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Spin effects in ferromagnetic single-electron transistors
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Electron tunneling in ferromagnetic single-electron transistors is considered theoretically in the sequential
tunneling regime. A formalism is developed, which operates in a two-dimensional space of states, instead of
one-dimensional space used in the spinless case. It is shown that spin fluctuations can be significantly larger
than the charge fluctuations. The influence of discrete energy spectrum of a small central electrode on tunneling
current, charge and spin accumulation, charge and spin fluctuations, and on tunnel magnetoresistance is ana-
lyzed in detail. Two different scales are found in the bias dependence of the basic transport characteristics; the
shorter one originates from the discrete energy spectrum and the longer one from discrete charging of the
central electrode. The features due to discrete spectrum and discrete charging disappear at high temperatures.
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I. INTRODUCTION

Electron tunneling in ferromagnetic junctions is of curre
interest due to expected applications in magnetic stor
technology and in other spin-electronics devices. Most
experimental and theoretical works published up to now d
with tunnel magnetoresistance~TMR! in simple planar junc-
tion, i.e., with variation of the junction resistance when ma
netic configuration of the junction is changed. Tunneling
more complex junctions, particularly in mesoscopic on
where charging effects are important, was studied only v
recently. A special kind of such junctions are double jun
tions with a small central electrode~called an island in the
following!. Tunneling in such junctions, known also a
single electron transistors~SET’s!, was extensively studied
in the past decade, but only in the nonmagnetic limit.1 It was
shown that when the electrical capacitanceC of the central
electrode is small enough, the charging energyEc5e2/2C
can be larger than the thermal energykBT and discrete
charging of the central electrode can lead to Coulomb blo
ade of electric current below a certain threshold voltage
to characteristic ‘‘Coulomb staircase’’ at higher voltage
However, the interplay of ferromagnetism and discr
charging was studied only very recently.2–7 It has been
shown that discrete charging can lead to oscillations
TMR.4 In Ref. 4 the intrinsic spin relaxation time on th
central electrode was assumed to be sufficiently short~of the
order of the time between successive tunneling events
shorter! to neglect spin accumulation. Apart from this, qua
tization of energy levels of the central electrode was
glected and the considerations were restricted to the l
where orthodox tunneling theory is applicable, i.e., to
case where the barrier resistances are larger than the q
tum resistanceRQ , RQ5h/e2. In that limit higher order pro-
cesses~cotunneling! can be generally neglected, except
PRB 620163-1829/2000/62~18!/12363~11!/$15.00
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the Coulomb blockade regime, where they can play an
portant role and can significantly enhance TMR.6 When the
intrinsic spin relaxation time on the central electrode is s
ficiently long ~much longer than the time between success
tunneling events!, spin accumulation on this electrode has
be taken into account and can lead to new phenomena.5 First,
the spin accumulation can enhance TMR. It can also ge
ate TMR when the central electrode is nonmagnetic. Seco
it can give rise to a negative differential resistance. Third
can reverse sign of the tunnel magnetoresistance.

Quantized nature of energy spectrum of a small cen
electrode and fluctuations in the spin accumulation were
nored in the works on magnetic SET’s done up to no
These restrictions are relaxed in the present paper, w
both energy level quantization and spin fluctuations are ta
explicitly into account. Some preliminary results have be
published elsewhere.8 Accordingly, we consider a double
junction in which all three electrodes can be ferromagne
In a general case relative orientation of magnetic moment
the three electrodes can be arbitrary. When the three e
trodes have different coercive fields, shape anisotropy an
some of them are exchange biased, then the magnetic
figuration can be easily controlled by a small external m
netic field. However, we restrict our considerations to t
case where the magnetization of one of the external e
trodes and of the island are parallel to one another and
allel ~parallel configuration! or antiparallel~antiparallel con-
figuration! to the magnetization of the second extern
electrode. General geometry of the junction considered
this paper is shown schematically in Fig. 1.

In Sec. II we describe the formalism used for calculati
electric current, junction resistance, and other characteris
of the system. Numerical results are presented and discu
in Sec. III. Summary and final conclusions are in Sec. IV
12 363 ©2000 The American Physical Society
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II. DESCRIPTION OF THE METHOD

The formalism described in this section is a generalizat
of the formalism developed for spinless SET’s.9–11 We con-
sider a double junction in which the external electrodes
ferromagnetic, while the central one is either magnetic
nonmagnetic. The junction is shown schematically in Fig
where spin-dependent discrete energy levels of the ce
~magnetic! electrode are also indicated. When the cen
electrode is nonmagnetic, the energy levels are spin de
erate. Generally, we assume that the left and central e
trodes have parallel magnetizations, while the magnetic
ment of the right electrode can be changed from antipara
to parallel alignment~e.g., by applying an external magnet
field!, as indicated in Fig. 1. A bias voltageV is applied in
such a way that the right~left! electrode is the source~drain!
electrode for electrons. A gate voltageVG is applied capaci-
tively to the central electrode~not shown in Fig. 1!. Apart
from this, we assume that electron spin is conserved du
tunneling through the barriers and the spin dependent re
tances of the left (Rls) and right (Rrs) junctions are larger
than 2RQ .

Let Ei s
denote the single-electron energy levels of t

central electrode atV50. The indexi ↑ runs over all energy
levels for spins5↑, while the indexi ↓ runs over all energy
levels for spins5↓. The discrete energy levelsEi s

include
contributions from all magnetic and nonmagnetic inter
tions within the central electrode, such as electron corr
tions responsible for ferromagnetism, magnetic anisotro
etc. ~the Zeemann term is neglected as the magnetic fi
assumed to control magnetic configuration is assumed t
small!. Generally, the discrete levels depend on the num
of electrons in the central electrode and on their distributi
In our description, however, we simplify the problem a
assume that the discrete levels are independent of the
tron distribution, so the energy spectrum moves ‘‘rigidly’’ u
or down when a bias voltage is applied and/or when
central electrode becomes charged with a certain numbe
excess electrons.10 This approximation is reasonable whe
the total number of electrons on the central electrode is
nificantly larger than the number of excess electrons

FIG. 1. Geometry of the junction and schematic profile of t
potential energy when a bias voltageV is applied. Discrete energy
levels of the island for both spin orientations are indicated by
solid and dashed lines.
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larger than the number of spins accumulated on the cen
electrode.

When a bias voltageV is applied, then a stationary elec
tric current flowing through the junction is then given by

I 5e(
s

(
i s

(
$n%

G i s
l P~$n%!$d@ni s

,1#@12 f ~Ei s
1EN!

l 2
2EF!#

2d@ni s
,0# f ~Ei s

1EN!
l 1

2EF!%

52e(
s

(
i s

(
$n}

G i s
r P~$n%!

3$d@ni s
,1#@12 f ~Ei s

1EN!
r 2

2EF!#2d@ni s
,0#

3 f ~Ei s
1EN!

r 1
2EF!%, ~1!

where$n% denotes a particular distribution of the occupati
numbers, $n%[$n↑ ;n↓%[$n1↑, . . . ,ni ↑, . . . ;n1↓, . . . ,

ni ↓, . . . %, of the energy levelsEi s
, with ni s

51 (ni s
50)

when the energy leveli s is occupied~empty!. P($n%) is the
stationary probability of the configuration$n% while d@n,n8#
is defined asd@n,n8#51 for n5n8 and d@n,n8#50 for n
Þn8. Apart from this, e denotes the electron charge (e
.0), EN!

l 6 and EN!
r 6 are defined asEN!

l 6
5eVN!

l
6Ec and

EN!
r 6

52eVN!
r

6Ec , whereEc5e2/(2C) is the charging en-
ergy, N! is the number of excess electrons on the cen
electrode, andVN!

l (VN!
r ) is the electrostatic potential dro

on the left~right! junction

VN!
l

5
Cr1CG

C
V1

N!e

C
2

CG

C
VG , ~2!

VN!
r

5
Cl

C
V2

N!e

C
1

CG

C
VG . ~3!

Here, Cl and Cr denote capacitance of left and right jun
tions, respectively,CG is the gate capacitance, andC is the
total capacitance of the central electrode,C5Cl1Cr1CG .
When writing Eq.~1! we also assumed Fermi-Dirac distribu
tion function of the charge carriers in the external electrod
with EF denoting the Fermi level~as in Fig. 1!. Finally, G i s

l

(G i s
r ) in Eq. ~1! is the tunneling rate of electrons from the le

~right! electrode to the levelEi s
of the island

G i s
l (r )5

2p

\
uMi s

l (r )u2Ds
l (r ) , ~4!

whereMi s
l (r ) is an average matrix element for transitions fro

the left ~right! electrode to the leveli s andDs
l (r ) is the spin-

dependent density of electron states in the left~right! elec-
trode. We assumed above that the charging energyEc is
independent of the number of electrons on the central e
trode and on their distribution. This is usual approximati
within the ‘‘orthodox’’ description of single electron tunne
ing. This approximation is valid for thermalized distributio
of electrons in the central electrode. When the electrons
the central electrode are not in thermal equilibrium, then
charging energy depends on a particular distribution of
electrons, as shown recently, both experimentally12 and

e
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theoretically.13 Taking into account the assumption of part
thermalization of electrons at the central electrode, as wil
described later, we assumeEc to be constant.

The number of electrons with spins on the central elec-
trode is equalNs5( i s

ni s
and the total number of electron

is N5N↑1N↓ . It is convenient for future analysis to intro
duce also the number of excess electrons of a given
orientations asNs

!5Ns2N0s , whereN0s is the number of
a
o

ro
ro
e

in

electrons with spins in equilibrium ~at V50). Note that
N!5N↑

!1N↓
! . Magnetic moment of the island is then dete

mined by the numberM5N↑2N↓ , while the excess mag
netic moment by the numberM !5M2M0, whereM0 is the
equilibrium value of the numberM at V50, M05N0↑
2N0↓ .

The probabilityP($n%) can be determined from a station
ary solution of the following master equation:
]P~$n%!

]t
5052(

s
(
i s

P~$n%!A~ i su$n%!1(
i ↑

P~$n1↑, . . . ,n( i 21)↑,ni ↑51,n( i 11)↑, . . . ;n↓%!B~ i ↑u$n%!

1(
i ↓

P~$n↑ ;n1↓, . . . ,n( i 21)↓,ni ↓51,n( i 11)↓, . . . %!B~ i ↓u$n%!

1(
i ↑

P~$n1↑, . . . ,n( i 21)↑,ni ↑50,n( i 11)↑, . . . ;n↓%!C~ i ↑u$n%!

1(
i ↓

P~$n↑ ;n1↓, . . . ,n( i 21)↓,ni ↓50,n( i 11)↓, . . . %!C~ i ↓u$n%!2(
s

(
s8

(
i s

(
j s8

P~$n%!H~ i s , j s8u$n%!

1 (
i ↑ , j ↑

P~$n1↑, . . . ,n( i 21)↑,ni ↑51,n( i 11)↑, . . . , n( j 21)↑,nj ↑50,n( j 11)↑, . . . ;n↓%!D~ i ↑ , j ↑u$n%!

1 (
i ↓ , j ↓

P~$n↑ ;n1↓, . . . ,n( i 21)↓,ni ↓51,n( i 11)↓, . . . , n( j 21)↓,nj ↓50,n( j 11)↓, . . . %!D~ i ↓ , j ↓u$n%!

1 (
i ↑ , j ↓

@P~$n1↑, . . . ,n( i 21)↑ ,ni↑51,n( i 11)↑ , . . . ;n1↓, . . . , n( j 21)↓,nj ↓50,n( j 11)↓, . . . %!S~ i ↑ , j ↓u$n%!

1P~$n1↑, . . . ,n( i 21)↑,ni ↑50,n( i 11)↑ , . . . ;n1↓, . . . , n( j 21)↓,nj ↓51,n( j 11)↓, . . . %!S~ j ↓ ,i ↑u$n%!#, ~5!

where

A~ i su$n%!5d@ni s
,0#$G i s

l f ~Ei s
1EN!

l 1
2EF!1G i s

r f ~Ei s
1EN!

r 1
2EF!%

1d@ni s
,1#$G i s

l @12 f ~Ei s
1EN!

l 2
2EF!#1G i s

r @12 f ~Ei s
1EN!

r 2
2EF!#%, ~6!

B~ i su$n%!5d@ni s
,0#$G i s

l @12 f ~Ei s
1EN!11

l 2
2EF!#1G i s

r @12 f ~Ei s
1EN!11

r 2
2EF!#%, ~7!

C~ i su$n%!5d@ni s
,1#$G i s

l f ~Ei s
1EN!21

l 1
2EF!1G i s

r f ~Ei s
1EN!21

r 1
2EF!%, ~8!

H~ i s , j s8u$n%!5d@s,s8#d@ni s
,0#d@nj s

,1#dj s ,i s
1d@s,2s8#d@ni s

,0#d@nj 2s
,1#wj 2s ,i s

, ~9!

D~ i s , j su$n%!5d@ni s
,0#d@nj s

,1#dj s ,i s
, ~10!

S~ i s , j 2su$n%!5d@ni s
,0#d@nj 2s

,1#wj 2s ,i s
. ~11!
ility

and
The first term in Eq.~5! describes the rate at which
given distribution decays due to electron tunneling to and
the central electrode. The second and third~fourth and fifth!
terms, on the other hand, describe the rate at which the p
ability of a given distribution increases due to tunneling p
cesses from~to! the central electrode to~from! the external
ff

b-
-

ones. The terms with the coefficientsH, D, andS describe
the electronic~spin-conserving! and spin-flip relaxation pro-
cesses inside the central electrode. The transition probab
from the levelEi s

to the levelEj s
is di s , j s

and to the level
Ej 2s

is wi s , j 2s
. The master equation~5! has a general form

which includes internal relaxation processes on the isl
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and also the influence of gate voltageVG . In Eq. ~5! we
assumed that electrons in the source and drain electrode
in thermal equilibrium, while the electrons in the island c
be generally out of equilibrium.

It is convenient to define the probabilityP(N↑ ,N↓), that
the island is occupied byN↑ electrons with spins5↑ and
N↓ electrons with spins5↓, respectively:

P~N↑ ,N↓!5(
$n%

P~$n%!dFN↑ ,(
i ↑

ni ↑GdFN↓ ,(
i ↓

ni ↓G .
~12!

From Eq. ~5! one finds the following master equation fo
P(N↑ ,N↓) in the stationary state:

05
]P~N↑ ,N↓!

]t
52P~N↑ ,N↓!@A~N↑ ,N↓!1H~N↑ ,N↓!#

1P~N↑11,N↓!B↑~N↑11,N↓!

1P~N↑ ,N↓11!B↓~N↑ ,N↓11!

1P~N↑21,N↓!C↑~N↑21,N↓!

1P~N↑ ,N↓21!C↓~N↑ ,N↓21!

1P~N↑11,N↓21!S↑,↓~N↑ ,N↓!

1P~N↑21,N↓11!S↓,↑~N↑ ,N↓!. ~13!

We have defined here the following parameters:

A~N↑ ,N↓!5(
s

(
i s

@12F~Ei s
uN↑ ,N↓!#

3$G i s
l f ~Ei s

1EN!
l 1

2EF!

1G i s
r f ~Ei s

1EN!
r 1

2EF!%

1F~Ei s
uN↑ ,N↓!$G i s

l @12 f ~Ei s
1EN!

l 2
2EF!#

1G i s
r @12 f ~Ei s

1EN!
r 2

2EF!#%, ~14!

Bs~N↑ ,N↓!5(
i s

F~Ei s
uN↑ ,N↓!

3$G i s
l @12 f ~Eis1EN!

l 2
2EF!#

1G i s
r @12 f ~Ei s

1EN!
r 2

2EF!#%, ~15!

Cs~N↑ ,N↓!5(
i s

@12F~Ei s
uN↑ ,N↓!#

3$G i s
l f ~Ei s

1EN!
l 1

2EF!

1G i s
r f ~Ei s

1EN!
r 1

2EF!%, ~16!

H~N↑ ,N↓!5(
s

(
i s

(
j 2s

@12F~Ei s
uN↑ ,N↓!#

3F~Ej 2s
uN↑ ,N↓!wj 2s ,i s

, ~17!
are Ss,2s~N↑ ,N↓!5(
j 2s

(
i s

F~Ei s
uN↑ ,N↓!

3@12F~Ej 2s
uN↑ ,N↓!#wi s , j 2s

, ~18!

and also have introduced the function

F~Ei s
uN↑ ,N↓!5

1

P~N↑ ,N↓!

3(
$n%

P~$n%!d@ni s
,1#

3dFN↑ ,(
i ↑

ni ↑GdFN↓ ,(
j ↓

nj ↓G , ~19!

which is the probability that the levelEi s
is occupied when

the island containsN↑ electrons of spins5↑ and N↓ elec-
trons of spins5↓. Note, that in Eqs.~14!–~16! N! is the
number of excess electrons on the island correspondin
the numbersN↑ and N↓ . When eitherN↑ or N↓ increases
~decreases! by one, the corresponding numberN! also in-
creases~decreases! by 1.

One can easily show that the following relations are f
filled:

12F~Ei s
uN↑ ,N↓!5

1

P~N↑ ,N↓! (
$n%

P~$n%!d@ni s
,0#

3dFN↑ ,(
i ↑

ni ↑GdFN↓ ,(
j ↓

nj ↓G ,
~20!

F~Ej 2s
uN↑ ,N↓!@12F~Ei s

uN↑ ,N↓!#

5
1

P~N↑ ,N↓! (
$n%

P~$n%!

3d@ni s
,0#d@nj 2s

,1#dFN↑ ,(
i ↑

ni ↑GdFN↓ ,(
j ↓

nj ↓G .
~21!

In the following we restrict ourselves to the case of sh
electronic ~spin-conserving! relaxation time di s , j s

@G i s
r ,G i s

l , while the spin relaxation time is much longe

di s , j s
@G i s

r , G i s
l @wi ↑ , j ↓. The fast electronic relaxation lead

to thermalization of electrons with a given spin orientatio
The two spin subsystems, however, are not in equilibri
and correspond to different chemical potentialsm↑ andm↓ ,
which are determined byN↑ andN↓ , respectively.

The free energy of internal degrees of freedom can
expressed as

F~N↑ ,N↓!52kBT(
s

lnF(
$n}

dFNs ,(
i s

ni sG
3expS 2

1

kBT (
i s

Ei s
ni sD G ~22!

and the probabilityF(EisuN↑ ,N↓) is then given by the fol-
lowing expression:
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F~Ei s
uN↑ ,N↓!5expS F~N↑ ,N↓!

kBT D
3(

$n%
d@ni s

,1#dFN↑ ,(
i ↑

ni ↑G
3dFN↓ ,(

i ↓
ni ↓G

3expS 2
1

kBT (
s

(
i s

Ei s
ni sD . ~23!

In the limit kBT@DE the distribution functionF can be
approximated by the Fermi-Dirac distribution

F~Ei s
uN↑ ,N↓!5 f @Ei s

2ms~Ns!#, ~24!

where the chemical potentialms(Ns) is to be determined
from the equation

(
i s

f @Ei s
2ms~Ns!#5Ns . ~25!

In the regimekBT<DE, the distribution function for only
two levels is significantly different from zero or one, so o
may treat the system as effectively a two-level one.10 If we
denote the relevant energy levels asE1s

andE2s
, then from

the Gibbs distribution one finds the following expression
the functionF:

F~Ei s
uN↑ ,N↓!5

exp~2Ei s
/kBT!

exp~2E1s
/kBT!1exp~2E2s

/kBT!

5H 11expFEi s
2~1/2!~E1s

1E2s
!

~1/2!kBT
G J 21

~26!

for i s51s and i s52s .
When we express electric currentI @see Eq.~1!# in terms

of the distribution functionF, then it is given by

I 5e (
N↑ ,N↓

(
s

(
i s

P~N↑ ,N↓!

3$@12F~Ei s
uN↑ ,N↓!#G i s

r f ~Ei s
1EN!

r 1
2EF!

2F~Ei s
uN↑ ,N↓!G i s

r @12 f ~Ei s
1EN!

r 2
2EF!#%. ~27!

The assumption of thermal equilibrium~for a particular
spin orientation! on the central electrode requirest in<t I ,
where t I5e/I is the injection time andt in is the inelastic
relaxation time.10 Thus, our further analysis is valid whe
t in<t I . At low temperatures the main contribution tot in is
due to electron-electron and electron-phonon interactio
Experimentally,t in was extensively studied in the past b
means of the weak localization phenomenon and typical
ues of t in were found to be between 10212 and 10210 sec
~Refs. 14–16!. In small clusters the relaxation timet in can be
larger than its corresponding bulk value.13
r

s.

l-

III. CHARACTERISTICS OF FERROMAGNETIC SET’S

In this section we describe numerical results obtained
basic characteristics of the junction. To simplify the pictu
arising from discretization of energy levels of the island, w
assume that the levels are spin degenerate~nonmagnetic is-
land! and equally separated with the interlevel spacingDE.
In that case the numbersN0↑ andN0↓ are equal, so that the
excess magnetic moment is equal to the total magnetic
ment, i.e.,M !5M . Assuming additionally that the density o
statesDs

l (r ) in external electrodes and the matrix eleme
Mi s

l (r ) are independent of energy (Mi s
l (r )5Ms

l (r )), one can re-

write Eq. ~27! as

I 5(
s

DE

e2Rs
r (

N↑ ,N↓
(
i s

P~N↑ ,N↓!

3$@12F~Ei s
uN↑ ,N↓!# f ~Eis1EN!

r 1
2EF!

2F~Ei s
uN↑ ,N↓!@12 f ~Eis1EN!

r 2
2EF!#%, ~28!

where Rs
r is the resistance of the right junction, (Rs

r )21

5(2p/\)uMs
r u2Ds

r (1/DE). Introducing in a similar way also
the resistanceRs

l of the left junction, one can express th
parameters~14!–~18! in terms ofRs

r andRs
l and then calcu-

late the probabilityP(N↑,N↓) from the master Eq.~13!.
The formalism described above makes use of the tw

dimensional space of states (N↑ ,N↓), in contrast to the spin-
less case, where the relevant space is one dimensional. B
physical characteristics of the system are then determine
the probabilityP(N↑ ,N↓) introduced in Eq.~11!. When ex-
pressed in terms ofN↑

! andN↓
! , this probability will be de-

noted asP!(N↑
! ,N↓

!). In the (N↑
! ,N↓

!) space this probability
is localized on a small number of points, as shown in Fig
for a few values of the bias voltage in the parallel and an
parallel configurations. The area of the black dots locate
the points in the (N↑

! ,N↓
!) space is proportional to the corre

sponding probabilityP!(N↑
! ,N↓

!). In each case the total are
of all black dots is normalized to unity. ForV55 mV there
is no excess electron on the island (N↑

!5N↓
!50), as this

value ofV is within the Coulomb blockade region@see Fig.
3~a!, where the correspondingI -V curves are shown#. For
V520 mV ~within the first plateau above the threshold vo
age in theI -V curves! the points with dominant probability
P!(N↑

! ,N↓
!) are located on the line corresponding toN↑

!

1N↓
!5N!51. There are also points corresponding toN!

50, but the corresponding probability is significant
smaller and these points will be neglected in the further d
cussion. It is interesting to note that different points cor
spond to different values of the excess spin on the island
the parallel configuration these points are distributed sy
metrically on both sides of the line corresponding toN↑

!

5N↓
! . Consequently, the average spin accumulated on

island is zero, contrary to the antiparallel configuratio
where the average spin accumulated on the island is nonz
For V530 mV the probabilityP!(N↑

!,N↓
!) is significant for

N!51 andN!52. This value ofV corresponds to the tran
sition between the first and second steps in theI -V curves.
As before, the average spin accumulated on the island v
ishes in the parallel configuration, whereas in the antipara
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configuration it is different from zero. Note, that the numb
of different values of the excess spin on the island is n
smaller. The situation forV540 mV is qualitatively similar
to that forV520 mV, but the number of black dots is large
Generally, one can note from Fig. 2, that when the bias v
age V increases, the localization area of the probabi
P!(N↑

! ,N↓
!) shifts to new stationary points and embrac

more and more points in the (N↑
! ,N↓

!) space. Similar ten-
dency can be observed when the temperature increa
Therefore, in order to get convergence in numerical calcu
tions, the number of states taken into account was dyna
cally changed with increasing bias voltage and temperat

FIG. 2. ProbabilityP!(N↑
! ,N↓

!) in the (N↑
! ,N↓

!) space of states
~proportional to the area of the black dots! calculated for the anti-
parallel and parallel configurations and for four different values
the bias voltage. The junction resistances in the antiparallel confi
ration are Rl↑5200 MV, Rl↓5100 MV, Rr↑52 MV, and Rr↓
54 MV, whereas in the parallel configurationRr↑54 MV, Rr↓
52 MV. The other parameters assumed in numerical calculat
are Cl59 aF, Cr51.3 aF, Cg53 aF, Ec56.02 meV, DE
51.8 meV,T52.3 K, andVg50.
r

t-

s

es.
-
i-
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A. Bias voltage characteristics

Figure 3~a! shows the current-voltage characteristics o
junction with a nonmagnetic island and ferromagnetic sou
and sink electrodes. The single-junction resistances in
parallel configuration have been assumed to beRl↑
5200 MV, Rl↓5100 MV for the left junction andRr↑
54 MV, Rr↓52 MV for the right one. In the antiparalle
configuration the magnetization of the right electrode is
versed and the corresponding resistances areRr↑52 MV
andRr↓54 MV. Note, that the same spin asymmetry fac
pj5Rj↓ /Rj↑ has been assumed for both junctions in the p
allel configurationpl5pr51/2. Owing to a large difference
between the resistances of the left and right junctions,
Coulomb steps in theI -V characteristics are clearly seen.11,17

SinceCl.Cr in the case considered here, the threshold v
age Vth , below which the current is blocked (N!50), is
approximately equal to Vth5(C/Cl)(2Ec1DE)/2e
'10.2 mV. The large steps in Fig. 3~a! correspond, respec
tively, to N!51, 2, . . . , and their length is Vp'
(C/Cl)(4Ec1DE)/2e'19.1 mV. There are also additiona
small steps of lengthVs5(C/Cl)(DE/e)'2.7 mV, which

f
u-

s

FIG. 3. Voltage dependence of the tunnel currentI ~a!, deriva-
tive dI/dV ~b!, and tunnel magnetoresistance~c! determined atT
52.3 K. The solid and dashed curves in~a! correspond to the an
tiparallel and parallel configurations, respectively, whereas the
in ~b! is for the antiparallel configuration only. The parameters
the system are the same as in Fig. 2.
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result from discretness of the energy spectrum of the isl
and correspond to opening a tunneling channel with a n
value of the excess spin on the island~new value ofM ).
Position of the steps is clearly seen in thedI/dV curves
shown in Fig. 3~b! for the antiparallel configuration. Th
large peaks correspond there to the Coulomb steps while
small ones to the steps due to discrete energy spectrum.
behavior is qualitatively similar to that observed experime
tally in tunneling through small Al particles18 or throughC60

molecules.19

The I -V curves in the parallel and antiparallel configur
tions are different@solid and dashed curves in Fig. 3~a!#.
Consequently, the corresponding resistances of the w
system are also different in both configurations;Rp andRap ,
respectively. This, in turn, results in tunnel magnetores
tance~TMR!, which is described quantitatively by the rat
TMR5(Rap2Rp)/Rp .20 The bias dependence of TMR
shown in Fig. 3~c!. As one can see, TMR oscillates wit
increasingV with the periodVp . The amplitude of the oscil-
lations decreases with increasing voltage. In the limitV
@Ec /e the system can be treated as a set of ohmic resis
with the total resistance R215(Rl↑1Rr↑)211(Rl↓
1Rr↓)21. In our case the total limiting resistances for t
antiparallel and parallel configurations are respectivelyRap

568.65 MV and Rp568 MV, which gives the asymptotic
value of TMR equal approximately to 0.01. This value c
be larger for systems with either larger spin asymmetry in
single-junction resistances, or smaller difference between
resistances of left and right junctions.

For the parameters assumed in numerical calculations
incoming electrons pass through the less resistive and
capacitive junction, while the outgoing electrons pa
through the more resistive and more capacitive one. In
case electrons accumulate on the island when a bias vo
V is applied. Figure 4~a! presents the bias dependence of
charge accumulation. The steps in the curves show tha
average chargêQ& accumulated on the island is close to 1e,
2e, . . . , and isalmost constant between the steps. Plot of
root mean square, rms(N!)5@^N!2&2^N!&2#1/2, as a func-
tion of V is presented in Fig. 4~b!. The charge fluctuations
are large at the steps, where a new charge channel bec
open, i.e., whenN!→N!11. Between the steps fluctuation
are rather small.

When the right and left junctions correspond to differe
spin asymmetry factors, then not only charge but also spi
accumulated on the island. For the junction assumed in
3 this happens in the antiparallel configuration. The plot
^M & as a function ofV is shown in Fig. 5~a!. Indeed, there is
almost no spin accumulation in the parallel configuratio
whereas a significant spin accumulation occurs in the ant
rallel configuration, which varies oscillatorylike with in
creasingV. The origin of the oscillatory behavior is de
scribed in Ref. 5, Here, we only note that beginning from
threshold voltage, the average^M & increases with increasin
V up to^M &53, which occurs atV'20 mV. At this value of
V a new charge channel, corresponding toN!52, becomes
open for one spin orientation, which reduces spin accum
tion. The average^M & starts to increase again atV
'30 mV, and the second oscillation period in the spin ac
mulation begins.
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Figure 5~b! shows fluctuations of the induced magne
moment on the island. Although there is almost no spin
cumulation in the parallel configuration, the curve represe
ing spin fluctuations in the parallel configuration is similar
that for the antiparallel one. Moreover, the fluctuations inM

FIG. 4. Charge accumulation̂N!& ~a! and charge fluctuations
@^N!2&2^N!&2#1/2 ~b! as a function of the bias voltage. The sol
and dashed curves corresponds to the antiparallel and parallel
figuration, respectively. The parameters are the same as in Fig

FIG. 5. Spin accumulation̂M &5^N↑2N↓& ~a! and the spin
fluctuations@^M2&2^M &2#1/2 ~b! as a function ofV in the system
defined in Fig. 2. Solid and dashed curves are for the antipar
and parallel configuration, respectively.
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are even larger in the parallel configuration than in the a
parallel one, because the space of states available for
tuations is reduced by the spin accumulation. Numer
analysis of the probability distributionP!(N↑

! ,N↓
!) on the

first Coulomb step in the parallel configuration shows t
high maxima corresponding to opposite induced magn
moments~which gives^M &50). The separation between th
maxima increases with increasing voltage and then decre
when V exceeds 23 mV. Behavior of the spin fluctuatio
with increasing bias voltage resembles behavior of the a
age spin accumulated on the island. The fluctuations v
oscillatorylike with increasing V, with the same phase a
period as the oscillations in̂M &. It is also interesting to note
that every second peak of the spin accumulation and
fluctuation in Figs. 5~a! and 5~b! have a similar shape. Thi
additional periodicity is due to variation of the ground sta
from the state with odd number of electrons to that with ev
number of electrons on the island@the (N↑

! ,N↓
!) space is

different along the diagonal corresponding toN! odd orN!

even#.
The maximum current in our numerical results is of t

order of 1 nA, which corresponds to the lowest value of
injection time,t I'5310210 sec. Thus, the numerical resul
are valid in the whole range of applied voltage whent in
<5310210 sec, which can be obeyed in real systems aT
>Tl , whereTl is of the order of 1 K. This estimate is con
sistent with that in Ref. 13, where the inelastic relaxat
time at 30 mK was estimated for a small Al cluster. Wh
adapted to our value ofDE, this estimate givest in of the
order of 1029 sec. Sincet in decreases with increasing tem
perature,Tl51 K as the lower limit for validity of our nu-
merical calculations seems to be quite reasonable. This
perature is low enough to observe the level quantization.
lowest temperature assumed in our numerical calculation
2.3 K, which is above the lower limitTl and also sufficiently
below the upper limit, determined by the conditionkBT
'DE, above which the quantization effects disappear. I
also worth to note, thatt I can be made longer by an increa
in the junction resistances. Thus, for realistict in one can
always find a range of parameters, where our descriptio
valid.

B. Temperature dependence

The numerical results presented above were calculated
kBT much smaller than the charging energyEc and also
smaller than the level spacingDE. The two energy scale
were then clearly seen in all characteristics of the syst
When the temperature increases the probabilityP!(N↑

! ,N↓
!)

spreads over larger area in the (N↑
! ,N↓

!) space and the peak
become smaller. This has a significant influence on trans
properties.

In Figs. 6~a! and 6~b! we show the current characteristic
~a! and TMR ~b! for different temperatures. The Coulom
steps in theI -V curves disappear at high temperatures, a
the current becomes ohmic with the classical value of
resistanceR215(Rl↑1Rr↑)211(Rl↓1Rr↓)21. The corre-
sponding value of TMR is then equal to about 0.01 and
almost voltage independent. The small steps in theI -V
curves and TMR, which result from discreteness of the e
tronic structure of the island, disappear rather quickly w
i-
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increasing temperature, much earlier than the Coulomb s
do. ForT511.6 K ~the thermal energy is equal to 1 meV an
is three times smaller thanDE53 meV) most of the small
steps disappear, but there are still well defined Coulo
steps and large oscillations due to charging effects~in this
caseEc56.02 meV).

The influence of increasing temperature on the bias
pendence of charge accumulation and charge fluctuation
shown in Figs. 7~a! and 7~b!, respectively. The curves repre
senting charge accumulation at different temperatures
similar to the correspondingI -V characteristics. The effect
due to discreteness of energy levels and due to disc
charging gradually disappear with increasing temperature
T558 K the charge accumulation becomes a linear funct
of V, as it should be in an ohmic system. Oscillations in t
charge fluctuations are less sensitive to the temperature
follows from Fig. 7~b!, they are periodic functions ofV and
the periodicity survives even atT558 K, where theI -V
curves have already ohmic character.

Spin accumulation and spin fluctuations at different te
peratures are shown in Fig. 8. The oscillations with incre
ing bias voltage disappear when the temperature increa
quite similarly as the oscillations in charge accumulation a
charge fluctuations~Fig. 7!. At T558 K the spin accumula-
tion and spin fluctuations vary almost linearly with increa
ing bias.

C. Gate voltage dependence

Consider now transport characteristics of the system a
function of the gate voltageVg , which is related to the in-
duced chargeQin5VgCg on the island. Assume a consta
bias voltage which is above the threshold voltage and co
sponds to the plateau between the first and second Coul

FIG. 6. Bias dependence of electric current in the antipara
configuration~a! and TMR ~b! for different temperatures and fo
DE/kB534.8 K andEc /kB569.9 K. The other parameters are th
same as in Fig. 2.
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steps, sayV515 mV. Figures 9~a! and 9~b! show theI -V
characteristics and TMR, respectively, as a function of
gate voltage, and calculated forT52.3 K, T511.6 K, and
T534.8 K. Figure 10, on the other hand, shows charge~a!
and spin~b! accumulation on the island, calculated for t
same temperatures as in Fig. 9. Electric current, TMR
spin accumulation are periodic functions ofVg , with the

FIG. 7. Bias dependence of the charge accumulation~a! and
charge fluctuations for different temperatures. The parameters
the same as in Fig. 2.

FIG. 8. Voltage dependence of the spin accumulation~a! and
spin fluctuations for different temperatures. The parameters are
same as in Fig. 2.
e

d

period Vg
p52e/Cg'107 mV corresponding toDQin52e.

The curve corresponding to charge accumulation is simila
that representing charge accumulation as a function of
bias voltage@Fig. 4~a!#. Due to asymmetry of the states wit

re

he

FIG. 9. The tunneling currentI in the antiparallel configuration
~a! and TMR~b! as a function of the gate voltageVg calculated for
V515 mV and for T52.3 K ~solid curve!, T511.6 K ~dashed
curve!, T534.8 K ~dotted curve!. The other parameters of the sy
tem are as in Fig. 2.

FIG. 10. The charge~a! and spin accumulation~b! as a function
of the gate voltageVg for V515 mV and for T52.3 K ~solid
curve!, T511.6 K ~dashed curve!, T534.8 K ~dotted curve!. The
other parameters of the system are as in Fig. 2.
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odd and even numbers of electrons on the island, the pe
Vg

p is twice as long as in the spinless case. At low tempe
tures the difference between states withN! odd and even is
clearly seen in all characteristics. At high temperatures, h
ever, the difference between those two cases disappear
period becomes the same as in the splinless case. To u
stand this difference let us analyze the situation in more
tails. For V515 mV andVg50 the average excess char
on the island is close to 1e. The probabilityP!(N↑

! ,N↓
!) has

then large peaks forN!5N↑
!1N↓

!51. An increase inVg

leads at low temperatures to an almost linear decrease o
current@Fig. 9~a!#, while the charge accumulated on the
land remains almost unchanged@it increases very slowly, se
Fig. 10~a!#. Origin of the decrease in electric current can
explained as follows. WhenVg increases the position of th
Fermi level of the island shifts to lower energies. This effe
tively reduces the number of energy levels from which el
trons can tunnel through the left junction. In our case t
junction has much larger resistance than the right one,
therefore it is just the junction which determines electric c
rent flowing through the system. Thus, an increase inVg
results in a decrease in electric current.~Opposite behavior,
when current increases with increasingVg is also possible
for other parameters.!

At Vg'38 mV the relevant states are (N↑
! ,N↓

!)5(1,0)
and~0,1!. In the antiparallel configuration the probability fo
these states isP!(1,0)50.76 andP!(0,1)50.20, whereas in
the parallel configurationP!(1,0)5P!(0,1)50.48. Vg
538 mV is already close to the value at which ground st
with one electron more on the island becomes energetic
more convenient. A small increase ofVg to 45 mV leads then
to a large increase in the charge accumulation,D^Q&'1e.
This also leads to a rapid increase in the electric curr
roughly to the value it had atVg50. The current increase
because from the transport point of view the system retu
to the situation atVg50 ~without counting the discretenes
of the energy spectrum!. For Vg545 mV there is only one
relevant state, i.e., the state~1,1! with the probability
P!(1,1)50.70 in the antiparallel andP!(1,1)50.75 in the
parallel configurations. The spin accumulation reaches t
minimum at this point@see Fig. 10~b!#.

At Vg'97 mV a new ground state is formed and the s
tem goes over from the state with even number of electr
on the island to the state with odd number of electrons. Cl
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to Vg597 mV the relevant state is at~1,1!, but a small in-
crease ofVg leads the system to a new stationary state,
which the states~2,1! and ~1,2! are more important. This
transition is different from the one atVg'38 mV. This dif-
ference is clearly seen in TMR, which in this range ofVg has
a large deep and becomes negative.

At higher temperatures the difference between the sit
tions with odd and even numbers of excess electrons on
island is not visible~see the curves corresponding toT
511.6 K and 34.8 K in Figs. 9 and 10!. The thermal energy
is then comparable to the energy needed for opening a
spin channel, i.e.,kBT'DE. Two states in the (N↑

! ,N↓
!)

space, for whichDM562, are difficult to be distinguished
Therefore, the periodicity is then as in the spinless case.

IV. SUMMARY AND CONCLUSIONS

We have developed formalism for calculating electric c
rent, spin and charge accumulation, and TMR in ferrom
netic SET’s with a small central electrode—small enough
that the discrete structure of its energy spectrum plays a
nificant role. We found two different scales in all characte
istics of the junction; the shorter one related to the discre
ness of energy spectrum and the longer one related
discrete charging of the island with single electrons. T
features due to discrete energy levels can be seen at
temperatures and disappear relatively quickly with incre
ing temperature; much faster than the features due to disc
charging (DE!Ec in our case!.

The junction characteristics are periodic functions of t
bias and gate voltages. At low temperatures the periods
twice as long as the corresponding ones at high tempera
This is because at low temperatures the situations with e
and odd numbers of electrons on the island can be dis
guished, while at high temperatures this difference dis
pears.

We have also shown that spin fluctuations can be sign
cantly larger than the charge fluctuations. Such large s
fluctuations can play a significant role in the current noise21
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