgoing current (through the right junction), because outgoing current from the
triplet state vanishes. We found that the Fano factor

FILIL(ω) ≡ SILIL(ω)
2eI

= 1− 2γRs(γLs + 3γLt)
ω2 + (γLs + 3γLt + 4γRs)2/4

(3)

is always less than 1, for ω = 0 (see Fig. 1b) (circles). It means that the rapid
relaxation processes (caused e.g. by electron–phonon interactions [2]) leads to the
sub-Poissonian type of the shot noise.

In the opposite case, when the triplet–singlet relaxation is slow (e.g. involve
spin-flip [2]) or even without dissipation (for wt = 0) the low-frequency shot-noise
can be both sub- or super-Poissonian (as one can see in Fig. 1b (sub-: squares,
super-: triangles)). We calculated the Fano factor for ω = 0:

FILIL(ω = 0)

= 1− 8γRsγRt(γLsγRt + 3γLtγRs)− 6γLsγLt(γRs − γRt)2

(γLsγRt + 3γLtγRs + 4γRsγRt)2
. (4)

From this formula one can find that the low-frequency super-Poissonian cur-
rent noise appears when the transfer rates fulfill the following condition:
(γRs − γRt)2/4γRsγRt > γRs/γLs + 3γRt/γLt. It implies that the enhancement of
the current noise occurs for a large polarization of the outgoing currents from the
singlet and the triplet states. In the case, dynamical channel blockade is formed:
the electrons from the singlet state leave the dot with the rate γRs = 0.1γ0 much
smaller than the rate γRt for electrons from the triplet state. As a consequence
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an effective bunching of tunneling events appears, leading to super-Poissonian
low-frequency noise [8, 9]. However, for higher frequencies, the anticorrelations
between currents occurs (Sc

ILIL(ω) < 0), and current noise is reduced below Pois-
sonian value, even if the system is in the regime of dynamical channel blockade,
as is clearly seen in Fig. 1b (triangle).
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