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Effect of Coulomb Blockade on Magnetoresistance in Ferromagnetic Tunnel Junctions
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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.+]

Magnetoresistance phenomena in magnetic nanostruéerromagnetic tunnel junctions with small ferromagnetic
tures have received considerable attention since the disslands [19] have recently been fabricated. In both
covery of the giant magnetoresistance (GMR) in magnetisystems, the enhanced TMR was observed in the Coulomb
multilayers [1]. In addition, there is a growing interest blockade regime. A similar effect was also observed in
in the study of magnetoresistive devices based on madgzo/Al,O; granular systems [20]. Our results provide a
netic nanostructures; this has led to renewed studies dheoretical basis for these experiments.
ferromagnetic-metal/insulator/ferromagnetic-metal tunnel Let us consider a single-electron transistor (SET) with
junctions [2-5]. In these junctions, the tunnel resistancéwo junctions and a capacitively coupled gate as shown in
decreases when the magnetic moments of the electrodégy. 1. The right and left electrodes and the central island
are parallel in an applied magnetic field. The magnetoreare ferromagnetic metals such as Fe, Ni, and Co. The tun-
sistance in the tunnel junctions is called tunnel magnetorenel resistanc®; of each junction in Fig. 1 depends on the
sistance (TMR). relative orientation of the magnetization between the elec-

Large magnetoresistance is also observed in highlyrodes, i.e., parallel or antiparallel. When the electrodes
resistive magnetic granular systems such as Co grairere made of the same ferromagnetic metal, the tunnel resis-

embedded in A3 [6]. In granular systems, the conduc- tance in the ferromagnetic alignment is givenIgiRy" o

tance(G) shows a characteristic temperat#® depen- (D7 + D2), while in the antiferromagnetic alignment
dence as well as a non-Ohmic behavior; this indicates th t/ @ 2Dy D,,, whereD,, and D,, are the densities
ms m

avio "4l R
electron transport between Co grains is through tunnellng]c s?ates for the majority and minority spin bands at the
(F) _

across the insulating AD; barrier. For this transport the ) . . Co (4)
charging energy in the grains will be quite important [7,8]. Fermi Itzevel. Thelzr resistance ratio is given®y " /Ry =
Let an electron jump onto a grain. For a very small(l + P )/ —F ) > 1, Whefe P= (Dy — Du)/
grain, the electrostatic energy increaseseBy2C, where (DPu + Du) is the spin polarization of the elg)ctrodes.
e is the electronic charge ard is the capacitance of the In the following, we treat the tunnel resistande’ and
grain. Therefore, unless the charging energy is overcomETF as junction resistances that characterize the effect of
by bias voltaggV) or thermal energykgT), an electron ferromagnetism on single-electron tunneling.
is not able to propagate between the grains. This is called When the island in a SET (Fig. 1) is small enough
the Coulomb blockade. and the temperature low enough, the electrostatic energy
Effects of the Coulomb blockade in metallic single-
electron transistors have been extensively studied [9-18]. @A) A)
For small islands, where the Coulomb blockade is strong, Ci Rt7 Gy Ry
sequential tunneling in the transistors is superseded by
f:oherent tunnelin'g via a virtual state of the island; this O——
is called cotunneling [12]. vV/2
In this Letter, we study cotunneling in ferromagnetic
double-tunnel junctions. Since cotunneling is a fourth
order process in the tunneling matrix elements, it is
sensitive to the relative orientation of magnetization
between electrodes and island. As a result, we find that

TMRis strongly enhanced by the Coulomb blockade. FIG. 1. Schematic of a ferromagnetic single-electron transis-

Single-electron transistors consisting of ferromagnetiGor with double tunnel junctions and gate. The arrows indicate
metals such as NMNiO/Co/NiO/Ni [18] and double the magnetization in island and electrodes.

-V/2
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of excess electrons on the island has significant effeck; (n) = E; (n) + eV and E; (n) = E; (n) + eV,

on charge transport in the SET. The increase of theespectively.

electrostatic energy due to the excess electrons is derived Let us first discuss tunneling in the SET based on the
as follows. The average charge on the capacitors isequential tunneling model, in which tunneling events in
electrostatic equilibrium for given bias and gate voltagesjunctions 1 and 2 occur independently. For small bias
V andV,, respectively, and given excess island chargeand gate voltages, ani (j = 1,2) are positive, so that

ne = —Q; + Q> — Q,, is determined by the free energy tunneling in either of the two junctions increases the
01 03 Q§ 1 electrostatic energy. Therefore, sequential tunneling of
F(n) = 20, + 20, + 20. 2 AV electrons through the junctions is suppressedifex E.
: ¢ (Coulomb blockade).
) 0.,V — Q,V,, (1) It has been pointed out that, in the Coulomb blockade

, ) ) ) regime, there is a higher order process of tunneling
where theC's are the capacitances of junctions 1 and 2through both junctions via a virtual intermediate state with
and the gate; we subsequently gt= C, = C. The increased electrostatic energy. Tlaistunnelingprocess

variation of F(n) with respect toQ, and Q, yields s energetically favorable since the electrostatic energy of
Kirchhoff's law. The energy change associated withihe final state is negative, i.eE; (n) + Ey (n + 1) =

forward tunneling of an electron Ehrough the first junc- _,y < ¢. Following Averin and Nazarov [12], we
tion (n —n +1) is given by Ey(n) = F(n +11) ~—  calculate the current through the double junctions

F(n) — eV/2 = (1 + 2n)E. + (C;/Cs)eV, — 5¢€V,

and that through the second junctign — n — 1) is . - oy =

given by E; (n) = F(n — 1) — F(n) — eV/2 = (1 — Ir =e ;w palT(n) — T(n)], )
2n)E, — (C,/Cs)eV, — 3¢V, where E.= ¢2/2Cs . _

and Cs =2C + C,. The energy change for the wherel'(n) and I'(n), respectively, are the forward and
backward tunneling,E; (n) and E; (n), is given by | backward tunneling rates

Ju— 2 o . T,
e [ T [ aege amotzorer

gmet | gl € sinf{e/2T]sint(e * eV)/2T]
1 1 2
* .+ + + . = (3)
€ + Ei(n) +ivy; —€ + Ey(n) = eV + iy}
Here o is either F (ferromagnetic) or A (antiferromad— R, = 2R§”)(1 + E./3T), (6)

netic) alignment of the moments, ang is given by whereas at low temperatures in the Coulomb blockade

+ . . regime(T < E.), we obtain
vy = (85/2) Y. Ef(n)cotEF (n)/2T],  (4) 32

s Ry ~ ——[RY'P(E./T). 7)
4 h

which represents the decay rate of the charge state  which expresses the inelastic cotunneling. We emphasize
1 [21]; here g, = (5/62)/1((;7)_ In Eq. (2), p, is the that the resistanc&, for sequential tunneling is propor-
probability of charge state and is obtained from the tional to thesumof the resistanceER(T”) of the two junc-

condition for detailed balancing2,[T'; (n) + T'5 (n)] =  tions, whileR, in the cotunneling case is proportional to
[Ty (n + 1)+ Ty (n+ 1)], where I'; (n) are the i ()12 uncti

P+l 2 D WHEIE L A the productof the resitancefR; "¢ of the two junctions.

tunnellngz r)ates of — n = linthejthjunctionl'; (n) =  The resistance rati /R is given by

—(1/e*R7)E; (n)/(1 — exdEj (n)/T]). From Eqg. (2) A, ()

we can calculate the currenf. . RA/I?F — Rr _/RT . (> E) ®
To extract an analytical behavior, we calculate thein the sequential-tunneling regime, and

resistancer, = dV/dl, at zero applied bias and gate Ra/Rr = [R¥Y/R\VP, (T < E,.) 9)

It = = 0). The resulti . . .
voltages(V' =V, = 0) resuitis in the cotunneling regime. Therefore, the TMR for«

1 ]“’ [ €/T } E,. is enhanced b{/R(TA)/R(TF)]2 compared WithR(TA)/R(TF)
27TR(T”) - € sinh(e/T) in the absence of the Coulomb blockade. For example,
v (€) if we use Fg for the electrodes am®l = 0.4 for the
€ L2 + 25’ (5) spin polarization, we expect an enhancemeni{Rf —
¢ o\=c Rr)/Rr from 38% to 91% by the Coulomb blockade.
With y,(€) = g e cothe/2T). At high temperatures  Figure 2(a) shows the temperature dependence of the
(T > E,.), Eq. (5) is replaced with the result of the resistancer, at vV =V, =0 for three values of tun-
thermally assisted sequential tunneling, nel resistanceR(T”)/RQ with Ry = whi/e*. The curves
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clearly show the crossover néBfE. = 0.1, below which  In the Coulomb blockade regim@ < 0.2E.) the MR
the cotunneling gives the dominant contribution since thenearV, = 0 progressively increases frofiR,/Rr) = 2
sequential tunneling is exponentially suppressed and th® (R4/Rr) = 4 as temperature is lowered, while the MR
resistance shows thE~2 dependence, and above which at abouteV,/E. = =5 is unchanged.

sequential tunneling is recovered. Note that, in the limit Figure 4(a) shows resistan& normalized to the zero
of R(TU)/RQ — o, cotunneling disappears an@l, fol- bias resistancer,(0) as a function of bias voltage at

lows the classical expressidw(fr) sinhE./T)/(E./T) in Ve = 0. The values oR,(0) for 7/E. = 0.04, 0.08, and

4 3 2
the whole temperature range below0.4E. [cf. Eq. (6) 0.16 ared.5 X 10°Rg, 9.7 X 10°Rg, and 6 X 10°Ry,
is valid for T/E, = 1]. The thin dashed line indicates respectively. The resistance steeply decreases, as the

the resistance at the gate voltageedt,/E. — Cs/C,, bias voltage increasesR, at low temperatures shows

o 2
where the charging energy is canceled out by this gat@ power law dependencé, = 1/V", as expected for a

voltage and the Coulomb blockade is neutralized. Fig_cotunneling process. Figure 4(b) shows the M&/Rr)

ure 2(b) shows the ratiff, /Ry as a function of tempera- as afun(_:tlon of bias voltage. As temperature is decreased,
. (4) F) ) . the MR is enhanced frofR,/Rr) = 2 to (R4/RF) = 4.

ture fo(rA)dlff(eFr)ent values oy and Ry *, keeping their At T/E. = 0.04, the enhanced MR is constant up to

ratio Ry ' /Ry~ = 2. As the temperature is lowered, the .y /g, ~ 1.2, whereas the corresponding resistance is

MR is enhanced fromiR,/Rr) = 2, where the sequential reduced by several orders of magnitude.

tunneling is dominant, t6R,/Rr) = 4, where the cotun-  Ono et al. [18] measured the MR in the MNiO/Co

neling is dominant. In the crossover region both tunnelingjouble junctions and observed Coulomb oscillations in

processes contribute to the tunnel current. _ the R, vs V, curves. Off resonance (i.e., at the peaks
Figure 3(a) shows the resistan@ as a function of of R ), they found that the MR ratio(Rs — Rr)/RF,
gate voltage aV = 0. At abouteV,/E. = 0 and*10, is enhanced to 40%, which is larger than the value of

the resistanc&,, increases rapidly with decreasing tem- 17,50, expected fromPc, = 0.35 and Py; = 0.23

perature. On the other hand, the values of the minimg, the absence of the Coulomb blockade effect.

in R, at eV, = (Cs/Cy)E. = *5E. (mode 10E:) are  The present theory explains this enhancement since
almost unchanged. The minima in the resistance corr '\ — Rp)/Rp = [R(TA)/R(TF)]z —1=0238, ie. the

spond to well-known conductance resonance peaks, Whejgr is 380%. However they found an MR of4%
the neighboring charge states= 0 andn = 1, have the .
same electrostatic energy. Figure 3(b) sha@ugRr as
a function of gate voltage. We see that the behavior o
the MR curves is well correlated with that of I@y,).

at resonance, which is considerably smaller than the
Expected MR of 17.5%. A reduction in MR at resonance

may occur in case of strong tunneling(T”) =< Ry.
Recent experiments and theories for the SET have
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FIG. 2. (a) Resistanc®, and (b) magnetoresistance ratio FIG. 3. (a) Resistanc&®, and (b) magnetoresistance ratio
R4/RFp as functions of temperature & =0 and V, = R4/RF as functions of gate voltag¥, at zero bias voltage

0, where o is F (ferromagnetic) or A (antiferromagnetic), V = 0, whereo is F (ferromagnetic) or A (antiferromagnetic),
depending on whether the magnetizations in the electrodes adepending on whether the magnetizations in the electrodes are
parallel or antiparallel. parallel or antiparallel.
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LI I two systems are apparently different. On the other hand,

a .
@ 10 r /Ro=10 1 the monotonic decrease in the MR Vscurve by Schelp
S — T/E=0.04 ] et al. suggests that their junctions lie in the crossover
ngs _____ T/E.=0.08 | regime be_tween sequential tu_nnellng and cotunneling. If
-2 TE=016 | different kinds of ferromagnetic metals are used between
o ¢ 1 clusters and electrodes in the junctions, the oscillation of
I e the MR, as well as the resistance, may be observed in the
0.0 b et L E— E— magnetic field. This is because the shift of the chemical
by ST A E), o] potentials is different between them in the field, and thus
4 b TES004 T /R '=20/10 4 the field plays a role similar to the gate voltage [18].
& 7 ] In conclusion, we have studied spin-dependent electron
023 i tunneling in ferromagnetic single-electron transistors, and
; i have shown that the dependence of the tunneling matrix
S 2t elements on the relative orientation of the electrode mag-

netizations amplifies cotunneling in the Coulomb block-
ade regime; this results in an enhanced magnetoresistance.
eV/E, The spin-dependent tunneling together with the Coulomb
) ] . blockade provides the basis for understanding magnetic
FIG. 4. (a) Resistanc&k, and (b) magnetoresistance ratio transport in magnetic nanostructures.
R4/Rr as functions of bias voltag® at zero gate voltage . . . ..
V, = 0, whereo is F (ferromagnetic) or A (antiferromagnetic), We aCknOW!edge valuable_ discussions with H. Fuji-
depending on whether the magnetizations in the electrodes af8ori, S. Mitani, K. Takanashi, K. Ono, Y. Ootuka, and
parallel or antiparallel. P.M. Levy. This work is supported by a Grant-in-Aid for
Scientific Research Priority Area for Ministry of Educa-
tion, Science and Culture of Japan, and a Grant from the
Japan Society for the Promotion of Science.
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