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Effect of Coulomb Blockade on Magnetoresistance in Ferromagnetic Tunnel Junctions
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Institute for Materials Research, Tohoku University, Sendai 980-77, Japan

(Received 23 October 1997)

We study spin-dependent electron tunneling in ferromagnetic junctions containing small metallic is-
lands. The tunneling matrix elements depend on the relative direction of magnetization of the island and
electrodes. The dependence of the matrix elements amplifies the cotunneling in the Coulomb blockade
regime. We show that in single-electron ferromagnetic transistors the magnetoresistance is strongly
enhanced by the Coulomb blockade. The results provide a theoretical basis for recent experiments
on ferromagnetic single-electron transistors, ferromagnetic double tunnel junctions, and ferromagnetic
granular materials. [S0031-9007(97)05222-8]

PACS numbers: 75.70.Pa, 73.23.Hk, 73.40.Gk, 75.45.+ j
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Magnetoresistance phenomena in magnetic nanostr
tures have received considerable attention since the d
covery of the giant magnetoresistance (GMR) in magne
multilayers [1]. In addition, there is a growing interes
in the study of magnetoresistive devices based on ma
netic nanostructures; this has led to renewed studies
ferromagnetic-metal/insulator/ferromagnetic-metal tunn
junctions [2–5]. In these junctions, the tunnel resistanc
decreases when the magnetic moments of the electro
are parallel in an applied magnetic field. The magnetor
sistance in the tunnel junctions is called tunnel magnetor
sistance (TMR).

Large magnetoresistance is also observed in high
resistive magnetic granular systems such as Co gra
embedded in Al2O3 [6]. In granular systems, the conduc-
tancesGd shows a characteristic temperaturesT d depen-
dence as well as a non-Ohmic behavior; this indicates th
electron transport between Co grains is through tunneli
across the insulating Al2O3 barrier. For this transport the
charging energy in the grains will be quite important [7,8

Let an electron jump onto a grain. For a very sma
grain, the electrostatic energy increases bye2y2C, where
e is the electronic charge andC is the capacitance of the
grain. Therefore, unless the charging energy is overcom
by bias voltagesV d or thermal energyskBTd, an electron
is not able to propagate between the grains. This is call
the Coulomb blockade.

Effects of the Coulomb blockade in metallic single
electron transistors have been extensively studied [9–1
For small islands, where the Coulomb blockade is stron
sequential tunneling in the transistors is superseded
coherent tunneling via a virtual state of the island; th
is called cotunneling [12].

In this Letter, we study cotunneling in ferromagnetic
double-tunnel junctions. Since cotunneling is a fourt
order process in the tunneling matrix elements, it
sensitive to the relative orientation of magnetizatio
between electrodes and island. As a result, we find th
TMR is strongly enhanced by the Coulomb blockade.

Single-electron transistors consisting of ferromagnet
metals such as NiyNiOyCoyNiOyNi [18] and double
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ferromagnetic tunnel junctions with small ferromagnet
islands [19] have recently been fabricated. In bo
systems, the enhanced TMR was observed in the Coulo
blockade regime. A similar effect was also observed
CoyAl 2O3 granular systems [20]. Our results provide
theoretical basis for these experiments.

Let us consider a single-electron transistor (SET) w
two junctions and a capacitively coupled gate as shown
Fig. 1. The right and left electrodes and the central isla
are ferromagnetic metals such as Fe, Ni, and Co. The t
nel resistanceRT of each junction in Fig. 1 depends on th
relative orientation of the magnetization between the ele
trodes, i.e., parallel or antiparallel. When the electrod
are made of the same ferromagnetic metal, the tunnel re
tance in the ferromagnetic alignment is given by1yR

sFd
T ~

sD 2
M 1 D 2

md, while in the antiferromagnetic alignmen
1yR

sAd
T ~ 2DMDm, whereDM andDm are the densities

of states for the majority and minority spin bands at th
Fermi level. Their resistance ratio is given byR

sAd
T yR

sFd
T 

s1 1 P2dys1 2 P2d . 1, where P  sDM 2 Dmdy
sDM 1 Dmd is the spin polarization of the electrodes
In the following, we treat the tunnel resistancesR

sAd
T and

R
sFd
T as junction resistances that characterize the effec

ferromagnetism on single-electron tunneling.
When the island in a SET (Fig. 1) is small enoug

and the temperature low enough, the electrostatic ene

FIG. 1. Schematic of a ferromagnetic single-electron trans
tor with double tunnel junctions and gate. The arrows indica
the magnetization in island and electrodes.
© 1998 The American Physical Society



VOLUME 80, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 23 FEBRUARY 1998

e
n
s

f

e
g

of
of excess electrons on the island has significant effe
on charge transport in the SET. The increase of t
electrostatic energy due to the excess electrons is deriv
as follows. The average charge on the capacitors
electrostatic equilibrium for given bias and gate voltage
V and Vg, respectively, and given excess island charg
ne  2Q1 1 Q2 2 Qg, is determined by the free energy

Fsnd 
Q2

1

2C1
1

Q2
2

2C2
1

Q2
g

2Cg
2

1
2

Q1V

2
1
2

Q2V 2 QgVg , (1)

where theC’s are the capacitances of junctions 1 and
and the gate; we subsequently setC1  C2  C. The
variation of Fsnd with respect toQ1 and Q2 yields
Kirchhoff’s law. The energy change associated wit
forward tunneling of an electron through the first junc
tion sn ! n 1 1d is given by E1

1 snd  Fsn 1 1d 2

Fsnd 2 eVy2  s1 1 2ndEc 1 sCgyCSdeVg 2
1
2 eV ,

and that through the second junctionsn ! n 2 1d is
given by E2

2 snd  Fsn 2 1d 2 Fsnd 2 eVy2  s1 2

2ndEc 2 sCgyCSdeVg 2
1
2 eV , where Ec  e2y2CS

and CS  2C 1 Cg. The energy change for the
backward tunneling,E2

1 snd and E1
2 snd, is given by
e

ct
he
ed
in
s,
e,

2

h
-

E2
1 snd  E2

2 snd 1 eV and E1
2 snd  E1

1 snd 1 eV ,
respectively.

Let us first discuss tunneling in the SET based on th
sequential tunneling model, in which tunneling events i
junctions 1 and 2 occur independently. For small bia
and gate voltages, allE6

j sj  1, 2d are positive, so that
tunneling in either of the two junctions increases the
electrostatic energy. Therefore, sequential tunneling o
electrons through the junctions is suppressed forT ø Ec

(Coulomb blockade).
It has been pointed out that, in the Coulomb blockad

regime, there is a higher order process of tunnelin
through both junctions via a virtual intermediate state with
increased electrostatic energy. Thiscotunnelingprocess
is energetically favorable since the electrostatic energy
the final state is negative, i.e.,E1

1 snd 1 E2
2 sn 1 1d 

2eV , 0. Following Averin and Nazarov [12], we
calculate the current through the double junctions

Is  e
X̀

n2`

pnfG
!

snd 2 G
√

sndg , (2)

whereG
!

snd and G
√

snd, respectively, are the forward and
backward tunneling rates
:
G snd 

h̄
8pe4

"
1

R
ssd
T

#2 Z `

2`
de

ese 7 eV d expf6eVy2T g
sinhfey2T g sinhfse 7 eV dy2T g

3

Ç
1

e 1 E6
1 snd 1 ig6

s

1
1

2e 1 E7
2 snd 6 eV 1 ig7

s

Ç2
. (3)
-

de

ize

le,

the
Here s is either F (ferromagnetic) or A (antiferromag
netic) alignment of the moments, andg6

s is given by

g6
s  sgsy2d

X
j1,2

E6
j snd cothfE6

j sndy2T g , (4)

which represents the decay rate of the charge staten 6

1 [21]; here gs  sh̄ye2dyR
ssd
T . In Eq. (2), pn is the

probability of charge staten and is obtained from the
condition for detailed balancing:pnfG1

1 snd 1 G
1
2 sndg 

pn11fG2
1 sn 1 1d 1 G

2
2 sn 1 1dg, where G

6
j snd are the

tunneling rates ofn ! n 6 1 in thejth junctionG
6
j snd 

2s1ye2R
ssd
T dE6

j sndysss1 2 expfE6
j sndyTgddd. From Eq. (2)

we can calculate the currentIs .
To extract an analytical behavior, we calculate th

resistanceRs  dVydIs at zero applied bias and gat
voltagessV  Vg  0d. The result is

R21
s 

1

2pR
ssd
T

Z `

2`

de

∑
eyT

sinhseyT d

∏
3

gssed
se 2 Ecd2 1 g2

ssEcd
, (5)

with gssed  gse cothsey2T d. At high temperatures
sT ¿ Ecd, Eq. (5) is replaced with the result of the
thermally assisted sequential tunneling,
e

Rs ø 2R
ssd
T s1 1 Ecy3T d , (6)

whereas at low temperatures in the Coulomb blocka
regimesT ø Ecd, we obtain

Rs ø
3e2

4p h̄
fRssd

T g2 sEcyTd2 , (7)

which expresses the inelastic cotunneling. We emphas
that the resistanceRs for sequential tunneling is propor-
tional to thesumof the resistances2R

ssd
T of the two junc-

tions, whileRs in the cotunneling case is proportional to
the productof the resitancesfRssd

T g2 of the two junctions.
The resistance ratioRAyRF is given by

RAyRF  R
sAd
T yR

sFd
T , sT ¿ Ecd (8)

in the sequential-tunneling regime, and

RAyRF  fRsAd
T yR

sFd
T g2, sT ø Ecd (9)

in the cotunneling regime. Therefore, the TMR forT ø

Ec is enhanced byfRsAd
T yR

sFd
T g2 compared withR

sAd
T yR

sFd
T

in the absence of the Coulomb blockade. For examp
if we use Fe for the electrodes andP  0.4 for the
spin polarization, we expect an enhancement ofsRA 2

RFdyRF from 38% to 91% by the Coulomb blockade.
Figure 2(a) shows the temperature dependence of

resistanceRs at V  Vg  0 for three values of tun-

nel resistanceR
ssd
T yRQ with RQ  p h̄ye2. The curves
1759
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clearly show the crossover nearTyEc  0.1, below which
the cotunneling gives the dominant contribution since th
sequential tunneling is exponentially suppressed and
resistance shows theT22 dependence, and above which
sequential tunneling is recovered. Note that, in the lim
of R

ssd
T yRQ ! `, cotunneling disappears andRs fol-

lows the classical expression2R
ssd
T sinhsEcyT dysEcyT d in

the whole temperature range below,0.4Ec [cf. Eq. (6)
is valid for TyEc * 1]. The thin dashed line indicates
the resistance at the gate voltage ofeVgyEc  CSyCg,
where the charging energy is canceled out by this ga
voltage and the Coulomb blockade is neutralized. Fi
ure 2(b) shows the ratioRAyRF as a function of tempera-
ture for different values ofR

sAd
T and R

sFd
T , keeping their

ratio R
sAd
T yR

sFd
T  2. As the temperature is lowered, the

MR is enhanced fromsRAyRFd  2, where the sequential
tunneling is dominant, tosRAyRFd  4, where the cotun-
neling is dominant. In the crossover region both tunnelin
processes contribute to the tunnel current.

Figure 3(a) shows the resistanceRs as a function of
gate voltage atV  0. At abouteVgyEc  0 and610,
the resistanceRs increases rapidly with decreasing tem
perature. On the other hand, the values of the minim
in Rs at eVg  sCSyCgdEc  65Ec (mode 10Ec) are
almost unchanged. The minima in the resistance cor
spond to well-known conductance resonance peaks, wh
the neighboring charge states,n  0 andn 6 1, have the
same electrostatic energy. Figure 3(b) showsRAyRF as
a function of gate voltage. We see that the behavior
the MR curves is well correlated with that of logsRsd.

FIG. 2. (a) ResistanceRs and (b) magnetoresistance ratio
RAyRF as functions of temperature atV  0 and Vg 
0, where s is F (ferromagnetic) or A (antiferromagnetic),
depending on whether the magnetizations in the electrodes
parallel or antiparallel.
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In the Coulomb blockade regimesT & 0.2Ecd the MR
near Vg  0 progressively increases fromsRAyRFd  2
to sRAyRFd  4 as temperature is lowered, while the MR
at abouteVgyEc  65 is unchanged.

Figure 4(a) shows resistanceRs normalized to the zero
bias resistanceRss0d as a function of bias voltage at
Vg  0. The values ofRss0d for TyEc  0.04, 0.08, and
0.16 are4.5 3 104RQ, 9.7 3 103RQ, and 6 3 102RQ ,
respectively. The resistance steeply decreases, as
bias voltage increases.Rs at low temperatures shows
a power law dependence,Rs ~ 1yV 2, as expected for a
cotunneling process. Figure 4(b) shows the MRsRAyRFd
as a function of bias voltage. As temperature is decreas
the MR is enhanced fromsRAyRFd  2 to sRAyRFd  4.
At TyEc  0.04, the enhanced MR is constant up t
eVyEc , 1.2, whereas the corresponding resistance
reduced by several orders of magnitude.

Ono et al. [18] measured the MR in the NiyNiOyCo
double junctions and observed Coulomb oscillations
the Rs vs Vg curves. Off resonance (i.e., at the peak
of Rs), they found that the MR ratio,sRA 2 RFdyRF ,
is enhanced to 40%, which is larger than the value
17.5% expected fromPCo  0.35 and PNi  0.23
in the absence of the Coulomb blockade effec
The present theory explains this enhancement sin
sRA 2 RFdyRF  fRsAd

T yR
sFd
T g2 2 1  0.38, i.e., the

MR is 38%. However, they found an MR of,4%
at resonance, which is considerably smaller than t
expected MR of 17.5%. A reduction in MR at resonanc
may occur in case of strong tunnelingR

ssd
T & RQ .

Recent experiments and theories for the SET ha

FIG. 3. (a) ResistanceRs and (b) magnetoresistance ratio
RAyRF as functions of gate voltageVg at zero bias voltage
V  0, wheres is F (ferromagnetic) or A (antiferromagnetic)
depending on whether the magnetizations in the electrodes
parallel or antiparallel.
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FIG. 4. (a) ResistanceRs and (b) magnetoresistance ratio
RAyRF as functions of bias voltageV at zero gate voltage
Vg  0, wheres is F (ferromagnetic) or A (antiferromagnetic),
depending on whether the magnetizations in the electrodes
parallel or antiparallel.

shown that the conductance in the strong tunneling ca
significantly deviates from that in the weak tunnelin
case R

ssd
T ¿ RQ . Using the theory of Königet al.

[16], we obtain the MR at the resonance

RA

RF
2 1 

sRsAd
T yR

sFd
T d 2 1

1 1 s2yp2d sRQyR
sFd
T d fgE 1 lnsEcypTdg

,

(10)

where gE is Euler’s constant. For R
sFd
T yRQ &

s2yp2d fgE 1 lnsEcypT dg, the MR in Eq. (10) is
considerably reduced fromsRsAd

T yR
sFd
T d 2 1. If this is the

case for the NiyNiOyCo double junctions, we can explain
the small value of MR mentioned above. In contrast, th
TMR off resonance remains unaltered [22].

Spin-dependent tunneling with the Coulomb blockad
has also been found in sputtered CoyAl 2O3 granular thin
films by Fujimori et al. [6] and Mitani et al. [20], and in
fabricated CoyAl 2O3yCo tunnel junctions with small Co
clusters in the Al2O3 barrier by Schelpet al. [19]. In
granular systems, the MR is enhanced by the Coulom
blockade effect at low temperatures; this is consiste
with the present theory. Moreover, the bias voltag
dependence of the resistance as well as the MR is qu
similar to those atTyEc  0.04 in Fig. 4. Recently, they
have observed a sudden decrease in MR above a cer
applied voltage [20], in good accord with the curve o
TyEc  0.04 in Fig. 4(b). The similarities between our
results obtained for the SET and those in the granu
system strongly suggest that the mechanism we presen
here may work in the granular system, even though t
are
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two systems are apparently different. On the other han
the monotonic decrease in the MR vsV curve by Schelp
et al. suggests that their junctions lie in the crossov
regime between sequential tunneling and cotunneling.
different kinds of ferromagnetic metals are used betwe
clusters and electrodes in the junctions, the oscillation
the MR, as well as the resistance, may be observed in
magnetic field. This is because the shift of the chemic
potentials is different between them in the field, and th
the field plays a role similar to the gate voltage [18].

In conclusion, we have studied spin-dependent electr
tunneling in ferromagnetic single-electron transistors, a
have shown that the dependence of the tunneling ma
elements on the relative orientation of the electrode ma
netizations amplifies cotunneling in the Coulomb block
ade regime; this results in an enhanced magnetoresista
The spin-dependent tunneling together with the Coulom
blockade provides the basis for understanding magne
transport in magnetic nanostructures.
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