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Current and power spectrum in a magnetic tunnel device with an atomic-size spacer

Bogdan R. Bułka
Institute of Molecular Physics, Polish Academy of Sciences, ul. Smoluchowskiego 17, 60-179 Poznan´, Poland

~Received 5 January 2000; revised manuscript received 13 March 2000!

Current and its noise in a ferromagnetic double tunnel barrier device with a small spacer particle were
studied in the framework of the sequential tunneling approach. Analytical formulas were derived for electron
tunneling through the spacer particle containing only a single energy level. It was shown that Coulomb
interactions of electrons with a different spin orientation lead to an increase of the tunnel magnetoresistance.
Interactions can also be responsible for the negative differential resistance. A current noise study showed
which relaxation processes can enhance or reduce fluctuations leading either to a super-Poissonian or a sub-
Poissonian shot noise.
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I. INTRODUCTION

Recent interest in single-electron tunneling in ferroma
netic double tunnel junctions is stimulated by expected
tential applications at microelectronics and by new pheno
ena observed in such systems.1,2 In order to have a device
operating at room temperature, the single electron charg
energyEc5e2/2C should be much larger than the therm
energykBT. It can be achieved decreasing the capacitancC
of the metallic spacer, which is proportional to its size. In
small metallic spacer, a discreteness of the energy spec
can be relevant and a separation of energy levelsDE'kBT.
Such a situation was studied numerically just recently.3

In the present paper, we would like to investigate sequ
tial tunneling in an extreme case, when the spacer par
has only a single electron level available for the tunnel
process. This simplified model gives us the possibility
gain a better insight into spin-dependent tunneling proce
and to solve the problem analytically. We will show th
Coulomb interactions between electrons with different sp
can lead to new effects. In some circumstances due to
Coulomb blockade effect, the device can operate as a di
in others it can show the negative differential resistan
~NDR!. The power spectrum analysis will be performed
understand correlations between currents for electrons of
ferent spins and the transition from the sub-Poissonian to
super-Poissonian current noise in the ferromagnetic dev

II. MODEL AND GENERAL DERIVATIONS

Let us specify the system considered in detail. The se
ration between the ferromagnetic metallic electrodes is la
and, therefore, there is no direct electron tunneling betw
them. The electronic transport can be only via electro
states of the spacer particle placed between the electro
The particle can be a molecule~e.g., C60) or a semiconductor
quantum dot, in which the relevant energies areDE,Ec
@kBT. For a small applied voltageV (eV!DE,Ec), elec-
tronic transport is only through a single electronic levelE0.
Such a model was considered for a nonmagnetic devic
Refs. 4–6 and we generalize it for a ferromagnetic case
cluding tunneling channels for electrons with opposite s
directions. The tunneling process for an electron with spins
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through the left (j 51) and the right (j 52) junction is de-
scribed by the net tunneling ratesg j s , which are assumed to
be small\g j s!kBT. This relation implies that the corre
sponding tunnel resistancesRj s are much larger than the
quantum resistanceRQ5h/2e2 and electronic transport ca
be described within the sequential tunneling approach.8,4–6

SinceDE is large, the tunneling process can be conside
elastic~there is no thermalization of electrons on the spa
particle, which was usually assumed in the single elect
transistor with a large metallic grain!.8,3 We also neglect
fluctuations of the position of the electronic levelE0, which
can be caused by thermal and electrostatic fluctuations o
environment.

Our model seems to be familiar to that considered
cently for the Kondo effect in quantum dots.7 A condition for
a development of the Kondo resonance is a buildup of ma
body correlations between the dot and the electrodes, w
can be achieved when electronic waves are coherently s
tered on a magnetic impurity. It is in contrast to the pres
situation, where coupling between the particle and the e
trodes is weak and electron tunneling events are uncorrel
and incoherent.

A. Stationary currents

Electronic transport is governed by the master equatio

d

dt F p↑
p↓
p0

G5M̂F p↑
p↓
p0

G , ~1!

wherep↑ and p↓ denote the probability to find an electro
with the spins5↑ and ↓, and p0 is the probability for an
empty stateE0. Of course, the total probabilityp↑1p↓1p0

51. The matrixM̂ is given by

M̂5F 2G↑
2 0 G↑

1

0 2G↓
2 G↓

1

G↑
2 G↓

2 2G↑
12G↓

1
G , ~2!
1186 ©2000 The American Physical Society
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whereGs
65G1s

6 1G2s
6 , G j s

6 5 f j
6g j s are the total tunneling

rates to (1) and off (2) the particle levelE0, and f j
65„1

1exp$6@E02EF2(21)jeVj#/kBT%…21. The voltageV is ap-
plied to the left electrode and the voltage drop across the
and the right junction isV15C2V/C and V25C1V/C, re-
spectively. Here,Cj denotes the capacitance of thej th tunnel
junction andC5C11C2.

At the stationary state, the probabilityps and p0 are de-
termined from the master equation~1! with the left-hand side
equal to zero, and the result is

ps5
Gs

1G2s
2

g↑g↓2G↑
1G↓

1
, p05

G↑
2G↓

2

g↑g↓2G↑
1G↓

1
, ~3!

wheregs5g1s1g2s . The current through the left junctio
for electrons with the spins is the difference of the tunnel
ing current flowing to (1) and from (2) the particle,
tin

n

in

he
on
c-
ft

I 1s[I 1s
1 2I 1s

2 52e@G1s
1 p02G1s

2 ps#

52e~ f 1
12 f 2

1!
g1s

1 g2s
1 G2s

2

g↑g↓2G↑
1G↓

1
. ~4!

Since there are no electronic relaxation processes on the
ticle, it results from the current conservation rule thatI 1s
5I 2s for each electronic channel.

In magnetic tunnel junctions, the resistance depends
the relative configuration of magnetic moments in the el
trodes and this effect is known as the tunnel magnetore
tance ~TMR!. The value of TMR is given by the ratio
TMR5(I P2I AP)/I AP , where I P and I AP are the tunneling
currents in the parallel~P! and the antiparallel (AP) configu-
ration of the magnetic moments in the electrodes. It is c
venient to express the tunneling rate coefficients in the fo
g1s5g0(16P1) and g2s5g0a(16P2), where the sign
1(2) corresponds to the spins5↑ (↓), P1 andP2 are the
magnetic polarization of the left and the right electrode,
spectively, anda denotes the asymmetry between the pot
tial barriers. Using Eq.~4!, one gets
TMR5
~12 f 1

1 f 2
1!4aP1P2

~11a!22~P11aP2!22~ f 1
11a f 2

1!21~P1f 1
11a f 2

1P2!2
. ~5!
nd

of

ly
ua-

sed
For comparison, we present the results for noninterac
electrons, i.e., when the single electron charging energyEc
50. In this limit, the double occupancy of the levelE0 is
allowed. The current through the left junctions for electro
with the spins is then

I 1s
0 52e~ f 1

12 f 2
1!

g1sg2s

gs
~6!

and TMR,

TMR05
4aP1P2

~11a!22~P11aP2!2
. ~7!

Comparison of both the expressions for TMR@Eqs. ~5! and
~7!# shows that Coulomb interactions can significantly
crease the value of the magnetoresistance.

B. Fluctuations

Fluctuations in the system are studied within t
generation-recombination approach for multielectr
channels.9,10,3 The Fourier transform of the correlation fun
tion of the quantityX can be expressed as9,10

SXX~v![2E
2`

`

dteivt@^X~ t !X~0!&2^X&2#

54(
n,m

XnFP~n,m;v!2
pn

ivGXmpm , ~8!

wherepm is the stationary value of the probabilityp̂ at the
statem @given by Eq.~3!#, andXm is the value ofX at this
g

s

-

state. The conditional probabilityP(n,m;t) to find the sys-
tem in the staten at time t, if it was in the initial statem at
t50, satisfies the master equation~1!,9,10 and its Fourier
transform is given byP(n,m;v)5@ iv2M̂ #nm

21 . The ele-

ments of the Green’s functionG(n,m;v)[@ iv2M̂ #nm
21

2pn / iv can be determined directly by matrix inversion a
the result is

Ĝ~v!5
Â1

iv2l1
2

Â2

iv2l2
, ~9!

wherel65(2g↑2g↓6D)/2 are the nonzero eigenvalues
the matrixM̂ , D5A(g↑2g↓)214G↑

1G↓
1,

Âr5
1

D F G↑
2a↑,↑

r G↑
1a↑,↓

r G↑
1a↑,0

r

G↓
2a↓,↑

r G↓
1a↓,↓

r G↓
1a↓,0

r

G↑
2a↑,0

r G↓
2a↓,0

r 2G↑
1a↑,0

r 2G↓
1a↓,0

r
G ~10!

corresponding tol r (r 56), as,s
r 5l rg2s1g2s

2 1G↑
1G↓

1 ,
as,2s

r 52G2s
2 (l r1g↑1g↓), as,0

r 52(l r1g2s)G2s
2

1G2s
1 Gs

2 , andD5D(g↑g↓2G↑
1G↓

1). The Green’s function
~9! is not singular forv→0, and therefore one can easi
separate the amplitudes of the noise resulting from fluct
tion processes characterized by the relaxation timet r
521/l r .

The fluctuations of the charge and the spin are expres
as
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SNN~v!54e2 (
s,s8

Gss8~v!ps8

5
4e2G↑

2G↓
2

D~g↑g↓2G↑
1G↓

1!2 (
s,r

r
G2s

1 Gs
2~l r1Gs

2!

iv2l r
,

~11!

SMM~v!54mB
2 (

s,s8
ss8Gss8~v!ps8

5
4mB

2G↑
2G↓

2

D~g↑g↓2G↑
1G↓

1!2

3(
s,r

r
G2s

1 ~gs1Gs
1!~l r1gs1Gs

1!

iv2l r
, ~12!

wheremB is the Bohr magneton.
The correlations between the currentsI j s and I j 8s8 in the

tunnel junctionj and j 8 for the electrons with the spins and
s8 are described by the power spectrum10

SI j sI j 8s8
~v!5d j j 8dss8Sj s

Sch1SI j sI j 8s8

c ~v!, ~13!

where

Sj s
Sch[22e~ I j s

1 1I j s
2 !52e2@G j s

1 p01G j s
2 ps# ~14!

is the high-frequency (v→`) limit of the shot noise~the
Schottky noise!, which is the sum of the components corr
sponding to the tunneling current flowing to and from t
particle. The frequency-dependent part is expressed as10

SI j sI j 8s8

c ~v!52e2~21! j 2 j 8$@G j s
1 G0s8~v!

2G j s
2 Gss8~v!#G j 8s8

1 p01@G j 8s8
1 G0s~2v!

2G j 8s8
2 Gs8s~2v!#G j s

1 p01@G j s
2 Gs0~v!

2G j s
1 G00~v!#G j 8s8

2 ps81@G j 8s8
2 Gs80~2v!

2G j 8s8
1 G00~2v!#G j s

2 ps%. ~15!

The shot noise of the total current~including the displace-
ment currents as well! is given by

SII 5(
j , j 8

C1
2C2

2

C2CjCj 8
(
s,s8

@d j j 8dss8Sj s
Sch1SI j sI j 8s8

c ~v!#.

~16!

III. RESULTS

We begin the analysis of the results from a simplifi
situation, when the electrodes are made of paramagnetic
als. Next the device with ferromagnetic electrodes is con
ered. Since Coulomb interactions break the electron-h
symmetry, one can expect that the characteristics of the
vice for E0,EF are different from those forE0.EF . There-
fore, both situations are considered separately.
et-
-

le
e-

A. Paramagnetic case

In the system with paramagnetic electrodes, both chan
for electrons with spin↑ and↓ are equivalent and the tun
neling ratesg j↑5g j↓5g j , g↑5g↓5g, G↑

65G↓
65G6. The

total currentI 1522e( f 1
12 f 2

1)g1g2 /@g1G1# differs from
that for noninteracting electrons by the factorG1 in the de-
nominator, which results from Coulomb interactions. In lo
temperatures, there is a current blockade for the volt
within the range2C/C2,eV/(E02EF),C/C1. Dynamics
of the fluctuations are characterized by the eigenvaluesl1

52g1G1 and l252g2G1. Using Eqs.~13!–~15! and
~9! and~10!, one can derive the correlation function betwe
the currents for electrons with the same spin as

SI 1↑I 1↑~v!52e2
g1~ f 1

1G21 f 1
2G1!

g1G1

22e2
g1

2

g1G1 F f 1
1 f 1

2~G2!2

v21l1
2

2
a2

v21l2
2 G

~17!

and between the different spins

SI 1↑I 1↓~v!52e2
g1

2

g1G1 F f 1
1 f 1

2~G2!2

v21l1
2

1
a2

v21l2
2 G ,

~18!

where a25(11 f 1
1)@ f 1

1(G1212gG12g2)22(G1)2#.
Thus, the power spectrum of the total current through the
junction is expressed by

SI 1I 1
~v!54e2

g1~ f 1
1G21 f 1

2G1!

g1G1
18e2

g1
2

g1G1

a2

v21l2
2

.

~19!

The noise corresponding to the eigenvaluel1 is completely
cancelled. In the high-voltage regime, the above formulas
much simpler, e.g., forV.0 the current4 I 152eg1g2 /(g1
12g2) and the Fano factor5

F11[
SI 1I 1

~v50!

2eI1
512

4g1g2

~g112g2!2
~20!

~see also Ref. 11 and references therein!.
For comparison in the case of noninteracting electro

(Ec50), there are two independent channels and the po
spectrum can be written as

SI
1s
0 I

1s
0

0
~v!52e2

g1s@ f 1
1Gs

21 f 1
2Gs

1#

gs

24e2
g1s

2 @ f 1
1~Gs

2!21 f 1
2~Gs

1!2#

gs~v21gs
2 !

~21!

for electrons with spins. For the paramagnetic electrode
and in the limit of a large positiveV, one gets@from Eqs.~6!
and ~21!# the total currentI 1

052eg1g2 /(g11g2) and the
Fano factorF 11

0 5122g1g2 /(g11g2)2.11

Let us present also the correlation function between
currents through different tunnel junctions
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Re@SI 1I 2
~v!#54e2

g1g2

g1G1

b12

v21l2
2

, ~22!

whereb125G12(41 f 1
11 f 2

122 f 1
1 f 2

1)1( f 1
11 f 2

112 f 1
1 f 2

1)(G22G1)g. Now, using Eq.~16! one gets the total power spec
trum of the device,

SII ~v!54e2
~C2

2g1f 1
11C1

2g2f 2
1!G21~C2

2g1f 1
21C1

2g2f 2
2!G1

C2~g1G1!
18e2

G12
2 ~G1212gG12g2!2G12g12G

2222g12
2 G12

~g1G1!~v21l2
2 !

,

~23!
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whereG125(C2g1f 1
12C1g2f 2

1)/C, g125(C2g12C1g2)/C.
One can check that in the zero-frequency limit,SI 1I 1

(0)

5Re@SI 1I 2
(0)#5SI 2I 2

(0). Therefore, the Fano factorsF11

5F125F22, which in the high-voltage range can be simp
expressed asF5124g1g2 /(g112g2)2.

We are also interested in charge and spin fluctuation
duced by the flowing current. Using the formulas~11! and
~12! for the paramagnetic device, one can write the char
charge and the spin-spin correlation function as

SNN~v!5
8e2G1G2

~g1G1!~v21l2
2 !

, ~24!

SMM~v!5
8mB

2G1G2

~g1G1!~v21l1
2 !

. ~25!

FIG. 1. Voltage dependence of the current~a! and the Fano
factor ~b! in the ferromagnetic double barrier with the resonati
level E0,EF for different magnetic polarizations of the left ele
trodeP150, 0.5, 0.7, 0.9, 1. The polarization of the right electro
is P250.4, the asymmetry between the barriera51, the capaci-
tancesC15C2, the differenceuEF2E0u/e is taken as unity, and the
temperatureT50.1. The inset shows the scheme of the electro
structure.
-

e-

From a frequency dependence of the correlation functi
SNN and SMM , one can assign the relaxation time corr
sponding to the charge and the spin fluctuations astcharge
521/l2 and tspin521/l1 , respectively. One can chec
that the same result for the correlation functions can be
rived from the two-level generation-recombination approa9

using SXX(v)54 var(X)t/(v2t211), where var(X)5^X2&
2^X&2 is the variance of the quantityX. Since tspin
.tcharge, then spin fluctuations occur in a low-frequenc
regime, while the charge fluctuations are in higher frequ
cies. The amplitude of the spin noiseSMM(v50) is larger
thanSNN(v50) ~in some cases the difference can be a f
orders of magnitudes3!. In the paramagnetic system, the sp
fluctuations, however, do not contribute to the current s
noise. The frequency dependence of the power spectrum~19!
then has a Lorentzian form with the relaxation timetcharge.

B. Ferromagnetic electrodes andE0ËEF

Let us first consider the ferromagnetic double tunnel b
rier device, in which the particle level is below the Ferm
level of the electrodes. A typical voltage dependence of
current is shown in Fig. 1~a!. TheI -V function has a steplike
shape, with the current blockade for small voltages@in the
range 2C/C1,eV/(EF2E0),C/C2# and the plateaus in
the limit of large voltages, in which

I 15H e
g1↑g1↓~g2↑1g2↓!

g↑g↓2g2↑g2↓
for V@~EF2E0!/e,

2e
g2↑g2↓~g1↑1g1↓!

g↑g↓2g1↑g1↓
for V!2~EF2E0!/e.

~26!

We remind the reader that according to our assumpti
uVu!DE,Ec and the tunneling ratesg j s are independent o
V, even for the so-calledhigh voltageswhen the currents are
given by Eq.~26!. The current intensities~26! for large posi-
tive and negative voltages are different, in contrast to
case of noninteracting electrons, where both theI -V steps are
equal. Figure 1~a! shows that the height of the steps depen
on the magnetic asymmetry of the electrodes, and an incr
of the magnetic polarizationP1 in the left electrode reduce
the current forV.0. If this electrode is made of a half
metallic ferromagnet~i.e., for P151 andg1↓50), the con-
ducting channel corresponds only to electrons with the s
↑, and there is the Coulomb blockadeI 150 in low tempera-
tures@kBT!(EF2E0)# for any positive voltage. An electron
with the spin↓, which has tunneled from the right electrod
into the particle, is captured there forever. The electron

c
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neither tunnel to the left nor to the right electrode, and blo
the conducting channel for electrons with the spin↑. Elec-
tronic transport can only occur for large negative voltag
Such a device works as a diode.

Using Eq.~26!, one finds

TMR5
4aP1P2

12P1
212a22aP1P2

~27!

in the limit V@(EF2E0)/e. For comparison, the value fo
noninteracting electrons

TMR05
4aP1P2

12P1
212a22aP1P21a2~12P2

2!
~28!

is much smaller, especially in the system with asymme
tunnel junctions (a@1). One can say that Coulomb intera
tions enhance the value of TMR.

The power spectrum on the conducting step~for V.0) is
given by

SI 1I 1
~v!52e2

g1↑g1↓~g2↑1g2↓!

g↑g↓2g2↑g2↓

2
4e2g1↑g1↓~g2↑1g2↓!

D~g↑g↓2g2↑g2↓!2 (
r

rl r

l ra1b

v21l r
2

,

~29!

where a52g1↑g1↓(g2↑1g2↓) and b5g1↑
2 g2↓(g2↑2g1↓)

1g1↓
2 g2↑(g2↓2g1↑)22g1↑g1↓g2↑g2↓ . The eigenvalue in

this case is l r5(2g↑2g↓1rD)/2 and D
5A(g↑2g↓)214g2↑g2↓. The voltage dependence of th
Fano factor is presented in Fig. 1~b!. One can show that the
zero-frequency power spectrumSI j I j 8

(v50) corresponding
to the currents through different tunnel junctions is equ
and thus the Fano factorsF115F125F22 for any model pa-
rameters~for any transition ratesg j s at any voltage!. In the
regime of high voltage, its value isF5112b/(g↑g↓
2g2↑g2↓)2. If the coefficientb is negative, thenF,1 and
the noise is of the sub-Poissonian type. It occurs
2aP1

2(12P2
2),(12P1P2)(12P1

2). The transition from the
sub-Poissonian to the super-Poissonian type of the cur
shot noise is a continuous process. In order to understan
we plotted in Fig. 2 the frequency-dependent part of the c
relation functionsSI 1sI 1s8

c (v50) @given by Eq.~15!# for the

currents of electrons with different spins through the l
junction in the high-voltage limit. One can expect compe
tion between tunneling processes for electrons with the s
↑ and↓, which leads to an enhancement of the current no
For simplicity, the right electrode is taken paramagnetic, i
the source electrode can emit electrons with the same tra
tion rate (g2↑5g2↓). The drain electrode is ferromagnet
and, therefore, there is an asymmetry between the outg
channels for electrons with opposite spin directions, which
described by the magnetic polarizationP1. For P150, the
functions are equalSI 1↑I 1↑

c (0)5SI 1↓I 1↓
c (0)5SI 1↑I 1↓

c (0) and

negative. It means that all tunneling events are antico
lated, which leads to a reduction of the noise. An increas
the polarizationP1 increases the tunneling rateg1↑ for elec-
s

.

c

l,

r

nt
it,

r-

t
-
in
e.
.,
si-

ng
is

e-
of

trons with the spin↑; they can faster leave the particle. Ele
trons with the opposite spin (↓) spend a long time on the
particle. It effects the spin accumulation,2 which is respon-
sible for an increase ofSI 1↑I 1↑

c (0) andSI 1↑I 1↓
c (0). Their val-

ues can cross zero and achieve maxima forP1→1. The func-
tion SI 1↓I 1↓

c (0) is always negative~for P1.0). The process

results in an enhancement of the shot noise and the trans
to the super-Poissonian range. The maximum value of
Fano factorF5112g2↑ /g1↓ occurs for the left electrode
made of a half-metallic ferromagnet (P151). Figure 2
shows also that a large asymmetry factora@1 between the
left and the right tunnel barrier can prefer the transition to
super-Poissonian shot noise~see the dashed curves corr
sponding toa510).

C. Ferromagnetic electrodes andE0ÌEF

In the case ofE0.EF , one can expect similar characte
istics of our device to those presented above forE0,EF . It
is really the case, but only for the high-voltage regim
where theI -V curve has plateaus, whose level is given
Eq. ~26!. Figure 3 presents the voltage dependence of
current and the Fano factor.~Since the curves in the range o
negativeV are very similar to those from Fig. 1, we prese
the dependences forV.0 only.! A resonantlike peak of the
current is seen in the range of moderate voltages, atE0
2eV2'EF @i.e., for V/(uE02EFu/e)'2 in Fig. 3~a!#. Its
height can be much above the plateau level in the dev
with large asymmetry of the tunnel junctions. The most p
nounced peak is for the device with the left electrode ma
of a half-metallic ferromagnet (P151, g1↓50). The total
current, in this case, can be written as

I 1↑5e
~ f 1

12 f 2
1! f 2

2g1↑g2↑

~12 f 1
1 f 2

1!g1↑1~12 f 2
12!g2↑

. ~30!

It is worth noticing that in this limit, the current~30! and the
occupation probabilityp↑ ,p↓ ,p0 are independent of the tran
sition rateg2↓ . The current peak is the resonantlike tran
tion of electrons through the particle level and the curr
blockade effect in the low- and the high-voltage range. Fo

FIG. 2. The frequency-dependent part of the correlation fu
tions SI 1↑I 1↑

c , SI 1↓I 1↓
c , andSI 1↑I 1↓

c at v50 for the currents with dif-
ferent spin orientation as a function of the magnetic polarizationP1

in the left electrode. The plot was done for the currents in
high-voltage limit and for the device with the right paramagne
electrode (P250) the asymmetry between the tunnel barriers
taken asa51 ~solid curves! anda510 ~dashed curves!.
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small V, the position of the particle levelE02eV2 is above
the Fermi levelEF of the right electrode and electrons cann
tunnel to the particle, whereas in a high-voltage range th
is a Coulomb blockade of the conducting channel by an e
tron with spin↓ captured on the particle. The width of th
current peak depends on the smearing of the Fermi sur
and decreases with a decreasing temperature.

The I -V curve~30! resembles that obtained in the case
resonant tunneling through a double barrier in semicond
tors ~the Esaki diode!.12 The nature of both tunneling effect
is, however, different. In the present case, the negative
ferential resistance~NDR! is caused by Coulomb interaction
between electrons on the particle~by the Coulomb blockade
effect!. In the Esaki diode,12 the charge accumulation in th
well is irrelevant for electronic transport and the NDR resu
from a shift of the conduction band of the source electro
out of the resonant tunneling range~see Refs. 13–17 and 11
which considered Coulomb interactions in resonant tunn
ing as well!. The width of the peak depends in the Esa
diode on the electronic structure of the device. It can
smeared due to fluctuations of the bottom of the poten
well.17,11 In our model, the position ofE0 is fixed and the
broadening of the peak results only from the thermal dis
bution of electrons around the Fermi level.

Figure 3~b! shows the voltage dependence of the Fa
factor. Its value is below unity in the low-voltage range a
rapidly increases whenE02eV2 crosses the Fermi levelEF
@i.e., for V/(uE02EFu/e).2 in Fig. 3~b!#. The increase ofF
is only in a narrow range ofV, the same range in which th
NDR effect is observed. In the high-voltage regime, t
noise is super-Poissonian for most of the situations exhib
in Fig.3~b!. The voltage dependence of the Fano factor in

FIG. 3. Voltage dependence of the current~a! and the Fano
factor ~b! in the ferromagnetic double barrier with the resonati
level E0.EF for different magnetic polarizations of the left ele
trodeP150, 0.5, 0.7, 0.9, 1. The polarization of the right electro
is P250.4, the asymmetry between the barriera510, the capaci-
tancesC15C2, the differenceuEF2E0u/e is taken as unity, and the
temperatureT50.1. The inset shows the scheme of the electro
structure for this case.
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present case@see the curve forP151 in Fig. 3~b!# is quali-
tatively different from that in the resonant-tunnelin
diode,14–16 whereF shows a large peak in the NDR regio
The origin of the Fano peak is the activation of interactio
induced fluctuations of the band bottom in the quantum w
when the system passes to the off-resonant electr
transport.15–17,11As we have explained already in the prece
ing section, the high value ofF in our system is related with
the asymmetry of the conducting channels for electrons w
the opposite spin directions.

Flowing electrons induce the charge and the spin fluct
tions on the particle with the characteristic frequenc
1/tcharge52l2 and 1/tspin52l1 , respectively. These fluc
tuations should be seen in the current noise. Therefore,
separate the Schottky termSI

Sch from the current noise and
perform the spectral decomposition of the frequen
dependent partSII

c (v). The total power spectrum can be e
pressed as

SII ~v!5SI
Sch1SII

c1~v!1SII
c2~v!, ~31!

whereSI
Sch5(C2

2SI1
Sch1C1

2SI2
Sch)/C2 and

SII
c6~v!56S C1C2

C D 2

(
j , j 8

l6

CjCj 8

l6aj j 81bj j 8

v21l6
2

. ~32!

FIG. 4. Voltage dependence of the different components of
zero-frequency current noise: the Schottky term~a! and the
frequency-dependent partsSII

c1 andSII
c2 corresponding to the relax

ation timetspin521/l1 ~b! and tcharge521/l2 ~c!, respectively.
The plots are done for the ferromagnetic device the same as in
3 with the magnetic polarization of the left electrodeP150, 0.5,
0.7, 0.9, 1.
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The coefficientsaj j 8 andbj j 8 are determined from Eqs.~15!,
~9!, ~10!, and~3!. The voltage dependences of these terms
v50 are presented in Fig. 4. The system is the same
studied above~Fig. 3!, in which the asymmetry between th
tunnel barriers isa510. The transition ratesg2s are larger
than g1s , and thereforeSI2

Sch.SI1
Sch. In the low-voltage

range, the termSI2
Sch is very large and dominates inSI

Sch. The
Fano factorF5@SI

Sch1SII
c1(0)1SII

c2(0)#/(2eI) is, however,
below unity. In the considered system, we change the m
netic polarizationP1, which influencesSI1

Sch, but is irrelevant
for SI

Sch. It explains why all the curves in Fig. 4~a! are so
close to each other.

Figures 4~b! and 4~c! show the termsSII
c1(0) andSII

c2(0)
corresponding to the contribution of the spin and the cha
fluctuations to the current noise. They are negative in
low-voltage range and positive for larger voltages. This
dicates a change of current correlations when the par
level crosses the Fermi level (E02eV2'EF). The value
SII

c1(0) strongly increases with an increase of the magn
polarizationP1. SinceSII

c2 andSI
Sch @see Fig. 4~c! and 4~a!#

are weakly dependent onP1, it is evident thatSII
c1 is respon-

sible for an enhancement of the Fano factor. Frequen
dependent measurements of the current noise can con
our prediction that low-frequency fluctuations dominate
the super-Poissonian noise in ferromagnetic tunnel junctio

IV. SUMMARY

Summarizing, our sequential tunneling studies, perform
in the ferromagnetic double-barrier device with the atom
ce

o

.

.

.W
r
as

g-

e
e
-
le

ic

y-
rm

s.

d
-

size particle, showed a few interesting effects. First, C
lomb interactions lead to an enhancement of the TMR effe
Second, an electron-hole symmetry is broken in the syst
due to Coulomb interactions. The characteristics of the
romagnetic device, with the electronic stateE0 of the spacer
particle below the Fermi levelEF of the electrodes, are quali
tatively different from those for the case ofE0.EF . We
showed that the system in whichE0,EF and one electrode
is made of a half-metallic ferromagnet can operate as a
ode. WhenE0.EF , the device showed the NDR effec
which is better pronounced for ferromagnetic electrodes w
different magnetic polarizations. Third, the transition fro
the sub-Poissonian to the super-Poissonian current noise
continuous process, which depends on the magnetic as
metry between the tunneling channels for electrons with s
↑ and↓. The asymmetry between the left and the right tun
barrier can facilitate the transition to the super-Poisson
range. Spin fluctuations are relevant for the super-Poisso
current noise and they are activated in the Coulom
blockade regime. The charge fluctuations are responsible
the sub-Poissonian current noise. The spin and the ch
fluctuations have distinct relaxation timestspin.tcharge,
which can be observed in frequency-dependent meas
ments of the power spectrum in a low- and in a hig
frequency range, respectively.
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