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Magnetoresistance of the double-tunnel-junction Coulomb blockade with magnetic metals

Kingshuk Majumdar and Selman Hershfield
Department of Physics and National High Magnetic Field Laboratory, University of Florida, 215 Williamson Hall,

Gainesville, Florida 32611
~Received 18 September 1997!

We have studied the junction magnetoresistance~JMR! and the differential junction magnetoresistance
~DJMR! for double tunnel junctions with magnetic metals in the Coulomb blockade regime. Spikes are seen in
both the JMR and the DJMR vs voltage curves. They occur at those places where the current increases by a
step. In all cases the large bias limit can be obtained by adding the resistances of each of the junctions in series.
The JMR is positive in all the cases we studied, whereas the DJMR can be positive or negative as a function
of the voltage. Moreover, the relative variation of the DJMR as a function of the voltage is larger than the
variation of the JMR with the voltage.@S0163-1829~98!00418-4#
is
on
in

pi
et
ua
m
o

an
iza
ta
l
bl
re
th
ed
r

rie

er
t

si
y
ci-
y a
he

e
de
ta
al
h
h
e
nt
la
l

ar-

pin-
een
or
no-
en

The
on-
gn-
u-

In
qua-
nce,
sis-
are
ec.

on
act

ical

s,
I. INTRODUCTION

Electron tunneling through tunnel junctions which cons
of magnetic metals separated by insulators has a l
history.1 Some of the earliest experiments were on tunnel
between a superconductor and a ferromagnet~FM!.2 In these
experiments, a difference between the spin-up and s
down density of states of a superconductor in a magn
field was observed. These experiments also provided a q
titative measure of the spin polarization of the current fro
the ferromagnetic metal. Later experiments were done
tunneling between two ferromagnetic metals.3 Because of the
spin dependence of the density of states, the conduct
changed when the relative orientation of the two magnet
tions changed. Tunneling between two ferromagnetic me
has experienced renewed interest because of its potentia
plication in information storage. One of the measura
quantities of practical importance is the junction magneto
sistance, which is defined as the ratio of the change in
conductance from parallel to antiparallel alignment divid
by the parallel conductance. A large magnetoresistance
sponse in low magnetic fields has been observed in a va
of tunnel junctions by several groups.4–14

Besides spin, electrons carry charge, and at low temp
tures in tunnel junctions with small capacitance, the discre
ness of electron charge manifests itself through the phy
of the Coulomb blockade.15–20The transfer of an electron b
tunneling between two initially neutral regions of capa
tanceC increases the electrostatic energy of the system b
amounte2/2C. At low temperatures and small voltages, t
tunneling current is suppressed because of the charging
ergy. This energy barrier is called the Coulomb blocka
The effect of this in a two-junction system is the incremen
increase in the current at voltages where it is energetic
favorable for an electron to tunnel to the center island. T
occurrence of these current steps in the current-voltage c
acteristics is known as the ‘‘Coulomb staircase.’’ Advanc
in technology have led to a number of new experime
which exhibit the Coulomb blockade phenomenon: granu
thin films,21,22 lithographically patterned tunne
junctions,23,24 narrow disordered quantum wires,25,26 scan-
ning tunneling microscopy of small metal droplets,27 and
570163-1829/98/57~18!/11521~6!/$15.00
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metal-insulator-metal tunnel junctions with small metal p
ticles embedded in the insulator.28–31

Recently there have been experiments where s
polarized tunneling and the Coulomb blockade have b
combined.32 For example, in discontinuous metal/insulat
multilayers consisting of closely spaced ferromagnetic na
particles in an insulating matrix, a Coulomb blockade is se
in the current-voltage characteristic at low temperatures.
purpose of this paper is to further study the nonlinear c
ductances for parallel and antiparallel magnetization ali
ment for a double junction with magnetic metals in the Co
lomb blockade regime.

The organization of the rest of the paper is as follows.
the next section we describe the model and the master e
tion used. The expressions for the current, the conducta
the differential conductance, and the junction magnetore
tance are then introduced. The results of the calculation
given in the discussion of Sec. III and summarized in S
IV.

II. FORMALISM

The experimental realization of a double tunnel juncti
consists of three metals separated by oxide layers which
as insulators. The two end leads, denoted by left (L) and
right (R), are connected to a constant-voltage sourceV. This
double junction can be modeled as a closed-loop electr
circuit with two leaky capacitors of capacitancesCL andCR
connected in series~Fig. 1!. The resistances of the junction
RL andRR , are connected in parallel toCL andCR , respec-
tively.

Depending on the number of excess electrons,n, in the
center metal, the voltage in the central regionVM fluctuates.
The voltage drops@VL2VM(n)# and @VM(n)2VR# across
the left and the right junctions are

VL2VM~n!5
CR

C
V1

ne

C
1VP , ~1!

VM~n!2VR5
CL

C
V2

ne

C
2VP , ~2!
11 521 © 1998 The American Physical Society
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11 522 57KINGSHUK MAJUMDAR AND SELMAN HERSHFIELD
where2e is the charge of the electron andC is the capaci-
tance (CL1CR). The offset voltageVP accounts for the fac
that even whenn andV are zero,VM may not be zero due to
the alignment of the Fermi energy in the middle region. Su
effects are seen experimentally33,34 in a shifting of theI -V
characteristic away from a symmetric curve@ I (V)
5I (2V)#. A nonzeroVP can also be created deliberately b
patterning a gate capacitor to the central region.35–37 To de-
scribe the transport of electrons we use a semiclass
model.16,38–40The different tunneling rates that enter into t
dynamics are the rate for electrons to tunnel onto the ce
metal from the left (Gn→n11

L ) and right (Gn→n11
R ), and the

rate for the electrons to leave the center metal to the
(Gn→n21

L ) and right (Gn→n21
R ). These tunnel rates can b

calculated using Fermi’s golden rule.38 To express the differ-
ent tunnel rates in a convenient fashion we introduce a fu
tion g~e!:

g~e!5
e

12e2be . ~3!

In terms of the above function the various tunnel rates a

Gn→n61
L~R! 5S 1

e2RL~R!
Dg$6e@VM~n!2VL~R!#2EC%. ~4!

HereEC5e2/2C is the charging energy, andb is related to
the temperatureT via b51/kBT. The resistancesRL andRR
depend on the square of a matrix element describing
probability of tunneling through the junction barriers and
well as also on the spin-dependent density of states of
metals.38 To estimate the junction resistances we will u
Julliere’s model3 where for example the parallelGP and an-
tiparallel conductancesGAP for a FM/I/FM tunnel junction,
where I is an insulator, are given by

GP5S e2

h D uTu2N1N2$a1a21~12a1!~12a2!%, ~5!

GAP5S e2

h D uTu2N1N2$a1~12a2!1~12a1!a2%. ~6!

Here the tunneling matrix elementT is taken to be both
energy and momentum independent. The density of state
the electrons at the Fermi level in the two ferromagnets isN1
andN2 and the fraction of the number of spins parallel to t

FIG. 1. Schematic diagram of a double-tunnel-junction syste
The left and right capacitors~CL and CR! are connected in serie
with a voltage source. The resistances of the left and right junct
areRL andRR , respectively. The voltage in the left and right lea
is kept fixed atV and 0, whereas in the central region the volta
VM changes.
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magnetization in the two FM’s isa1 and a2 , respectively.
Using the definitions of the spin polarizationsP1 andP2 of
the two FM’s,

P152a121, ~7!

P252a221. ~8!

Equations~5! and ~6! can be rewritten in terms ofP1 and
P2 .

For magnetic materials, there are two types of carrie
majority electrons with spins parallel to the magnetizati
and minority electrons with spins antiparallel to the magn
tization. We make the assumption that the rate of tunne
through the junctions is much smaller than the rate of s
relaxation. Under this assumption the number of major
and minority electrons in the center metal is not conser
separately, but their sum is conserved. This results in a m
ter equation which describes the time evolution of the pr
ability, rn(t), for n excess electrons in the center metal,16

drn~ t !

dt
5@rn11Gn11→n2rnGn→n11#2@rnGn→n21

2rn21Gn21→n#, ~9!

where the net tunnel rateG i→ j is equal to (G i→ j
L 1G i→ j

R ). At
steady state,drn(t)/dt50, the current in the left junction
equals the current in the right junction due to current cons
vation, and is given by

I 5e (
n52`

n5`

rn~Gn→n21
L 2Gn→n11

L !. ~10!

To evaluate the current in general, Eqs.~9! and~10! have
to be solved numerically. We follow the same procedu
described in Ref. 35. At low temperature and voltage,
higher charge statesunu@1 are energetically forbidden an
therefore we can neglect them. We found that for our cho
of parameters it is sufficient to keep the 19 states arounn
50. The highest and the lowest states aren59 and n5
29. The total conductanceG is then simply given by divid-
ing the current by the voltage,G5I /V, and the differential
conductanceGdiff is obtained by differentiating the curren
with respect to the voltage,Gdiff5dI/dV.

There are two possible choice of materials which lead
nonzero magnetoresistance in a two-junction system:~1! all
the leads are ferromagnets, i.e., FM/I/FM/I/FM, and~2! the
left or the right lead is a paramagnet, i.e., FM/I/FM/I/PM
PM/I/FM/I/FM, where PM is a paramagnet. Note that wi
the center lead nonmagnetic~FM/I/PM/I/FM! there is no
junction magnetoresistance~JMR! or differential junction
magnetoresistance~DJMR! because the antiparallel condu
tance is identical to the parallel conductance within our
sumption. For each of these cases, we calculate the con
tances for two different relative orientations of th
ferromagnet magnetizations: parallel and antiparallel. H
parallel~P! means that the magnetization of all ferromagn
is in the same direction, and antiparallel~AP! means that the
magnetization of the center ferromagnetic metal has b
reversed. In case~1! of three ferromagnetic metals, othe
configurations are also possible: the magnetization of

.
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57 11 523MAGNETORESISTANCE OF THE DOUBLE-TUNNEL- . . .
right or the left lead can be reversed, keeping the magn
zations of the other two parallel. For case~2! where one of
the left or the right lead is nonmagnetic, the magnetization
right or the left ferromagnetic lead can also be revers
However, the qualitative features of the current, cond
tance, and the magnetoresistance curves remain the s
The junction magnetoresistance is then defined as the rat
the change in the conductance from parallelGP to antiparal-
lel alignmentsGAP, divided by the parallel conductance,

JMR512
GAP

GP . ~11!

The differential junction magnetoresistance is defined in
same fashion as the JMR but with the total conductan
replaced by the differential conductancesGdiff ,

DJMR512
Gdiff

AP

Gdiff
P . ~12!

III. DISCUSSION

The different parameters of our problem are the cap
tancesCL and CR , the parallel resistancesRL

P and RR
P , the

antiparallel resistancesRL
AP andRR

AP, the temperatureT, and
the offset voltageVP . To estimate the antiparallel resis
tances, we use Julliere’s model for FM/I/FM tunnel jun
tions, where the junction magnetoresistance is expressed
product of the magnitudes of the polarizations of t
ferromagnets:3

DR

RAP5
2P1P2

~11P1P2!
. ~13!

In the above equation,DR is the change in resistance fro
antiparallel to parallel orientation,RAP is the junction resis-
tance when the magnetizations of the ferromagnets are
parallel, andP1 ,P2 are the spin polarizations of the tw
FM’s. Equation~13! can be obtained from Eqs.~5! and ~6!.

In Fig. 2 the currents and the total conductances are p
ted for parallel and antiparallel orientations of the magn
zations. Asymmetric junctions and low temperature are u
to obtain the steps in the current. As expected in the C
lomb blockade regime, the current increases by steps@cases
~a! and ~b!#, and the conductance shows oscillations w
decreasing amplitude@case~c!#. Case~a! corresponds to a
finite offset voltage whereas cases~b! and ~c! correspond to
zero offset voltage. The effect of a finiteVP is to shift the
I -V curves. For convenience we thus take the offset volt
to be zero for our later calculations. Finally, for large enou
voltage, the current becomes linear with voltage and the c
ductance approaches the classical limiting value which is
inverse of the resistance of two resistors connected in se

G5
1

~RL1RR!
. ~14!

The effect of temperature dependence is shown in Fig
With the rise in temperature, the number of accessible st
increases. The steps in the current round off@case~a!#, and
the amplitude of the oscillations in the conductance vs v
ti-

f
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age curve@case~b!# decreases. The peaks in the JMR@case
~c!# and the DJMR vs voltage curves@case ~d!# become
broader and reduced in size.

Restricting ourselves tokBT,,EC and zero offset volt-
age (CVP50), in Fig. 4 we plot the junction magnetoresi
tance for four different cases:~a! FM1/I/FM1/I/FM2, ~b!
FM2/I/FM1/I/FM1, ~c! FM1/I/FM1/I/PM, and ~d!
PM/I/FM1/I/FM1, where FM1 and FM2 are different ferro-
magnets. In the high-bias regime for all four cases, the c
rent is linearly proportional to the voltage,39

I 5
e

~RL1RR!C FCV

e
21G . ~15!

It then follows from Eq.~15! that the plateaus in Figs. 4~a!–
4~d! are given by the difference in the total resistances fr
antiparallel to parallel alignments divided by the total res
tance for the antiparallel alignment,

JMR~plateau!512
RL

P1RR
P

RL
AP1RR

AP. ~16!

For asymmetric junctions in the low-voltage, low
temperature regime we see spikes in the JMR vs volt
curves in Fig. 4. The occurrence of the first spike can
understood analytically. We confine ourselves to only th
states: then50 state and the two statesn561 immediately

FIG. 2. Current (I ) and total conductance (G) as a function of
voltage, for a FM/I/FM/I/FM tunnel junction. For cases~a!, ~b!, and
~c!, the solid lines represent the current and the conductance
parallel alignment of the magnetizations, whereas the dashed
are for antiparallel alignment. As a function of voltage the curre
shows steps@cases~a! and~b!#, and the total conductance oscillate
with decreasing amplitudes@case~c!#. Case~a! corresponds to finite
offset voltageCVP50.25. Cases~b! and ~c! are for zero offset
voltage. The effect of a finite offset voltage is to shift the position
the I -V curves. We choose the left and the center metals to be m
of iron with polarizationPFe50.40, the right metal to be made o
cobalt with polarizationPCo50.34 ~Ref. 2!. The different param-
eters used are CL50.01C, RL

P50.01(RL
P1RR

P), and kBT
50.01EC .
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11 524 57KINGSHUK MAJUMDAR AND SELMAN HERSHFIELD
accessible from it. At very low temperature, the state wh
is most likely occupied is then50 state forVP50. The
tunnel ratesG0→1 and G1→0 do not enter in the expressio
for the tunneling current at zero temperature, but at fin
temperature they do contribute. In the limit of zero tempe
ture, where we replace the functiong~e! in Eq. ~3! by g(e)
5eu(e), the steady state current can be expressed
terms of the tunnel rates in the regime (e/2)<CRV
<(CR /CL)(e/2) as

I 5e
G0→21

L G21→0
R

~G0→21
L 1G21→0

R !
. ~17!

In the derivation of Eq.~17! we have assumed that the c
pacitance of the right junction is larger than the capacita
of the left junction, i.e.,CR.CL . Near the special poin
CRV'e/2, where the current increases by a step at z
temperature, the height of the spike is simply given by
difference,

JMRS CRV5
e

2
,T→0D512

RL
P

RL
AP. ~18!

However, at finite temperature, the height of the spikes
pends on the temperature, the capacitances, and the
tances of the junctions. We also notice that spikes go up
cases 4~a! and 4~c! whereas spikes go down for cases 4~b!
and 4~d!. Cases 4~a! and 4~b! or cases 4~c! and 4~d! differ
only by the exchange of the metals in the left and the ri
leads. In all the above cases we keep the resistance of th
junction for the parallel alignment fixed,RL

P50.01(RL
P

FIG. 3. Temperature dependence of the~a! current,~b! conduc-
tances,~c! JMR, and~d! DJMR for a FM/I/FM/I/FM tunnel junc-
tion. As in Fig. 2, the solid and the dashed lines represent
current and the conductance for parallel and antiparallel alignme
With increase in temperature, the steps in the current vs vol
curve round off@case~a!#, resulting in reduced amplitude of osci
lations in the total conductance@case~b!#. The peaks in both the
JMR @case~c!# and the DJMR@case~d!# curves broaden. Also the
peaks in the JMR and the DJMR curves decrease with an incr
in temperature. The parameters are the same as used in F
except for the temperature which iskBT50.1EC .
h
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e
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1RR
P). By only exchanging the metals of the left and th

right leads, we go from spikes which go up to spikes wh
go down and vice versa. The interchange of the spikes fr
up to down or down to up can be explained in the followi
way. At zero temperature, whenever the JMR obtained fr
Eq. ~18! is greater than the height of the plateau@Eq. ~16!#,
we see an up spike@Figs. 4~a! and 4~c!#: otherwise, we see a
down spike@Figs. 4~b! and 4~d!#. Within Julliere’s model,3

we should mention that to see the spikes, the left or the r
metal should be of a different ferromagnetic material. Wh
all three metals are of the same ferromagnetic materials,
steady state solutionrn

0(t) is the same for parallel and ant
parallel orientations of magnetizations since the solution
pends only on the ratio of the left and the right resistanc

Comparing Figs. 4~a! and 4~b! with Figs. 4~c! and 4~d!,
we see that the variation of the JMR as a function of volta
is larger when one of the leads is nonmagnetic. Follow
Eq. ~16! and Eq.~18!, which give the height of the platea
and the height of the first spike at zero temperature, we
that the height of the plateau for case 4~c! is lower than for
case 4~a!. On the other hand, the heights of the first spik
are same for both cases because the metals in the left an
center are same. Thus the variation of the JMR for case~c!
is more than case 4~a!. Cases 4~b! and 4~d! can be under-
stood similarly.

We plot the differential junction magnetoresistance a
function of the voltage in Fig. 5 for the same cases as in F
4 and in the same parameter regime. Many of the feature

e
ts.
e

se
2,

FIG. 4. Junction magnetoresistance as a function of voltage
different cases:~a! FM1 /I/FM1 /I/FM2, ~b! FM2 /I/FM1 /I/FM1, ~c!
FM1 /I/FM1 /I/PM, and ~d! PM/I/FM1 /I/FM1, where FM1 and FM2

are two different ferromagnets, and PM is any paramagnet. In
cases we see spikes in the JMR: spikes go up for cases~a! and ~c!
whereas spikes go down for cases~b! and~d!. These spikes occur a
those places where the current increases by a step@see Fig. 2~b!#.
The plateaus in all cases are given by the difference in the t
resistances from antiparallel to parallel alignments divided by
total resistance for the antiparallel alignment. As a function of vo
age the variation of JMR is larger when one of the end metals
paramagnet@cases~c! and ~d!#. For our plots we consider the fer
romagnet FM1 to be of iron, and FM2 is of cobalt. The parameter
chosen are the same as in Fig. 2.
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57 11 525MAGNETORESISTANCE OF THE DOUBLE-TUNNEL- . . .
the DJMR are the same as for the JMR. The spikes are a
same places. The height of the spikes is also the same
Eq. ~18!. The DJMR at large voltages is obtained from t
classical value with two resistors in series. Finally, the va
tion of the DJMR with the voltage is larger in cases 5~c! and
5~d! than in cases 5~a! and 5~b!. There are, however, som
differences. The DJMR can be negative, as shown in F
5~c!, while the JMR must be positive from Eq.~18! as long
asRL

P,RL
AP andCR.CL . Also, comparing Fig. 4 with Fig.

5, we see that the variation of the DJMR as a function
voltage is larger than the variation of the JMR with the vo
age.

IV. CONCLUSION

In this paper we have computed the junction magneto
sistance and the differential junction magnetoresistance
double tunnel junctions with magnetic metals in the Co
lomb blockade regime. As expected in a Coulomb blocka

FIG. 5. Differential junction magnetoresistance as a function
voltage for the same cases as in Fig. 4. We see spikes in the D
at those places where the current increases by a step. As in F
the variation in the DJMR is larger as a function of voltage
cases~c! and ~d! compared to cases~a! and ~b!. For case~c! the
DJMR changes sign. Also compared to Fig. 4, the change in
DJMR is larger than the JMR. The metals are the same as use
Fig. 4 and the parameters are identical to Fig. 2.
he
in

-

g.

f

-
or
-
e

problem, the steps in the current and the oscillations in
total conductance are observed for both the parallel and
tiparallel orientations of the magnetizations, and the struct
is reduced with increasing temperature.

The JMR as a function of voltage shows spikes at
same places where the current increases by a step. The h
of the spikes in general depends on the temperature, cap
tances, and the resistances of the system whereas the h
of the plateaus in the JMR vs voltage curves is given by
classical value obtained by adding two resistors in series.
asymmetric junctions whereCR.CL , the spikes go up if the
ratio of the resistances of the right junction for parallel a
antiparallel alignments (RR

P/RR
AP) is greater than the sam

ratio of the resistances of the left junction (RL
P/RL

AP). Other-
wise, the spikes go down.

Many of the features of the DJMR are similar to the JM
the spikes occur at the same places, the height of the
spike at zero temperature is the same, and the signs~up or
down! of the spikes are the same. Also at high bias,
DJMR saturates to the classical value obtained by add
two resistors in series. However, there are a few differenc
The DJMR can be negative for some cases, while the JM
positive as long asRL

P,RL
AP andCR.CL . Finally, the varia-

tion of the DJMR is larger as a function of voltage than th
of the JMR.

In conclusion, double-tunnel-junction systems which ha
magnetic metals exhibit rich Coulomb blockade conducta
vs voltage curves. These curves provide a signature of b
the Coulomb charging effects and the spin polarization of
tunneling. By measuring the JMR or DJMR, one can extr
information about both the capacitance charging energ
and the spin polarization of the tunneling electrons, test
both theories of spin-polarized tunneling and the Coulo
blockade. Furthermore, there are cases where the JMR
be dramatically enhanced near one of the Coulomb block
steps, meaning that there may be some applications of t
effects. In any case, for small enough systems, both char
and spin polarization effects will be important.
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