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Effective exchangeinteraction in tunnelling junctions
based on a quantum dot
with non-collinear magnetic moments of the leads
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Electron tunnelling through a spin-split discrete lesfean interacting quantum dot coupled to two
ferromagnetic electrodes (leads) is investigatembrtically in the sequential-tunnelling regime. Spin-
splitting of the dot level is induced by an effective exchange interaction between the spin on the dot and
spins in the leads. The calculations apply to arbitrary angles enclosed between the magnetizations of the
external electrodes. It is shown that the interplay between effective exchange field and Coulomb correla-
tions on the dot may enhance the tunnel magnetoresistance at certain bias voltages. It is also found that
a large spin splitting appearing for strong Coulombretations gives rise to an enhanced diode-like
effect. Finally, it is shown that by rotating the magnetization of one of the electrodes, one can modulate
the amplitude of the spin-polarized current, from akdde in the parallel or antiparallel configuration to
its maximum value in the non-collinear case.
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1. Introduction

Extensive studies on spin-polarized spart phenomena in microelectronic de-
vices have contributed recently to progres$aioricating extremely small transistors,
consisting of metallic grains or semitductor quantum dots (QD) coupled through
tunnel barriers to external elemtles [1, 2]. In this paper, we consider sequential elec-
tron tunnelling through an atomic space&upled to two ferromagnetic leads with
magnetic moments polarized at an arbitrary argheith respect to each other. The
atomic spacer is assumed to be an interacting QD with a single discrete level, which is
spin-split due to effective ekange interaction between the spin on the dot and spins
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in the electrodes. It is shown that theeiplay of Coulomb correlations on the dot and

the effective molecular field can significantly enhance tunnel magnetoresistance
(TMR) in systems with non-collinearly polarized external source and drain ferromag-
netic electrodes. Moreover, a previous anallgig] of the diode effect, predicted for
collinear magnetic configurations in a device with one electrode being half metallic, is
extended by taking into account modifications due to non-collinear magnetic states as
well as due to the effective field. Therefore, an enhancement of the diode-like behav-
iour in a junction with collinearly aligned lead magnetizations is found. In turn, by
presenting the angular dependencies oftthasport characteristics, we show that

a suppression of the diode effectars in non-collinear configurations.

2. Model

In the model Hamiltonian of the system, the left and right ferromagnetic electrodes
are taken in the non-interacting quasi-partlsi@t. The term corresponding to the dot
includes a single-particle energy levghnd the Coulomb correlation described by the
parametet). The spin eigenstates of the dot are denotea byT for spin-up electrons
ando = for spin-down electrons. In turn, thennelling part describes spin-dependent
tunnelling processes through the left and trigtarrier. Since the magnetic moments of
the external electrodes form an arbitrary an@lethe tunnelling terms of the model
Hamiltonian are written in the corresponding local reference frames, where the tun-
nelling matrices are diagonal in the sppace. The spin asymmetry of the tunnelling
rates across the left) (and right €) barriers,/7" = Io(1 + p) and 7”7 = ado(1 + pr)

(+ and — denote majority and minority elexets, respectively), is described by the
parameterg, andp,. We also introduce a paramefgr which is the value of the tun-

+

nelling rate /7, atp, = 0, ande, which determines the ratio of the tunnelling matrix

elements through the right and left barridfmally, the electrostatic potential of the
dot is assumed to be an average valueetthctrostatic potentials of the electrodes.

The transport properties of the system will be described in the sequential tunnel-
ling regime. In order to calculate the cunrevoltage characteristics in a stationary
state, we have generalized the mastgration method [5]. The master equation al-
lows the occupation numbers for the dot to be obtained, which in turn can be used to
calculate the tunnelling curred®) for arbitrary magnetic configuration®. The
corresponding TMR has been defined qualitatively as TMBr= J(&)]/I(H), with
Jrdenoting the electric current for the parallél £ 0) configuration. The bias varia-
tions of transport characteristics in the reauilibrium situation are governed by the
bias voltage \;) dependencies of the effective exchange interaction between the dot
spin and spin of electrons in the extermalgnetic leads. To determine the exchange
interaction energyk.s, we adopted the second-ordgerturbation theory, developed
for the Anderson Hamiltonian [6The explicit formula folEe is given by
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where the symbol#(2) is the digamma function, ang, denotes the chemical poten-

tial of the left or right electrode. Using Eq4) and (2), one finally obtains the ener-
gies of the spin-split discrete levely ) = &+Eex/2. The external magnetic leads are
thus considered as the source of mealu$i which influence the tunnelling processes
through the QD spin channelg, ande,, + U.

3. Numerical results

Consider first non-linear transport thrdug symmetrical junction, assuming an
empty level at equilibriumgg > 0. In Figure 1a we show the bias dependence of the
difference between the energies of the dot spin champedsd &, plotted for se-
lected @ angles. A maximum of spin-splitting appears at a threshold voltage, for
which either the leved; or & + U crosses the Fermi level of the source electrode. For
voltages below the first peak in Fig. 1a, the discrete level of the dot lies above the
Fermi level of the source electrode and the sequential tunnelling processes are expo-
nentially suppressed. For voltages between the maxima, QD may be singly occupied.
Finally, above the second threshold voltage electrons may reside on the dot.

A minimum in Fig. 1la is observed at thedivoltage for which a reorientation of the
effective field occurs, relative to the spin gtization axes of the magnetic electrodes.
The latter feature originates from bias-degent dot—lead exchange interactions. In
non-collinear cases, the interplay between these interactions and Coulomb correlations
on the dot may lead to a negative differdrd@aductance in the bias range between the
threshold voltages, as is clearly seen in Fig. 1b (the cun@ fat/2).

Since in this voltage range the dot is singly occupied, then in a non-collinear con-
figuration one may observe an increasecuawlation of the average spin component
<S> on the dot. This is due to the fact tttze mean field tends to align parallel rela-
tive to the magnetization of the source ledth increasing bias, and thus the number
of spin states available for an electrosiding on the dot in the local reference sys-
tem of the drain electrode effectivelymidhishes. Consequently, as displayed in
Fig. 1c, a significant enhancementtbE corresponding TMR may be observed be-
tween the two threshold voltages. Thiglie case until the probability of occupying
the levelgy + U starts to increase at a certain bias voltage. WhenU crosses the
Fermi level of the source lead, both tunnelling channels become active, the spin-
polarized current increases relatively quickhd finally saturates at a certain level.
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Now consider the situation when the dralectrode (the right one) is half metal-
lic, whereas the source electrode is anr@di 3D ferromagnet, like Co or Fe. More-
over, assume again that\at= 0 one hag, >0, whereag, + U >> 0, which implies
that the dot may only be empty or singlycopied. From [3, 4] it is known that in
collinear configurations such a junction aaark as a mesoscopic diode, i.e. the elec-
tric current can flow for one bias patzation, whereas it is suppressed or even
blocked for the opposite bias polarization. Thesults for the electric current in the
considered device with the mean diedwitched on, and for different anglés are
shown in Fig. 2. As discussed above, tffeative field yields a maximum of discrete
level spin-splitting at the thresholdltage. The spin-up electrons of energy which
enter the electron window first, may henemnel through the QD, giving rise to
a significant enhancement of the resonant bump that occurs at a positivé bi@3 (
in the parallel configurationd = 0). This is true until the spin chanrsgl crosses the
Fermi level of the source electrode. Afteat, at voltages above the bump, a blockade
of the electric current appears, due togha-down electron that tunnelled to the dot
from the source (left) lead. When the maigmeonfiguration of the junction becomes
non-collinear, then in general an electroatthas tunnelled to the QD has spin with
both spinor components in the localerence. If only the spin channgf is active in
tunnelling, then effectively both leads contéss available spin states for these elec-
trons, and a suppression oéttesonant bump occurs.
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Fig. 2. Bias dependence of the electric current, calculated for theldimé,
with the empty state in equilibrium and for the indicated an@les
The inset shows the angular dependence of the electric current,
calculated for a bias voltage \¢f= 1 V. The other parameters are:
&=0.25eVp =04,p,=1,=0.1,and T =100 K

The same mechanism is also responsibleforent suppression in the vicinity of
the threshold voltage at negative bias< 0). On the other hand, when both spin
channels are in the tunnelling window, then for positive voltages above the bump the
current blockade is lifted. Finally, in thetaoarallel case the current is blocked in the
entire range of positive bias voltages and also in a certain range of negative bias. The
diode effect presented here fé6r= m is thus more pronounced as compared to the
previous predictions, evaluated for a systanth spin-degenerate discrete levels
[3, 4]. The inset in Fig. 2 shows in detail how the current varies with the ahate
selected bias voltages above the resonant bump. From this it evidently follows that
collinear configurations are important fdiode behaviour. Furthermore, the ampli-
tude of the current can be modulated withfrom a blockade in collinear configura-
tions to a maximum intensity in the non-collinear case.

To summarize, we have investigatedsential tunnelling through a spin-split dis-
crete level of an interacting quantum dotipled to non-collinearly polarized external
ferromagnetic electrodes. In particular, we have shown that in non-collinear configu-
rations the interplay of the effective exrtyge field, originating from the external
electrodes, and Coulomb correlations on the dot may lead to a negative differential
conductance between the threshold voltages, at which a new transport channel be-
comes open for tunnelling. Moreover, we have found that in systems with a half-
metallic electrode the diode effect is suppressed when the magnetic moments of the
leads are non-collinear. On the other handindégresting enhancement of diode-like
behaviour is found in the antiparallel configtion. We predict that the latter feature
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is most significant in junctions withrsing Coulomb repulsiobetween electrons on
the dot.
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