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Gate-controlled spin polarized current in ferromagnetic single electron transistors
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Gate voltage can be used to tune polarization of current passing through a ferromagnetic single electron
transistor when spin accumulate in the central electrode. The shift in spin chemical potential acts as charge
offset in the island and alternates the gate dependence of spin current. We demonstrate this phenomenon by
applying master equation calculations to ferromagnetic/normal metal/ferromagnetic single electron transistors.
Taking advantage of this effect, one can use ferromagnetic single electron transistors as a tunable current
polarizer.
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The ferromagnetic single electron transistor~SET! has
been an interesting system shown to exhibit novel phen
ena with an interplay between spin and charge. Rece
Ono et al.1 and Chenet al.2 succeeded in fabricating sma
double junctions containing magnetic or superconducting
land weakly coupled to ferromagnetic leads. In their expe
ments, enhanced tunneling magnetoresistance~TMR!,
magneto-Coulomb oscillations and spin accumulations w
observed. On the other hand, theories of ferromag
ferromagnet/ferromagnet (F/F/F) and ferromagnet/normal
metal/ferromagnet (F/N/F) SET’s based on transition rat
and master equation formalism were developed to de
bias-voltage and gate-voltage dependent TMR in both
quential and strong tunneling regimes.3–9 The pioneer ex-
periment conducted by Johnson and Silsbee demonstr
the importance of spin accumulation effect on ferromagn
nonmagnetic metal systems.10 For F/N/F double junctions,
the spin accumulation is predicted to occur when two fer
magnet leads are in antiparallel alignment, which would le
to a new origin of TMR in contrast to that ofF/F/F
cases.3,7,8 In this study, we investigate the spin accumulati
and related phenomena inF/N/F SET under the influence o
gate charge.

The spin dependent transport in a ferromagnet is usu
described by the relative difference of the majority and m
nority spins of conduction electrons, denoted as polariza
P.11 Under the condition that spins do not flip, the transp
current inF/N/F double tunnel junctions can be separat
into two channels labeled as upspin and downspin wh
throughout this article, are assumed to be contributed by
jority and minority spins, respectively, in the source ferr
magnet. For example, when lead magnetizations are in a
parallel alignment, the upspin channel has a larger tunne
rate for the source junction than for the drain junction. In t
case and in the steady condition, the upspin chemical po
tial in central electrode rises to balance the spin’s incom
and outgoing rates, and the chemical potential of the do
spin would decrease by the same amount. This shift in s
chemical potential for systems without Coulomb blocka
denoted asDm↑(↓) , is predicted to be6PeVb/2, in whichVb
is the applied bias voltage~see inset of Fig. 1! andP is the
polarization of the two leads. Therefore, the net spin in n
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mal metal becomes nonzero and this effect is known as
spin accumulation~or spin imbalance!.

A gate voltageVg can be applied to turn on and off th
charge transport in the SET by tuning the electrostatic po
tial of the island. When the SET is symmetrically biased w
Vg50, an energy cost of roughly the charging energyEC
5e2/2CS is required for adding or removing an exce
charge in the island, and the charge transport is blocka
When the gate voltage is tuned so that two adjacent cha
states are energetically degenerate, electrons can ent
leave the island without extra energy cost, producing sequ
tial tunneling current. The current is at a minimum and ma
mum, respectively, forVg50 ande/2Cg and can be modu-
lated periodically with a period ofDVg5e/Cg ; hereCg is
the island-to-gate capacitance. These two gate voltages
thus referred to as minimal and maximal gate voltages.

Our study suggests that the shift in spin chemical pot
tials generated by spin accumulation produces effec
charge offsets to the two spin channels. This is best un
stood by considering the transition rates of the consist
junctions in a SET. For aN/N junction, the transition rate
derived from Fermi’s golden rule, depends on the ene
difference of the initial and final states. For example, t
transition rate from charge stateuQ& to uQ6e& for source
junction is given by (1/e2RS)(2ES

6)/@12exp(ES
6/kBT)#,

where ES
656(Vi2VS)1@62e(Q2Q0)1e2#/2CS .12 Vi

and VS are, respectively, the electrostatic potentials of
central island and source electrode, andQ0 is the charge

FIG. 1. ~a! The scheme of theF/N/F SET considered.~b! The
proposed 4-lead current polarizer device. Ferromagnet leads 1 a
are set in antiparallel configuration to produce spin accumulationI 4

is the current output.
©2002 The American Physical Society27-1



m
al
rg

o
cu
r
h

e

d
th
o

ve
ar
n

he
n

he

th

i

e
tw
jo
re

io
ro
s
ns

p

in

ease
-
the
spin

-
p-

jor
s-

on
nt

age

ved
rain
to
be-

-
ain

, we
to

-

eg-
We
en-
f
of

a-
ts is

as
e in
re
of

e is

WATSON KUO AND C. D. CHEN PHYSICAL REVIEW B65 104427
offset usually controlled by the gate voltageQ05CgVg .
When spin accumulates, the potential of the island beco
Vi1Dm↑(↓) , and ES

6 changes accordingly. This potenti
shift can be taken into consideration by defining new cha
offsets Q05CgVg2CSDm↑(↓) /e for upspin and downspin
channels, respectively. With this new variable, the effect
spin accumulation on gate dependence of spin-polarized
rent can be clearly understood. Spin accumulation would
sult in a positive chemical potential shift for upspin, whic
will, in turn, bring in a positive-direction tilt in the upspin
current-gate voltage (I ↑Vg) characteristics, and a negativ
direction tilt in theI ↓Vg characteristics.

To demonstrate this charge offset effect, we apply a mo
fied master equation calculation which takes into account
spin dependent charge states of the island. In this framew
which is developed by Barnas´ and co-workers,5 the states are
described by two parametersQ↑ and Q↓ , denoting excess
upspin charge and excess downspin charge, respecti
Generally speaking, these spin dependent charge states
nonequilibrium with the presence of spin accumulatio
However, under limit of short energy relaxation time, t
occupation distribution of a particular spin would form a
equilibrium Gibbs distribution. In our study, we focus on t
limit that kBT is much larger than the level spacingd, and
the occupation distribution can be approximated by
Fermi distribution, i.e.,f («a2m↑(↓)) for an energy level«a .
The numbers of net spinN5(Q↑2Q↓)/e is related to the
spin chemical potentials and the density of states of the
land r(«a) as N5(a@ f («a2m↑)2 f («a2m↓)#.*d«r(«)
3@ f («2m↑)2 f («2m↓)#.

Although the electrostatic energy of each charge stat
spin independent, the tunneling rate is spin dependent in
ways: first, the effective tunneling resistances for the ma
ity and minority spin tunneling processes are multiplied,
spectively, by 2/(12P) and 2/(11P). Second, the spin
chemical potential shift’s presence also modifies transit
rates by changing the numbers of possible tunneling p
cesses. Consequently, the master equation for each
charge state, together with certain spin flipping transitio
reads

dpi j

dt
5 (

l 5S,D
$G↑

l ~ i , j u i 61,j !pi 61,j

1G↓
l ~ i , j u i , j 61!pi , j 61%2 (

l 5S,D
$G↑

l ~ i 61,j u i , j !

1G↓
l ~ i , j 61u i , j !%pi j 1S dpi j

dt D
sf

, ~1!

in which i 5Q↑ /e and j 5Q↓ /e denote the numbers of u
and down spins, respectively, andGs

l ( i 8, j 8u i , j ) is the tunnel-
ing rate for spin directions(5↑,↓) in junction l (S for
source andD for drain! from statesu i , j & to u i 8, j 8&, andpi j is
the probability that the island is in stateu i , j &. In this equa-
tion, only sequential tunneling process is considered. By
troducing an energy-independent spin relaxation timets , the
spin flipping transitions can be explicitly written as
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S dpi j

dt D
sf

5
1

ts
H U/d

12exp~2bU !
pi 11,j 21

1
2U/d

12exp~bU !
pi 21,j 11J

2
1

ts

U

d

11exp~2bU !

12exp~2bU !
pi j . ~2!

The first and second terms describe respectively the incr
of probability due to up-to-down and down-to-up flip pro
cesses, and the third term is the decrease arising from
opposite processes. Here we assume that the up-to-down
flipping rate is proportional tof («a2m↑)@12 f («a2m↓)#
for electron with energy«a , and a small energy level spac
ing d allows the summation of discrete energy levels a
proximated by a integration of continuous spectrumr
;1/d. U5m↑2m↓.( i 2 j )d is the chemical potential differ-
ence of up and down spins. For positiveU, up-to-down spin
flip is favorable, while for negativeU, down-to-up spin flip
dominates. Under these conditions the probabilities of ma
spin states with largeuUu are greatly reduced while suppres
ing the spin accumulation.

Equation~1! can be solved under the stationary conditi
given by dpi j /dt50 as described in the spin independe
case.12 Through a particular distribution ofpi j , one can ob-
tain the amount of spin accumulation, quantified as aver
chemical potential differenceŪ5( i , j ( i 2 j )dpi j and the spin
current for spins tunneling through junctionl,

I s
l 5e(

i j
@Gs

l ~ i 11,j u i , j !2Gs
l ~ i 21,j u i , j !#pi j . ~3!

If there is no spin flipping processes, the spin is conser
and the spin current passing through the source and d
junctions is the same. If the spin flips too quickly so as
completely destroy the spin accumulation, then the ratios
tween the two spin currentsI ↑ /I ↓ for source and drain junc
tions, will be the same as polarization of source and dr
electrodes, respectively.

To gain an understanding about this phenomena, here
perform a simulation using device parameters similar
those in experimentset al.:2 RS5RD5400 kV, CS5CD
5300 aF, Cg50.8 aF, PS5PD50.4. Because the resis
tances are much higher than quantum resistanceRQ , the
contribution due to higher order tunneling processes is n
ligible and only sequential tunneling process is included.
considerIVb characteristics and current-gate voltage dep
dences (IVg) with both parallel and antiparallel alignment o
leads under the no spin-flipping condition at a temperature
kBT/EC50.1. In the parallel configuration, no particular fe
ture is found because the ratio between two spin curren
simply the polarization 0.4, and total current is the same
that of the spin independent case. When the leads ar
antiparallel alignment, the calculation provides much mo
interesting results. The total current is smaller than that
the parallel case, and the high bias differential resistanc
increased by a factor of 1/(12P2) and shows a generic
7-2
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GATE-CONTROLLED SPIN POLARIZED CURRENT IN . . . PHYSICAL REVIEW B65 104427
F/N/F TMR effect. The differential TMR as a function o
bias voltage also exemplifies expected oscillatory behavio8

The IVg characteristics shown in Fig. 2~a! exhibit particu-
larly different behaviors than from the parallel case. The
spin and downspin currents are only the same atVg50 and
Vg5e/2Cg . A closer inspection reveals that the peaks of t
IVg curves with opposite spins shift with increasing bi
voltage. This effect can be explained when we consider
separated spin transport channels. When the leads are i
tiparallel alignment, the source and drain resistances fo
particular spin channel may differ by several times. This
sults in a steplike structure, called Coulomb staircase, in
IVb characteristics, and a distorted saw-tooth-likeIVg modu-
lation. The Coulomb staircase effect can explain the TM
oscillation and the asymmetric gate dependence of s
currents.5,6 However, for a more rigorous study, it is nece
sary to include the spin entanglement term in the Ham
tonian 2ECQ↑Q↓ /e2. In fact, our calculations suggest th
the results of the two methods differ especially at high b
voltages where bothQ↑ andQ↓ are large.

From the view point of spin accumulation, the raised u
spin ~lowered downspin! chemical potential effectively give
rise to a positive~negative! charge offset. At low bias voltage
regime (Vb,2EC /e), whenVg is gradually raised from zero
to maximal value (5e/2Cg), the electrical current increase
due to suppression of Coulomb blockade. The spin accu
lation is, in turn, enhanced by the increased current,
consequently there is a rise in both up spin chemical po
tial and the effective charge offset for up spin. Since with
0,Vg,e/2Cg region, the charge offset is an ascendi
function of Vg , and the up spin current increases more r
idly than that of the zero spin accumulation. On the oth
hand, the increment of down spin current is less effect

FIG. 2. Current-gate voltage dependences for~a! the spin cur-
rents fromeVb50.5EC ~bottom! to 6.0EC ~top! and~b! total current
from eVb50.5EC ~bottom! to 4.0EC ~top! with a step 0.5EC for an
F/N/F SET in the antiparallel configuration, whose parameters
described in the text. In~a! the dotted and solid curves represe
respectively, up-spin and down-spin currents. Notice that the pe
and valleys for the two spin currents appear at different gate v
ages. AteVb54.5EC the two currents shift half period while nea
eVb56.0EC , they are the same. In~b! IVg curves shift with bias
voltages: ateVb56.0EC , it shifts by 0.5e.
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because the downspin chemical potential decreases aVg

increases. Therefore, at low bias regime, theIVg for up and
down spin are tilted, respectively, toward lower and high
Vg directions, and form saw-tooth-likeIVg patterns. At bias
voltages far beyond threshold (Vb@2EC /e), the current is
not much affected byVg and the spin chemical potential i
less sensitive toVg . The shift in spin chemical potentia
~relative to the no spin accumulation case! Dm↑(↓) increases
~decreases! with Vb . At Vb56EC /e,Dm↑(↓) is about6EC ,
corresponding to a charge offset of about6e. Consequently,
as shown in Fig. 2~a!, the up and down spinIVg character-
istics shift by one period in respect with each other and dif
from IVg characteristics at low bias voltages by half perio
The total current is shown in Fig. 2~b!, allowing a compari-
son with the experiments.

For further investigation of the effect of applied gate vo
age on two spin currents, we define a quantity describing
polarization of the tunneling currentPI5(I ↑2I ↓)/(I ↑1I ↓).
Figure 3 shows bias and gate voltage dependence ofPI .
Such dependence suggests the possibility of using a fe
magnetic SET as a gate-controlled current polarizer. Beca
of large PI values, the optimum operating regime is at lo
bias voltage. AteVg /Cg560.15 andeVb /EC50.7, the cur-
rent polarizations reach a maximum value of60.33. One can
also explore the temperature dependence of the polariza
current. There are two ways that the effects of tempera
can enter, both leading to the destruction of current polar
tion. One is thermal activated charge fluctuation and
other is decrease of spin flip time. The former is automa
cally included in the master equation calculation and its
fect is shown in Fig. 4~a!. At T50, the value ofPI can be as
large as the polarization of the lead itself, while atkBT
*0.5EC , the gate charge effect becomes negligible.
evaluate the effect of the spin flip process, we assume

e

ks
t-

FIG. 3. ~a! Polarization of current dependences on bias volta
at eVg /Cg50.15 ~solid curve! and 20.25 ~dotted curve! in the
antiparallel configuration. At eVb /EC50.7 and eVg /Cg

560.15, PI reaches a maximum value of60.33 while at
eVb /EC54.0 and eVg /Cg560.25, PI has another maximum
which is approximately 0.04 with an opposite direction.~b! Polar-
ization as a function of gate voltage ateVb /EC50.5 to 4.0 with a
step 0.5.
7-3
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WATSON KUO AND C. D. CHEN PHYSICAL REVIEW B65 104427
energy independent spin flipping time and an energy le
spacingd of 1meV in the island, and perform the calcula
tions using the same device parameters as above. Figure~b!
shows the current polarization for drain junction operating
Vb50.7EC /e as a function of gate voltage atkBT/EC50.1
under several spin flipping times. Clearly, when the spin
time is short as compared with the tunneling timet t5e/I of
approximately 10 ns, the spin accumulation diminishes
PI520.4, which is simply the polarization of the drain ele
trode. However, since the chemical potential is proportio
to the island’s density of states, the required spin flip ti
would be shorter for nanometer-sized normal-metal isla
in which the level spacing is of the order of 1028–1029 eV,
which is much smaller than the assumed value. It has b
proposed that the criteria for spin accumulation is related
the tunneling resistanceRt astsd/\.Rt /RQ .8 Our calcula-
tion results agree with this prediction.

The cotunneling processes, which are thus far not
cluded in our calculations, can also give induce effective s
flipping. In the spin independent case, cotunneling is a s
ond order process that preserves the charge state but
produces current. In the Coulomb blockade regime, wh
sequential tunneling is suppressed, the current is mainly
to cotunneling. For spin cotunneling, there are sp
conserved and spin-nonconserved processes. The l
which is a spin enters the island and an opposite spin lea
would give extra spin-flipping transition terms in the mas
equations described by Eq.~1!. The forward and backward
cotunneling ratesGco

W , Gco
Q for F/N/F SET can be written

as13

FIG. 4. ~a! Gate voltage dependences of polarization
eVb /EC50.7 for temperatures ranging between 0 and 0.5EC /kB

with a step 0.05 under no spin flip assumption. AtT50, PI cannot
be defined forCgVg /e,0.33 andCgVg /e.0.67 since the curren
is zero within that range. The effect is more pronounced at lo
temperatures.~b! The same dependence for the drain junction
eVb /EC50.7 andkBT/EC50.1 with several spin flipping timests ,
from bottom to top: 10 ns, 100 ns, 1ms, 10 ms, 100 ms ~solid
curves!, and` ~dotted curve!. For ts510 ns,PI is fairly close to
the P value of the drain electrode, i.e., no spin accumulation.
ts5100 ms, spin accumulation is almost the same as the non
ping case andPI increases dramatically.
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Gco
QW5

RQ

4p2e2RS,effRD,eff

3E d«
«

12exp~2b«!

DE2«

12exp@2b~DE2«!#
uMQW u2,

~4!

where

MQW 5
1

ES
61«1 ig6

1
1

ED
71DE2«1 ig7

. ~5!

The DE is the energy difference between initial and fin
states. For spin conserved co-tunneling,DE56eV, whereas
for up-to-down and down-to-up cotunnelingDE56eV2U
and DE56eV1U, respectively ~‘‘ 1 ’’ for forward and
‘‘ 2 ’’ for backward!. ES

6 andED
6 are, again, energy change

of the tunneling processesQ→Q6e for source and drain
junctions.RS,eff and RD,eff are the effective tunneling resis
tances for the source and drain junctions. Note that for a
parallel configuration,RS,effRD,eff product in Eq. 4 isRSRD
product multiplied by 4/(12PS)(11PD),4/(11PS)(1
2PD),4/(11PS)(11PD), and 4/(12P)(12PD) for up-to-
up, down-to-down, up-to-down, and down-to-up forward c
tunneling events, respectively.g6 are decay rates for the
final charge statesQ6e of the two processes and are give
by

g65
RQ

4p S ES
6

RS,eff
cotanh

bES
6

2
1

ED
6

RD,eff
cotanh

bED
6

2 D . ~6!

To investigate the cotunneling spin flipping, we use tunn
ing resistances of 40 kV, which is closer toRQ , and leave
other parameters unchanged. In the Coulomb blockade
gime, the cotunneling spin flipping rate can be as large
108 Hz, which is comparable to the tunneling rate ofI /e
;109 Hz. However, different from the spin relaxation a
discussed above, the spin flipping induced by cotunneling
uUu!eVb does not have preferred direction. That is, it do
not smear out the spin accumulation but rather only enhan
spin fluctuation. Figure 5 shows the spin fluctuationdN

5AU 2̄2Ū2/d as a function of gate voltage atVb
50.75EC /e with and without consideration of cotunnelin
processes.

A F/N/F SET cannot be used as a current polarizer
cause the drain ferromagnetic lead will destroy control
polarization of injected currents. To overcome the proble
we propose a four-lead type device which can be used
reality. The proposed device, shown in Fig. 1~b!, consists of
two parallel F/N/F and N/N/N SET’s sharing a common
nonmagnetic island. The pair of ferromagnet leads can p
duce spin accumulation in the central electrode while
gate charge effect can change the polarization of cur
passing through the nonmagnetic leads. This system beh
effectively as aF/N/F SET with PS5R2P/(R11R2), PD
5R4P/(R31R4), RS5R1R2 /(R11R2), RD5R3R4 /(R3
1R4), CS5C11C2, andCD5C31C4. Therefore, our pre-
vious calculation can also be applied to this system and g

t

r
t

r
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GATE-CONTROLLED SPIN POLARIZED CURRENT IN . . . PHYSICAL REVIEW B65 104427
result on PI value of current passing through the norm
drain ~lead 4!, which is assigned as the output of the pola
izer. Because the two drain junctions are connected in pa
lel, the ratio of spin current through the two junctions on
depends on resistance ratio andP, and is given byI 3,↑ /I 4,↑

FIG. 5. Spin fluctuationdN vs gate voltageVg in the Coulomb
blockade regime,Vb50.1 mV. The solid and dotted curves repre
sent respectively the result for sequential tunneling with and w
out cotunneling processes. The fluctuation is increased by ab

20%. The inset shows the average spin numberNave5Ū/d for the
two cases.
u
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5(12P)R4 /R3 andI 3,↓ /I 4,↓5(11P)R4 /R3. Therefore, for
a symmetric condition thatR25R45rR15rR3 and PS
5PD5rP/(11r ), a simple algebra gives the polarization
I 4 as PI 4

5@PI(11r )1rP#/@(11r )1rPI P#, where PI is

the polarization of total drain currentI 31I 4. Our study sug-
gests thatr .1 is a good condition for whichPI 4

spans a

large range andI 4 is considerable large. At zero temperatu
wherePI can be varied between6P/2,PI 4

is approximately

in the range 0,PI 4
,P/(11P2/4).

In summary, we proposed theoretically a gate-contro
polarized current in ferromagnetic single electron transis
under the limit of EC@kBT@d. Using a modified maste
equation formalism, we calculate spin sequential tunne
rates and spin current when spin accumulation is pres
The spin accumulation-induced chemical potential shift
haves as charge offsets, producing interesting effects to
IVg characteristics. When the gate voltage is tuned a
from the maximal and minimal gate voltages, the curr
passing through the junctions is polarized. The thermal fl
tuation and spin flipping processes are both shown to
press the effects from charge offset. The cotunneling e
provides effective spin flipping processes, but it only
hances spin fluctuation. Taking advantage of the gate de
dence of polarized current in a ferromagnetic SET, a fo
lead device can be used as a tunable current polarizer.
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