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Magnetoresistance of the double-tunnel-junction Coulomb blockade with magnetic metals
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We have studied the junction magnetoresista}ddR) 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 voltagéS0163-182@8)00418-4

[. INTRODUCTION metal-insulator-metal tunnel junctions with small metal par-
ticles embedded in the insulat®y.!

Electron tunneling through tunnel junctions which consist Recently there have been experiments where spin-
of magnetic metals separated by insulators has a |0ngolarized tunneling and the Coulomb blockade have been
history Some of the earliest experiments were on tunnelingsombined’” For example, in discontinuous metal/insulator
between a superconductor and a ferromagfikt).? In these ~ multilayers consisting of closely spaced ferromagnetic nano-
experiments, a difference between the Spin-up and spirpal’tides in an insulating matrix, a Coulomb blockade is seen
down density of states of a superconductor in a magnetié the current-voltage characteristic at low temperatures. The
field was observed. These experiments also provided a quaRurpose of this paper is to further study the nonlinear con-
titative measure of the spin polarization of the current fromductances for parallel and antiparallel magnetization align-
the ferromagnetic metal. Later experiments were done ofent for a double junction with magnetic metals in the Cou-
tunneling between two ferromagnetic methBecause of the lomb blockade regime.
spin dependence of the density of states, the conductance The organization of the rest of the paper is as follows. In
changed when the relative orientation of the two magnetizathe next section we describe the model and the master equa-
tions changed. Tunneling between two ferromagnetic metalon used. The expressions for the current, the conductance,
has experienced renewed interest because of its potential affre differential conductance, and the junction magnetoresis-
p|icati0n in information storage. One of the measurablelance are then introduced. The results of the calculation are
quantities of practical importance is the junction magnetoregiven in the discussion of Sec. Ill and summarized in Sec.
sistance, which is defined as the ratio of the change in thé&V.
conductance from parallel to antiparallel alignment divided

by the parallel conduc;tance. A large magnetores.istance_re— Il. FORMALISM
sponse in low magnetic fields has been observed in a variety
of tunnel junctions by several groups-* The experimental realization of a double tunnel junction

Besides spin, electrons carry charge, and at low temper#&onsists of three metals separated by oxide layers which act
tures in tunnel junctions with small capacitance, the discreteas insulators. The two end leads, denoted by left é&nd
ness of electron charge manifests itself through the physicight (R), are connected to a constant-voltage soMc#&his
of the Coulomb blockad®~?°The transfer of an electron by double junction can be modeled as a closed-loop electrical
tunneling between two initially neutral regions of capaci- circuit with two leaky capacitors of capacitandgs andCr
tanceC increases the electrostatic energy of the system by agonnected in serieig. 1). The resistances of the junctions,
amounte?/2C. At low temperatures and small voltages, the R_ andRg, are connected in parallel ©_ andCg, respec-
tunneling current is suppressed because of the charging efively.
ergy. This energy barrier is called the Coulomb blockade. Depending on the number of excess electransin the
The effect of this in a two-junction system is the incrementalcenter metal, the voltage in the central regigp fluctuates.
increase in the current at voltages where it is energeticallyhe voltage dropgV, —Vy(n)] and[Vy(n)—VRg] across
favorable for an electron to tunnel to the center island. Thehe left and the right junctions are
occurrence of these current steps in the current-voltage char-

acteristics is known as the “Coulomb staircase.” Advances Cr ne

in technology have led to a number of new experiments Vi=Vu(n)=-zV+-=+Ve, (8]
which exhibit the Coulomb blockade phenomenon: granular

thin  films?2?2 lithographically  patterned  tunnel

junctions®*2* narrow disordered quantum wirés?® scan- VM(n)—VRz%V— %}—Vp, @

ning tunneling microscopy of small metal dropléfsand
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CL CR ma_gnetization_ i_n_ the two FM'S I8, an_d ay, respectively.
\Y \Y¥ 0 Using the definitions of the spin polarizatioRs and P, of
° I I I I ° the two FM’s,
‘ \ ‘ \ P1: 2a1_ 1, (7)
RL RR P2: 2a2_ 1. (8)

FIG. 1. Schematic diagram of a double-tunnel-junction systemEquatlons(S) and (6) can be rewritten in terms dP, and

The left and right capacitor€C, and Cg) are connected in series Zi:or maanetic materials. there are two tvpes of carriers:
with a voltage source. The resistances of the left and right junctions 9 ! yp )

areR_ andRg, respectively. The voltage in the left and right leads majority electrons with spins parallel to the magnetization

is kept fixed atv and 0, whereas in the central region the voltage":,lnd .minority electrons with spins antiparallel to the magne-
Vy, changes. tization. We make the assumption that the rate of tunneling

through the junctions is much smaller than the rate of spin

where —e is the charge of the electron aiis the capaci- relaxat'ion._ Under this gssumption the number of majority
tance C,+ Cg). The offset voltagd/p accounts for the fact and minority electr_ons in _the center meta! is not cqnserved
that even whem andV are zeroV,, may not be zero due to separatel_y, but 'Fhell’ sum is conser_ved. This _results in a mas-
the alignment of the Fermi energy in the middle region. SucH€r eauation which describes the time evolution of the prob-
effects are seen experimentafty” in a shifting of thel -V ability, pn(t), for n excess electrons in the center métal,
characteristic away from a symmetric cqrv{al (V) dpy(t)

=1 (—V_)]. A nonzeroVp can also be created de_llberately by n =[pni1lns1n—Pnlnons1] =[Pl nn_1
patterning a gate capacitor to the central regioni’ To de- dt

scribe the transport of electrons we use a semiclassical P N 9)
model'®38-4°The different tunneling rates that enter into the Pn-1tn-1-nl

dynamics are the rate for electrons to tunnel onto the centewhere the net tunnel ratg, ; is equal to ' ;+T'.)). At
metal from the left T, _,.,) and right T} . ,), and the steady statedp,(t)/dt=0, the current in the left junction
rate for the electrons to leave the center metal to the lefequals the current in the right junction due to current conser-
(Ts_.._1) and right T} ,_,). These tunnel rates can be vation, and is given by

calculated using Fermi’s golden rul&To express the differ-

ent tunnel rates in a convenient fashion we introduce a func- L L
tion () I=e 2 po(lnon-1=Thones): (10

n=o

€

Y€)= . &) To evaluate the current in general, E¢®. and(10) have
l—e P’

to be solved numerically. We follow the same procedure
described in Ref. 35. At low temperature and voltage, the

In terms of the above function the various tunnel rates are higher charge states|>1 are energetically forbidden and
therefore we can neglect them. We found that for our choice

LR =(
Nl @Ry R =0. The highest and the lowest states are9 andn=

—9. The total conductanad8 is then simply given by divid-
the temperaturg via S=1/kgT. Thg resistanceR, anq RR conductanceG g is obtained by differentiating the current
depend on the square of a matrix element describing the... respect to the voltage 4 =d1/dV

| .

well as also on_the spin-d_epeqdent dgnsity of states_ of thﬁonzero magnetoresistance in a two-junction systdmall
metals®® To estimate the junction resistances we will US€4 o leads are ferromagnets, i.e., EMA/EM/I/FM, ai@ the
tiparallel conductance§”” for a FM/I/FM tunnel junction, 5y eM/I/EM. where PM is a paramagnet. Note that with
where | is an insulator, are given by the center lead nonmagneti&€M/I/PM/I/FM) there is no

)y{te[VM(n)—VL(R)]— Ecl. (4 of parameters it is sufficient to keep the 19 states araund
Here Eq=e?/2C is the charging energy, andlis related to ing the current by the voltag&=1/V, and the differential
probability of tunneling through the junction barriers and as There are two possible choice of materials which lead to
Julliere’s model where for example the parall@® and an- left or the right lead is a paramagnet, i.e., FM/I/FM/I/PM or
junction magnetoresistance@MR) or differential junction

2

e . .

GP= F) I T|2N;Ny{asa,+(1—a;)(1—ay)}, (5) magne.to.re3|st.ano(®JMR) because the ant|paraII.eI .conduc-
tance is identical to the parallel conductance within our as-
sumption. For each of these cases, we calculate the conduc-

AP e? ) tances for two different relative orientations of the

CT=ly [TI*NiNo{as(1-a)+(1-a)az}.  (6)  ferromagnet magnetizations: parallel and antiparallel. Here

parallel(P) means that the magnetization of all ferromagnets
Here the tunneling matrix elemerit is taken to be both is in the same direction, and antiparal&lP) means that the
energy and momentum independent. The density of states afiagnetization of the center ferromagnetic metal has been
the electrons at the Fermi level in the two ferromagneld,is reversed. In cas€l) of three ferromagnetic metals, other
andN, and the fraction of the number of spins parallel to theconfigurations are also possible: the magnetization of the



57 MAGNETORESISTANCE OF THE DOUBLE-TUNNEL. . . 11523

right or the left lead can be reversed, keeping the magneti-
zations of the other two parallel. For cas® where one of

the left or the right lead is nonmagnetic, the magnetization of
right or the left ferromagnetic lead can also be reversed.
However, the qualitative features of the current, conduc-
tance, and the magnetoresistance curves remain the same.
The junction magnetoresistance is then defined as the ratio of
the change in the conductance from paraBélto antiparal-

lel alignmentsG*P, divided by the parallel conductance,

_____

/(e/RCy)

© o o M RO DM A
© p WO O DO O ©O

GAP

IMR=1- —=p. (12)

G

The differential junction magnetoresistance is defined in the
same fashion as the JMR but with the total conductances
replaced by the differential conductand®g ,

o
-
N
w
N
(6]

AP
DIMR=1- 5 (12 CpV/e
Gaitr
FIG. 2. Current () and total conductancey) as a function of
IIl. DISCUSSION voltage, for a FM/I/FM/I/FM tunnel junction. For casés, (b), and
) (0), the solid lines represent the current and the conductance for
The different parameters of our problem are the capaciparaliel alignment of the magnetizations, whereas the dashed lines
tancesC, and Cg, the parallel resistance®] and Ry, the  are for antiparallel alignment. As a function of voltage the current
antiparallel resistancd@fp andR4”, the temperatur@, and  shows stepfcasega) and(b)], and the total conductance oscillates
the offset voltageVp. To estimate the antiparallel resis- with decreasing amplitudésase(c)]. Case(a) corresponds to finite
tances, we use Julliere’s model for FM/I/FM tunnel junc- offset voltageCVp=0.25. Casegb) and (c) are for zero offset

tionsy where the junction magnetoresistance is expressed ayg{tage. The effect of a finite offset voltage is to shift the pOSitiOl"I of
product of the magn|tudes Of the polanzaﬂons Of thethel -V curves. We choose the left and the center metals to be made

ferromagnets: of iron with polarizationPg.=0.40, the right metal to be made of
cobalt with polarizationP-,=0.34 (Ref. 2. The different param-
AR 2P,P, eters used areC_=0.01C, R{=0.01R[+RY), and kgT

W: m (13 =0.01E;.

In the above equatiomyR is the change in resistance from age curvelcase(b)] decreases. The peaks in the Jijiiase

antiparallel to parallel orientatioR”® is the junction resis- (¢)] and the DIMR vs voltage curvegase (d)] become

tance when the magnetizations of the ferromagnets are ant¥oader and reduced in size.

parallel, andP,,P, are the spin polarizations of the two  Restricting ourselves thgT<<E¢ and zero offset volt-

FM’s. Equation(13) can be obtained from Eq¢5) and (6). age CVp=0), |n_F|g. 4 we plot the junction magnetoresis-
In Fig. 2 the currents and the total conductances are plof@nce for four different casesa) FM,/I/FM,/I/FM,, (b)

ted for parallel and antiparallel orientations of the magnetiF-M2//FM:/IIFMy,  (c) ~ FM/I/IFM,/IIPM,  and  (d)

zations. Asymmetric junctions and low temperature are use@M/I/FM/IIFM;, where FM and FM, are different ferro-

to obtain the steps in the current. As expected in the Coumagnets. In the high-bias regime for all four cases, the cur-

lomb blockade regime, the current increases by stepses rent s linearly proportional to the voltag@,

(@ and (b)], and the conductance shows oscillations with

decreasing amplitudfcase(c)]. Case(a) corresponds to a |— e

finite offset voltage whereas cas@s and(c) correspond to (RL+Rg)C

zero offset voltage. The effect of a finii&s is to shift the o

I-V curves. For convenience we thus take the offset voltag8 then follows from Eq.(15) that the plateaus in Figs(&)—

to be zero for our later calculations. Finally, for large enough*(d) are given by the difference in the total resistances from

voltage, the current becomes linear with voltage and the cor@ntiparallel to pa.rallel ahgn_ments divided by the total resis-

ductance approaches the classical limiting value which is th&ance for the antiparallel alignment,

inverse of the resistance of two resistors connected in series,

Ccv

- 1. (15)

RP+ RR

JMR(pIateal)= 1- m (16)

1

G=— .
(RL+RR)

(14

For asymmetric junctions in the low-voltage, low-
The effect of temperature dependence is shown in Fig. 3emperature regime we see spikes in the JMR vs voltage
With the rise in temperature, the number of accessible stategurves in Fig. 4. The occurrence of the first spike can be
increases. The steps in the current round[offse(a)], and  understood analytically. We confine ourselves to only three
the amplitude of the oscillations in the conductance vs voltstates: then=0 state and the two states= =1 immediately
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FIG. 4. Junction magnetoresistance as a function of voltage for
different cases(a) FM,/l/FM/l/FM,, (b) FM,/l/FM,/I/FMy, (c)
FM, /I/FM1/I/PM, and(d) PM/I/FM4/IIFM,, where FM and FM,

FIG. 3. Temperature dependence of taecurrent,(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 I_|nes reprgsent th%re two different ferromagnets, and PM is any paramagnet. In all
current and the conductance for parallel and antiparallel ahgnment%alses we see spikes in the JMR: spikes go up for dasesd (c)
With increase in temperature, the steps in the current vs VOItagﬁ/hereas spikes go down for cagbsand(d). These spikes occur at

curve round off{case(a)], resulting in reduced amplitude of oscil- ; ;
. X . those places where the current increases by a[s&® Fig. 2)].
lations in the total conductandease(b)]. The peaks in both the The plateaus in all cases are given by the difference in the total

JMR [c_ase(c)] and the DIMR[case(d)] curves broade_n. A'S‘? the resistances from antiparallel to parallel alignments divided by the
peaks in the JMR and the DIMR curves decrease with an INCreasfia) resistance for the antiparallel alignment. As a function of volt-

in temperature. The parametgrs are the same as used in Fig. e the variation of JMR is larger when one of the end metals is a
except for the temperature whichKgT=0.1Ec. paramagnefcases(c) and (d)]. For our plots we consider the fer-

. . . romagnet FM to be of iron, and FM is of cobalt. The parameters
accessible from it. At very low temperature, the state which.,osen are the same as in Fig. 2.

is most likely occupied is the=0 state forVp=0. The

tunnel rated’y_,; andI';_ 5 do not enter in the expression

for the tunneling current at zero temperature, but at finitet RR). By only exchanging the metals of the left and the

temperature they do contribute. In the limit of zero temperafight leads, we go from spikes which go up to spikes which

ture, where we replace the functiofie) in Eq. (3) by y(e) go down and vice versa. The interchange of the spikes from
=€6(€e), the steady state current can be expressed inp to down or down to up can be explained in the following

terms of the tunnel rates in the regimee/Z)<CgrV  way. At zero temperature, whenever the JMR obtained from

<(CRr/C\)(el2) as Eqg. (18) is greater than the height of the platddig. (16)],
we see an up spikérigs. 4a) and 4c)]: otherwise, we see a
rs. TR o down spike[Figs. 4b) and 4d)]. Within Julliere’s modef
| :e(rla TR, ) (17 we should mention that to see the spikes, the left or the right

metal should be of a different ferromagnetic material. When
In the derivation of Eq(17) we have assumed that the ca- all three metals are of the same ferromagnetic materials, the
pacitance of the right junction is larger than the capacitancsteady state solutiopd(t) is the same for parallel and anti-
of the left junction, i.e.,Cg>C, . Near the special point parallel orientations of magnetizations since the solution de-
CrV=~el2, where the current increases by a step at zergends only on the ratio of the left and the right resistances.
temperature, the height of the spike is simply given by the Comparing Figs. @) and 4b) with Figs. 4c) and 4d),
difference, we see that the variation of the JMR as a function of voltage
is larger when one of the leads is nonmagnetic. Following
Eqg. (16) and Eq.(18), which give the height of the plateau
and the height of the first spike at zero temperature, we see
that the height of the plateau for cas@)is lower than for
However, at finite temperature, the height of the spikes deease 4a). On the other hand, the heights of the first spikes
pends on the temperature, the capacitances, and the res@e same for both cases because the metals in the left and the
tances of the junctions. We also notice that spikes go up focenter are same. Thus the variation of the JMR for cdse 4
cases @) and 4c) whereas spikes go down for casdb)4 is more than case(d). Cases &) and 4d) can be under-
and 4d). Cases @) and 4b) or cases &) and 4d) differ stood similarly.
only by the exchange of the metals in the left and the right We plot the differential junction magnetoresistance as a
leads. In all the above cases we keep the resistance of the léfinction of the voltage in Fig. 5 for the same cases as in Fig.
junction for the parallel alignment fixedez0.0l(RE 4 and in the same parameter regime. Many of the features of

P
€ L
‘JMR(CRV:§7T_>O>:1_R_,I’:\P' (18)
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L L problem, the steps in the current and the oscillations in the

0.24 [ (a) i total conductance are observed for both the parallel and an-
) X | tiparallel orientations of the magnetizations, and the structure
0.20 =1 L . L is reduced with increasing temperature.
: The JMR as a function of voltage shows spikes at the
c 0.28 - (b) ] same places where the current increases by a step. The height
% 0.24 T e 1 of the spikes in general depends on the temperature, capaci-
A : tances, and the resistances of the system whereas the height

0.00 I (c) ] of the plateaus in the JMR vs voltage curves is given by the
) i | classical value obtained by adding two resistors in series. For
-0.40 L . . L asymmetric junctions whet@gz>C, , the spikes go up if the

ratio of the resistances of the right junction for parallel and

020 @ 1 antiparallel aIignmentsF{E/RQp) is.gregterpthzzg the same
T e ratio of the resistances of the left junctioR(R_"). Other-
0.00 wise, the spikes go down.
0 1 2 3 4 5 Many of the features of the DIJMR are similar to the IMR:
CRV/e the spikes occur at the same places, the height of the first

spike at zero temperature is the same, and the Sigmsr
FIG. 5. Differential junction magnetoresistance as a function ofdown) of the spikes are the same. Also at high bias, the
voltage for the same cases as in Fig. 4. We see spikes in the DJIMBJMR saturates to the classical value obtained by adding
at those places where the current increases by a step. As in Fig. #wo resistors in series. However, there are a few differences.
the variation in the DIJMR is larger as a function of voltage for The DIJMR can be negative for some cases, while the JMR is
cases(c) and (d) compared to case® and (b). For case(c) the  positive as long aBl <R[ andCg>C, . Finally, the varia-

DJMR changes sign. Also compared to Fig. 4, the change in theoy of the DJMR is larger as a function of voltage than that
DJMR is larger than the JMR. The metals are the same as used ¥ the JMR

Fig. 4 and the parameters are identical to Fig. 2. In conclusion, double-tunnel-junction systems which have

the DIMR are the same as for the JMR. The spikes are at tnr%agnenc metals exhibit rich Coulomb blockade conductance

same places. The height of the spikes is also the same as : ; o
Eqg. (18). The DIJMR at large voltages is obtained from the?Eﬁniﬂﬁg)r%zthzgﬂﬁn(jftehcés\]ﬁg tohreDstl\l/lanocl)?]réz(;a;lr? r:a;tfr:::?
classical value with two resistors in series. Finally, the varia . f
tion of the DIJMR with the voltage is larger in casds)mand

5(d) than in cases (® and Jb). There are, however, some

differences. The DJMR can be negative, as shown in Fig

information about both the capacitance charging energies
and the spin polarization of the tunneling electrons, testing
both theories of spin-polarized tunneling and the Coulomb
; o blockade. Furthermore, there are cases where the JMR can
5(c), while the JMR must be positive from E(L8) as long be dramatically enhanced near one of the Coulomb blockade

P_ oAP - I
asR <R" andCgr>C, . Also, comparing Fig. 4 with Fig.  tens meaning that there may be some applications of these

5, we see that the variation of the DIJMR as a function Ofettects. In any case, for small enough systems, both charging
voltage is larger than the variation of the JMR with the volt-

and spin polarization effects will be important.
age.
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