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Spin-dependent Coulomb blockade in ferromagnet/normal-metal/ferromagnet
double tunnel junctions
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We study theoretically the spin-dependent transport in ferromagnet/normal-metal/ferromagnet double tunnel
junctions by special attention to cotunneling in the Coulomb blockade region. The spin accumulation caused by
cotunneling squeezes the Coulomb blockade region when the magnetizations in the ferromagnetic electrodes
are antiparallel. Outside the squeezed Coulomb blockade region, we propose an anomalous region where the
sequential tunneling in one of the spin bands is suppressed by the Coulomb blockade and that in the other is
not. In this region, the tunnel magnetoresistance oscillates as a function of bias voltage. The temperature
dependences of the tunnel magnetoresistance and the magnitude of the spin accumulation are calculated.
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The spin-dependent transport in magnetic materials, irthe critical voltage above which electrons with (giown)
particular, the tunnel magnetoresistai€®R) in ferromag-  spin can tunnel intgout of) the normal-metal island is raised
netic junctions, has attracted much interéstRecent ad- by spin accumulation. Consequently, an anomalous region
vances in nanolithography and thin-film processing make ippears between the lowered and raised critical voltages. We
possible to fabricate very small double tunnel junctionscall this region the half CB region, since the sequential tun-
called single electron transist¢SET), where the electro- neling in one of the spin bands is suppressed and that in the
static energy of excess electrons in the island has a signifsiher is not. Cotunneling is essential for appearance of the
cant fﬁeCt on charge transport, i.e., the Coulomb blockadgyif B region. If cotunneling is not taken into account, the
(CB).” In the CB region, sequential tunneling, where tunnel-qyiy 4ccumulation does not occur in the CB region and the
ing events in each junction occur independently, is blockeq,, qary of the CB region does not change, since there is no
Erir:o-[e_(?orgylthet eIec}yostatlc energ31|, gnd stupercl:_er%g? by ?unneling current. In the half CB region, we find an anoma-
f piex unn’e INg process called - cotunnelndy. n lous oscillation in TMR as a function of bias voltage. The
erromagnetic SET'S,it was recently pointed out that TMR . . .

crossover between cotunneling and sequential tunrieling

ﬂgﬂg?&eisn Itnh:?g?gg%nt%r;ngg&gm:gﬁ%g d TMR is en- also found in the temperature dependence of the TMR and
| the spin accumulation.

In this paper, we study theoretically the spin-dependen ) .
single electron tunneling in ferromagnet/normal-metal/. 1he TMR in the ferromagnet/ferromagnékF) single

ferromagnet(FNF) double tunnel junctions shown in Figs. junctions has been extensively studied**“where the tun-
1(a) and Xc), and find an anomalous region intrinsic to the

spin accumulated system. For the antiferromagnéfg @
alignment, where the magnetizations of the right and left , .
electrodes are antiparallel as shown in Figh)1electrons -3 2’

with up (down) spin are easydifficult) to tunnel into the 0 Ferro f{ Normalf{ Fero |-G
normal metal, and difficulfeasy to tunnel out of it, because

the densities of states of the left and right electrodes are
different between up and down spin bands. This imbalance
among the tunneling currents causes the spin

{©
I M
accumulationt®~*? when the spin-relaxation time is suffi- H l -
ciently long in the normal metal. In the CB region, where @ e ™

GRs  GRy (d

4

sequential tunneling is blocked @t=0, cotunneling causes &
the spin accumulation. S E—

As shown in Fig. 1b), the spin accumulation increases e%E
(decreasesthe chemical potential for electrons with up ¢
(down) spin. This shift of the chemical potential decreases FiG. 1. (a) FNF double junction. Insulating barriers are shown
the energy for addingextracting an electron with dowiup) by the shaded rectangle$) The densities of states for the antifer-
spin to(from) the normal-metal island. Therefore the critical romagnetic alignment are schematically shown.and u, denote
voltage, above which electrons with dowurp) spin can tun-  the shifts of chemical potential for up and down spins, respectively.
nel into (out of) the normal-metal island, is lowered and the (c) FNF single electron transistor with a gatg) The Coulomb
CB region is squeezed as shown in Fig. 2. On the other handbockade region for the ferromagnetic alignment writf O.
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1.0 - states in the normal metal for each spin band, and subscripts
Half CB 1 and 2 represent the left and right junctions, respectively.
05 The shiftsu; andu, are determined by the stability con-
o dition, i.e., 13;=1,; and I, =1, . Then, we haveu,
S = —MzéP eV. The tunnel resistance for the alignment
x 0.0 Squeezed CB is written asRa (1/Dy + 1/D,,)/ 4Dy . For theF alignment,
2 the spin-resolved currents are balanced without spin accumu-
S° 05 lation. Therefore, the chemical potential for each spin elec-
--------- Ni tron does not shift and the tunnel resistance is given by the
P 5;73,03,\,1”93 \ — Faignment usual manner af>1/Dy(Dy+Dy). The TMR for FNF
~45 10 -05 00 05 10 15  junctionsis obtained as

e%Ec
2 2
FIG. 2. The boundary of the CB region for the ferromagnetic Ra—Re - (P~ D) - P @)
alignment is indicated by the solid line. Boundaries of the half CB Re 4DyDyn  1-P?
region for the antiferromagnetic alignment with Ni, Fe, and
Lay /Srp sMnO; electrodes are plotted by dotted, dashed, and dot-
dashed lines, respectively. The half CB region fop }1, ;MnO;  which is half of that for FF junctions in Eq1). Equation(2)
electrodes is indicated by the shade. The tunnel resistance for theas also been obtained by Brataasal® The polarizability
majority spin band is taken to Ry, = 2R for all systems. P for Ni, Fe, and Lg;SrpMnO; are, respectively, 0.23,
0.402° and 0.83Y"*8|ntroducing thesé values into Eq(2),
nel resistance depends on the relative orientation of the magve estimate the TMR for FNF double junctions made of Ni,
netizations between the electrodes, i.e., parallel or antiparaFe, and LS sMnO;3 electrodes to be 5.6, 19, and 220 %,
lel. When the electrodes are made of the same ferromagneti€spectively.
metal, the tunnel resistance for the ferromagnéficalign- Let us next examine the single electron transistor with a
ment, where the magnetizations of the left and right eleccapacitively coupled gate as shown in Figc)1 The transis-
trodes are parallel, is given byFﬂP!u(’Dﬁ/l—i—Drzn), while for  tor is made of the same materials as the FNF double junc-
the A alignment 1R,*2D,,D,,. Here Dy, and D,, are the  tions discussed apqve, and its size is smallienoug'h to obgerve
densities of states for the majority and minority spin bands athe CB. For simplicity, we assume that the insulating barriers
the Fermi level, respectively. The tunnel magnetoresistanctor junctions 1(left) and 2(right) are the same; we subse-
is written as quently setC,=C,=C.
The energy changes due to the forward tunneling of an
electron with spino- through the junction 1{—n+1) and
the junction 2 f—n—1) are given byE{")(n)=Ec(1
+2n)—(Cy/Cs) eVy—3 eV+pu, and ES)(n)=Ec(1
—2n)+(Cq4/Cy) eVg—% eV—pu,, respectively, whera is
whereP = (Dy,— D,,)/(Dy+ D,y is the spin polarization of the number of excess elezctrons in the normal-metal island,
the electrodes. The key point is that the difference betweeNg the gate voltageEc=e/2Cy, andCy=2C+C,. The
the products of the densities of states for each spin ban@nergy changes due to the backward tunnelig)(n) and
causes the TMR in FF junctions. ES;)(n), are given byES,)(n)=ES, (n)+eV andES})(n)
We now turn to FNF double tunnel junctions shown in =E(1f,)(n)+ev, respectively.
Fig. 1(a). It should be noted that the TMR does not exist in  The total current through the double junctidris ex-
FN single junctions, because there is no difference betweepressed as
the densities of states for up and down spin bands in the
normal metal. For FNF junctions, however, the TMR exists,

Ra—Re  2P?
Re 1- P2

, D

if the spin flip process in the normal-metal island can be *
neglected. The origin of the TMR in FNF junctions is quite 1= > 2 Pilligae (M) =lop1e (M1, (3)
different from that for FF junctions. We assume that the right N==% o0'=11

and left electrodes are made of the same ferromagnetic metal
such as Ni, Fe, and mixed-valent manganites like . . _
Lay /Srp sMNnO; and the central electrode is made of a normal\r/g;)er;esz;‘]t': ttr?: g&?riit:"I\t/?//hc;tgheall(re?:?rjrtgmwailt?]d ;inollﬁtm(rz]()al
metal such as Al with sufficiently long spin relaxation time. . h is] ' h h thigh i : |
We first consider what happens if we neglect the Cou-Into t e.Ce”"?‘ |sland through tht _Juncuon and elec-
lomb charging energy. For th& alignment, introducing the -tﬂ?lﬁioﬁw}thlnrgbagﬁinnel ?SUtdgtferLLi;:?ugh tg;ekégn_
chemical potential shift for up(dowr) spin electrons, 4" ' pre typ, IS y

- , (dition  for detailed balancing: p,[I'{"(n) +T'”(n)]
w1 (m)), the spin-resolved tunneling currents through eac ~ - ntt1 2.
junction atT=0 are given byl ;; DDy (3 eV—pu,), | =Pneal T3 (N 1415 (n+ 1], where FJ(_)(n)
: ° g U N EM(E SR T s (1R, ) B (n){exd EC(n)/T] -1} are the tunnel-
%D\Dm(z €V—pu|), 151%D\D(z €V+puy), and Iy

ing rates ofn—n=1 in the jth junction. I, (n) is ob-
«DyDy(3 eV+ wn). Here, Dy is the density of tained by the “golden rule,® as
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Whe_reIoE(EC/e RK),_ Ry =h/e? is th_e resistance quantum, g 3. Left: The tunnel magnetoresistance for Ni and Fe elec-
R;, is the tunnel resistance of théh junction for electrons {44es are plotted against the bias voltatje the upper panel. The
with spino, AE is the energy difference between initial and chemical potential shifs is plotted in the lower panel. The shaded
final states, and)/(i)Z%EUE,-gjUE,(;:)(H)COU'[E,(;:)(H)/ZT] area represents the half CB region for Fe electrodes. The tunnel
represents the decay rate of the charge statd with g;, resistance for the majority spin electronsRg,=2Ry, the gate
= (R¢/27R;,).**?° Note that in the limit of large tunnel re- voltage is Vg=0 and T=0. Right The same plot for
sistance §;,—0) where the cotunneling current is negli- Lao7SkMnO; electrodes. The solittlashedl lines indicate the re-
gible, Eq.(3) reduces to the sequential tunneling current insults forRy=2Rx (10Rk). The half Coulomb blockade region for
the orthodox theorﬁ}. Ry = 2R is indicated by the shade. The gate voltag¥js-0 and

For theF alignment, the tunnel resistancig, are given T=0.
by RlT:RZT:RM a.nd Rll:RZL:Rm! Whel’e RM
(< 1/DyDy) andRy, («1/D,,Dy) are the tunnel resistances Lay ;SKp MnO; electrodes are plotted far=0. The solid
for electrons in the majority and minority spin bands of theline indicates the CB boundary for tliealignment and the
ferromagnetic electrodes, respectively. The spin does not ashade represents the half CB region for ghalignment with
cumulate, sincd;;; (n)= 1;;;;(n) for u;=u =0. There-  Lay ;S MnO; electrodes in Fig. 2. One can see that the half
fore the CB region is the same as that for the usual metalli€B region increases and the squeezed CB region, which is

single electron transistors as shown in Fi¢d)1 surrounded by the half CB region, decrease® ascreases,
For the A alignment, the tunnel resistances are given bybecause’ increases wittP.
Ri;=R;;=Ry and Ry =Ry =Rpy. If u;=u =0, then The tunnel magnetoresistanceR —Rg)/Rg, and the

lirj (N)#1;,51(n), which gives rise to the spin accumulation shift of the chemical potentiab at T=0 andV,=0 are
and nonzero shiftg.,.. The shifts of the chemical potential plotted in Fig. 3. AtV=0, the TMR for Ni, Fe, and
satisfy the condition thag,=—u,, because we assumed Lag /Sty MnO; electrodes are about 7.5, 26, and 310 %, re-
that the left and right ferromagnetic electrodes are the samspectively. The values are 35—-40% larger than those in Eq.
and the density of states in the normal metal is constant. WE2).
introduce the symbod= ;= —u |, which is determined by As the bias voltag&’ increases from 0 toward the bound-
the stability condition=,=; ;p[lij,(n)—1i;j;(n)]=0. We  ary of the squeezed CB region, the tunneling current for the
carry out the numerical integration of E@l) and obtains. A alignment increases more rapidly than that for Ehalign-
Here we takeRy=2Rx [Ryn={(1—P)/(1+P)}Ry]. ment and the TMR decreases. At the boundaries of the half
At T=0 and for lowV where sequential tunneling is
blocked by the CB, cotunneling causes the spin accumulation _ 30

'Y
(=]
o

in the normal-metal island, leading to the increédecrease % Fe % ao0f -20750.M0s
of the chemical potential of up-spidown-spin electrons by & Z°K {200
6 as shown in Fig. (b). Therefore the energy changes due to ol &
the single electron tunneling are given bEi(Ti)(n) = M =%
=E(*)(n)= 5 and E{)(n)=E{")(n)% 5, where E"")(n) T o 1~
are the energy changes fér=0. The CB region for the\ 0.04 45 207570 MnO,
alignment is now determined bi{*)(n),ES")(n)> & and 0.08
squeezed as shown in Fig. 2. Note that for Ehalignment, é’O»OZ & /
the CB region is given b§{™)(n), E{")(n) >0. < 0.01 :
Outside the squeezed CB region, electrons with down %% 5752 03 o4 o5 °00 01 o0z 03 04 05
(up) spin can tunnel intdout of) the normal-metal island. T/E. T/E.

Egv;lfr\]/)er’EEg?(sr% v!tE 6up(:sovgn)c§rﬁ)lsr; Eaér:]r;(;t \?vse f:;\/:sa FIG. 4. Left: The temperature dependence of the tunnel magne-
1 o2 ’ . q ’ . oresistance a¥y=0 andeV/2E,=0.1 for Ni and Fe electrodes is
r]eV\{ spln-dependent C,:B region, where the sequenpal turmelhown in the upper panel. The temperature dependence of the
INg In one spin _ban(_is IS _suppressed and th?_Other IS not. Th&lemical potential shif atVy=0 andeV/2E;=0.1 for Ni and Fe
“half CB” region is given by the condition that—3&  glectrodes is plotted in the lower panel. Right: The same plot for
< E{"(n), E§(n) <é. InFig. 2, the boundaries of this La, Sk, MnO; electrodes. In both figures the tunnel resistance for
“half CB” region for the A alignment with Ni, Fe, and the majority spin electrons iRy, =2Ry .
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CB region,R, jumps because the current due to cotunnelingThe results are shown in Fig. 4. One can see clearly the
decreases rapidly and that due to sequential tunneling staresossover between cotunneling and sequential tunneling near

to flow. The same jump iR appears aéVI2E,=1, which ~ T/Ec=0.1°

is the boundary of the CB region for tifealignment. There- In conclusion, we have studied the spin-dependent trans-
fore the TMR oscillates in the half CB region as shown in port in FNF double junctions. In the antiferromagnetically

Fig. 3. We also find that cotunneling enhances the TMRahgned SET, cotunneling brings about the spin accumulation

- : at low V, where sequential tunneling is blockedTat 0. The
aroundeV/2E.=2.0, becausellt suppresses thdéependence spin accumulation causes the squeezing of the CB region.
of the total current for thé\ alignment.

. . _ Outside the squeezed CB region, we have found a new
We have also studied the system with large tunnel resisanomalous region, where the sequential tunneling in one of

tance Ry =10R , in order to see what happens when cotun-the spin bands is suppressed and that in the other is not. In

neling is suppressed. In Fig. 3, TMR adAdor the electrodes this “half CB” region, the TMR oscillates as a function of

of Lay Srp s;MnO; and junctions withRy, = 10Rk are plotted V. The crossover between cotunneling and sequential tunnel-

by the dashed lines. The size of the half CB region is 79% ofng is found in the temperature dependences of TMR &nd

that for Ry =2Ry . This work was supported by a Grant-in-Aid for Scientific

The temperature dependences of TMR ahtave been Research Priority Area for Ministry of Education, Science
calculated atvy=0 andeV/2E.=0.1 in the squeezed CB and Culture of Japan, a Grant for the Japan Society for Pro-
region. As temperatur€ increases, the sequential tunneling, motion of Science, and CRES[Core Research for Evolu-
which is exponentially suppressed at IoWw is recovered. tional Science and Technology Corporadidapan.
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