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Current fluctuations in a two-level quantum dot coupled to the spin-polarized leads are studied by means
of the Markovian master equation. It is shown, that transitions between spin configurations of the system cause
switching between different current channels, which generates the super-Poissonian noise enhancement and the
correlation between subsequent waiting times separating the successive tunneling events.
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1. Introduction

It was first shown by Butka [1] that in Coulomb-
blockaded quantum dots attached to the spin-polarized
leads the noise enhancement to super-Poissonian values
can be observed. It results from the competition be-
tween tunneling processes for electrons with different
spin polarizations, which are associated with different
timescales of tunneling. This phenomenon was later re-
ferred to as the dynamical channel blockade [2]. The
super-Poissonian shot noise associated with this mecha-
nism has been experimentally observed in organic mag-
netic tunnel junctions [3].

Later, it was shown that in single-level quantum dots
with a finite value of the Coulomb coupling and energy-
dependent tunneling rates the another mechanism of the
noise enhancement can occur — the telegraphic switch-
ing between the fast and the slow current channels [4].
This phenomenon, in contrast to the dynamical channel
blockade, can be associated with the presence of the cor-
relation between subsequent waiting times separating the
successive tunneling events. However, the effect is pro-
nounced only for a strong energy-dependence of the tun-
neling rates which is not a common feature of quantum
dot systems. Here I show that the telegraphic switching
can be observed also in two-level quantum dots even with-
out energy dependence of the tunneling coupling (apart
from its spin dependence). This significantly extends the
range of physical systems in which the telegraphic switch-
ing phenomena can be predicted.

2. System and methods

I consider transport through a two-level quantum dot
coupled to the separate non-interacting spin-polarized
left (L) and right (R) leads with electrochemical po-
tentials p, and spin polarizations p, with o € {L, R}
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Fig. 1. (a) Scheme of a two-level quantum dot attached
to two spin-polarized leads. (b) The five-state effective
model of the dynamics of the system. I'n(1 + po) and
I'a (1 — pa) denote the tunneling rates for spin 1 and |
electrons.
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(Fig. 1a).The Hamiltonian of an isolated dot reads

HD = ZZ elc oCio + = Z Z NigMjo’s (1)

1,] o,0!

where ,7 € {1,2}, o,0’ € {1,1}, € is the energy of the
i-th level, U is the intradot Coulomb interaction and n;,
is the particle number operator. Parameters of the sys-
tem are chosen in the following way: €; =~ €3 ~ —U and
wr,—ur, U —pup, U+ ug » kgT. In such a regime only
a single and a double occupancy of the dot is allowed.
The separation between electrochemical potentials of the
leads and dot energy levels is high in comparison to kg7,
such that transport can be considered as unidirectional.
In the weak tunnel coupling regime the transport can be
studied by means of the Markovian master equation [5].
Here there is no coherent coupling between the dot lev-
els, therefore the diagonal and the off-diagonal elements
of the density matrix are decoupled and only the former
influence the transport (cf. Ref. [5] where such a decou-
pling is discussed). In result transport can be described
by the classical rate equation

pt) = Lp(t), (2)

where p(¢) is the column vector containing the state prob-
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abilities and £ is the square matrix representing the Li-
ouvillian. Furthermore, I assume that both levels are
identically coupled to the leads. In such a case trans-
port through the system can be studied by the effective
five-state model which describes transitions between spin
configurations of the dot (Fig. 1b). Let me explain values
of the transition rates in the model by an example. When
the level 1 is occupied by a spin 1 electron, the spin con-
figuration (1]) can be generated through the transition
of a spin | electron either to the level 1 or 2. Thus the
rate of the transition (1) — (1]) is equal to the tunneling
rate I',(1 — py) multiplied by 2. On the other hand, due
to the Pauli exclusion principle, configuration (11) can
be generated only by the tunneling of a spin  electron
to the level 2, and the rate of the transition (1) — (11) is
equal to the single tunneling rate I', (1+pr,). The similar
reasoning applies to other transitions.

Fluctuations of the current flowing from the dot to the
right lead are characterized by the full counting statistics
(FCS) [6] and the waiting time distribution (WTD) [7].
Both methods are based on the following splitting of the
Liouvillian:

L=Ly+ T,

where the operator J describes the tunneling from the
dot to the right lead. It includes all non-diagonal ele-
ments of the matrix £ containing the tunneling rates I'g.
The scaled cumulants of the n-th order of the zero-
frequency FCS, denoted as ¢,, can be determined using
the following equation [8]:

(20) - Q

where A(l) is the scaled cumulant generating function,
which is a dominant eigenvalue of the expression Lo+7e'.
In practice, cumulants can be most easily obtained with-
out direct determination of A(l) by using the character-
istic polynomial approach presented in Ref. [§].

WTD is characterized by the cumulants of the function
w(7), which describes the distribution of waiting times
between the subsequent electron tunnelings. The Laplace
transform of w(7) reads [7]
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where py is the vector of the stationary state (the solution
of the equation Lp(t) = 0). The n-th order cumulants &,
of the distribution w(7) are given by the expression [7]

I (d" 1058(7?(8)));0‘ ()

In particular, the cumulants k1 and ko are equal to the
mean waiting time (7) and the variance of waiting times
(A7%). One can also determine the cross-correlation (co-
variance) of two subsequent waiting times [4]

anam) = (52 ostu(s.2)) (7)
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Fig. 2. Dependence of (a) the Fano factor F (solid
line), the randomness parameter R (dashed line) and
(b) the cross-correlation of the waiting times on the spin
polarization of the leads p = pr = pr for I'r = 101'L.
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is the Laplace transform of the distribution of two sub-

sequent waiting times w(y, 72).

w(s,z) =

3. Results

I consider two quantities characterizing the full count-
ing statistics and the waiting time distribution, respec-
tively, the Fano factor F' and the randomness parame-

ter R
e (A

F=a =8 Gy ®)

where (n(t)) is the mean number of electron transferred
in the time interval ¢, and {An(t)?) is the variance of
this number. I focus on the case of p;, = pgr = p. For
high values of p one can observe the super-Poissonian
noise enhancement: F > 1 (see Fig. 2a). Additionally,
the randomness parameter is not equal to the Fano fac-
tor which indicates that the subsequent waiting times are
correlated [4] (when the waiting times are uncorrelated,
both parameters are always equal [9]). This is confirmed
by the direct calculation of the cross-correlation of sub-
sequent waiting times (Fig. 2b).

The mechanism of the noise enhancement, which also
generates the correlation of the waiting times, can be
understood using the model presented in Fig. 1b. For
high values of p transport is predominated by tunneling
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of spin 1 electrons in two transport channels correspond-
ing to the transitions (11) < (1) and (1]) < (). These
processes are associated with the different timescales of
the tunneling (especially for high asymmetry of the lead
couplings). Transitions (1) < (1]), associated with the
tunneling of spin | electrons, cause the slow switching
between these transport channels. Such a phenomenon,
referred to as the telegraphic switching, is already known
to generate both the super-Poissonian noise and the cor-
relations between subsequent waiting times [4]. Addi-
tionally, the system may be trapped in the configuration
(}J) which leads to the current blockade. At p ~ 1 this
mechanism becomes the most important, which decreases
the value of the waiting time cross-correlation (Fig. 2b).

4. Conclusions

I have shown, that in a two-level quantum dot attached
to spin-polarized leads the transitions between spin con-
figurations of the system may induce switching between
different transport channels, which generates the super-
Poissonian noise enhancement and the correlation be-
tween subsequent waiting times. This mechanism dif-
fers from the dynamical channel blockade which does not
generate the waiting time correlations [4]. The results il-
lustrate, that the analysis of the waiting time correlation
is a useful tool enabling to distinguish between different
mechanisms of the noise enhancement.

Experimentally, the waiting times correlations can
be studied directly using the single electron counting
techniques [10]. Alternatively, as shown in Ref. [4],
their presence can be revealed indirectly by considering

the second-order current correlation function and the
zero-frequency current skewness, which should be acces-
sible using the standard current measurements.
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