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Spin accumulation in small ferromagnetic double-barrier junctions
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The nonequilibrium spin accumulation in ferromagnetic double barrier junctions is shown to govern the
transport in small structures. Transport properties of such systems are described by a generalization of the
theory of the Coulomb blockade. The spin accumulation enhances the magnetoresistance. The transient non-
linear transport properties are predicted to provide a unique experimental evidence of the spin accumulation in
the form of a reversed current on time scales of the order of the spin-flip relaxation time.
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In the 1970s it was understood that electron transport irtransistor which in principle can be used to test our predic-
tunneling and heterostructures involving metallic ferromag-tions. Coulomb charging effects have also been seen in dis-
nets is associated with nonequilibrium sptfsCompared to  continuous multilayer§ and in small cobalt clusters.
other time scales in electron transport the spin relaxation We first show that the spin accumulation in ferromagnetic
time is generally very long at low temperatures, being lim-double barrier junctions becomes relevant when the number
ited only by scattering at paramagnetic impurities and byof electrons in the island between the tunneling barriers is
spin-orbit scattering. The spin-relaxation time and the spintelatively small. In ferromagnetic structures where the tun-
diffusion length which govern the spin accumulation hasneling rates depend on the electron spin, a finite current
been measured by Johnson in polycrystalline gold films.through the system is accompanied by a spin current out of
The concept of nonequilibrium spin accumulation plays aror into the island {s/dt),,. This creates a nonequilibrium
important role in the Boltzmann theory of transport of theexcess spirs on the island, which decays with the spin-flip
giant magnetoresistance in the current perpendicular to theelaxation timerg so that in steady stated$/dt),=s/ 7.
plane(CPP configuratiorf® However, the experimental evi- Energy relaxation is much faster than spin relaxation, so that
dence for the spin accumulation is indirect at best. It can b¢he occupation of the states for each spin direction can be
shown that in the linear response regime the spin- andescribed by Fermi distributiorfsThe nonequilibrium spin
charge-distribution functions can be completely integratedaiccumulation on the island is equivalent to a chemical po-
out of the transport problem, which then depends exclusivelyential differenceAu between the spin-up and the spin-down
on the scattering probabilities and the applied Biés.this  states. Since spin relaxation is slow and the structures of
paper we show theoretically how unambiguous evidence fointerest are smallAu is uniform over a sufficiently small
a nonequilibrium spin accumulation can be obtained by thésland. In terms of the typical single-particle energy spacing
dc and ac response of ferromagnetic double barrier junction®r inverse energy density of states at the Fermi enesgye
in the nonlinear regime. These junctions have to be small ifaveA w=sd. Spin accumulation may be expected to inter-
order to observe large effects, which means that the compliere with the transport properties whexu is of the same
cations of the Coulomb blockade have to be taken into acerder as the applied voltagé. The spin current is of the
count (for a review see Ref. )6 To this end we have to same order as the currem(ds/dt),~|~VIR, whereR is
extend very recent theories of the Coulomb blockade in ferthe typical junction resistance. The nonequilibrium spin ac-
romagnetic double barrier junctioh® include time depen- cumulation is therefore important when the spin-relaxation
dence and a nonzero spin relaxation tifm@no et al. suc-  time and/or the single-particle energy spacing are sufficiently
ceeded in fabricating a ferromagnetic single electrorlarge:
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r8IN>RIR (1) C,2 C,2
where the quantum resistanceRg=h/e?. The spin-flip re- _G| GI_
laxation time in polycrystalline aluminum is4~10 s 1t 2t
(Ref. ) [1078 s in single-crystal aluminum af=4.3 K L1
(Ref. 2] and 7~ 10 ' s for gold® The single-particle en- — G S ¥e —

ergy spacing on the island is roughd Er /N, whereN is

the number of atoms on the island akd~10 eV is the

Fermi energy. In an Al island with less than®1&toms (18 2%

atoms in single crystalshe spin accumulation may therefore | pum——

be expected to play a significant role. “Modern” metals, €2 C,2

such as arm-chair nanotub&sr (magneti¢ semiconductor FIG. 1. Th valent circuit for th tvolt

heterostructure® can also be interesting as island materials. - 1e equivaient circuit Tor the current-voliage response

. I .~"of the system.

The former because of a possible huge spin-flip relaxation

time and the latter since islands containing a small number of tiofi determi th babilitw. to h

electrons can be created by depletion of the two-dimensiong auaton ade erm!nes € probability, o have n.exc_:ess .

electron ga&. _electrons on the island. The current through the. first j_u.nct|on
In small systems where Edql) is satisfied the spin-flip IS '1:(@“@; where the current of electrons with spiris

relaxation time is longer than the charge relaxation tR I(1T:eEnpn(rlgnJrl,n_Flgnfl,n) and there is a similar ex-

(Cis the capacitance of the islandrhis can be seen from pression for the current through the second junctipn (1)

Eq. (1'), rsf>(2EC/5)RC,_ and noting that the charglng en- +|%)_ The spin current is

ergy is larger than the single-particle energy spacing except

in few-electron systems, E¢/8~(e%/Era)N?¥(e?/Era (ds)

tr

~1). Hence the long-time response of the system is domi- =(1]-li=15+1))/e. 4
nated by the spin dynamics.
We consider a normal-metal island attached to two ferro-I

. ; i ; n the Coulomb blockade regime the current is zdre 0,
magnetic leads by two tunnel junctions. We assume collmea&nd it can be shown thaku vanishes, as expect&drhe

oulomb gap in the low-temperature current-voltage charac-
teristics is thus not modified by the nonequilibrium spin ac-
\ ) ) : cumulation. We also want to point out that for symmetric
wherei=1,2 denotes the first and the second junction and tunneling junctionsG, /G, = Gy, /G,, the nonequilibrium

denote.s up(+) or dovyn (=) spin electrons on the island. spin accumulation vanishes and our theory reduces to those
There is a source-drain voltagebetween the right and the in Refs. 7

left reservoir and a gate voltage source coupled capacitively In this orthodox model the problem can be mapped on the

to the island. Here we consider the situation with a maximurq3 : P — : ; dani :
uivalent circuit in Fig. 1 by introducing the “spin capaci-
Coulomb gap where the offset charge controlled by the gat?;]nce” C.=e2/25. so tﬁat y g P P
s— L]

voltage is zerd.
We proceed from the assumptions of the orthodox theory, (e9/2=Cy(Aule), Auls=e(2Cy)=24.

i.e., G;, <G neglecting cotunnelind’ with the difference s ’ *

that the transition rates becomes spin dependent. The tran&ihis “charging energy” of the spin capacitance is thus sim-

The tunnel junctions are characterized by a capacit&)ce
and magnetic configuration-dependent conductar@gs,

tion rate from the left reservoir to the island is ply the single particle energy cost of a spin fli§),or more
generally, the inverse of the magnetic susceptibmél Xs-
= 1 We solve the general problem for the steady state as well
| R l,n_gGIUF(El(V'q)_ oApl2), (2 as for the time-dependent properties by numerically integrat-

ing the master equation and the spin balance, (Bg.We
where the energy difference associated with the tunneling afhoose symmetric capacitanc€s=C,=C in our calcula-
one electron into the island through junctiofis® E;(V,q) tions. Thus the important energy scale is the Coulomb en-
=k;eV+e(q—e/2)/(C,+C,), the charge on the island ergy E.=e?/2C and the other relevant energies are renor-
is g=—ne, the total capacitance is @ 1/C,+1/C,, k; malized byE.. The thermal energy i&gT=0.0%.. The
=C/C;, F(E)=E/[1—- exp(—FE/ksT)], andkgT is the ther- spin-dependent junction conductances are described in units

mal energy. The spin balance is of the average junction conductanGeand the currents are
normalized byGe/2C. In the parallel configuration, the con-
ds (ds ds ductances are G} =G;(1+0P)l2 and G =G,(1
dat \dt . + dt ] (3) +oP)/2, whereP is the polarization of the ferromagnets. In
' © the antiparallel configuratio®,"=G;(1+oP)/2 andG5"
where the spin-relaxation rate isdg/dt),=—s/7y =G,(1—0oP)/2.
=—Aul 874,74 is the spin-flip relaxation time, and ! is We consider first the steady-state transport properties

the density of states at the Fermi level in the island. The spinvhere the spin capacitan€ does not contribute. The junc-
balance (3) can be written in the stationary case bs tion magnetoresistance is the relative difference in the resis-
=e(ds/dt),=Gs2A /e, where the “spin relaxation con- tance when switching from the antiparallel to the parallel
ductance” is introduced asG=e?/267y. The master configuration. In the absence of the nonequilibrium spin ac-
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FIG. 2. The junction magnetoresistance in the limit of no spin  FIG. 3. The current as a function of timepper pangl The
relaxation in the island Gs/G=0) and fast spin relaxation relative change of the nonequilibrium spin as a function of time
(Gs/G=5). (lower panel. The source-drain voltage is switched frol

=10E. to V{=4E; or V;=0 att=0.
cumulation, the junction magnetoresistance vanishes for the
F/N/F junction. The spin accumulation causes a nonzerds V;=10E;, which gives a stationary current of;
magnetoresistance. We show in Fig. 2 the calculated junctiorr 6.2Ge/2C and we investigate the behavior of the transient
magnetoresistance f@,/G=1, G,/G=2 and a polariza- current when the final source-drain bias is below
tion P=0.4 in the limit of slow spin relaxatioiss/G=0 =0 (I14=0), and above the Coulomb charging eneryy,
(upper curvg and fast spin relaxatiorG;/G=5 (lower =4E. (I;=2.1Ge/2C). We show in the upper panel in Fig.
curve. We see the magnetoresistance oscillations as a fun& the current through the first and the second junction for
tion of the source-drain voltageThe amplitude of the oscil- V;=4E (upper curvesandV;=0 (lower curves after the
lations decreases with increasing source-drain voltage, whesource-drain voltage is changed at0. It is clearly seen that
the Coulomb charging is less importdnthe period of the the relaxation of the current is slow on the time sd&@ For
oscillations is close to B, for our system. There is only a time scales less thaRC, we see that the current through the
small distortion of the shape of the magnetoresistance oscifirst and the second junction are not the same due to the
lations with increasing spin-relaxation rate in the island. Thecharge depopulation in the island. The average of the upper
magnetoresistance and its oscillations are noticeable evewrves {/;=4E.) where the final source-drain voltage is
when the spin-relaxation conductance is of the same order agell above the Coulomb blockade energy, follows to within
the tunnel conductances, in agreement with @g. In the  10—20 % the description given by the equivalent circuit ne-
absence of the Coulomb charging energy, the tunnel magnefecting the Coulomb charging effects described bely,
toresistance is (7), and(8)] according to which the spin accumulation time
is 7spin=2.4RC. When the source-drain voltage is switched

1— 9?2 off (V;=0), we see that the transient current is negative.
5 However, the spin accumulation time is much longer in this

case, 7= 7= LOR C. This discrepancy becomes more evi-
wherey=(G;—G,)/(G;+G,) is a measure of the asymme- dent when we consider the relative changeApf or s:
try of the junction conductances anef=4G./(G;+G,)
determines the reduction of the magnetoresistance due to the
spin relaxation. For a high source-drain bias when the Cou-
lomb charging effects are negligible, the numerical results
agree well with Eq.(5), TMR=11% for Gs/G=0 and In the lower panel of Fig. 3 we show the calculated time-
TMR=2% for G4/G=5. dependent relative chand2(t) in the situationsV;=4E.

For the transient response in the antiparallel configuratiorfupper solid curveandV;=0 (lower solid curve, which are
we useP=0.5, G;/G=1.3, G,/G=2.6, andG,/G=0.3.  found to be remarkably different.

Let us consider first a fixed source-drain voltage at a high In order to understand the dynamics it is useful to inspect
bias until the system is stationary and then lower the sourcehe device without the Coulomb charging effects, i.e., the
drain voltage. We have used; =10RC (e.g.,E.=0.2 meV  capacitance€; andC, in the equivalent electric circuit in

andR/Rx =10 givesRC=2x 1011 s). The initial high bias  Fig. 1. We set the voltage on the left lead to zero and apply

TMR=P2—M—
1-P**+a®

S(t=00)—s(t) ‘
(t=2)=s(t=0)|’

D(t)=|g
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a time-dependent potentil(t) to the right lead. The com- librium spin accumulation decays slower since the spins
plex impedance& g, w) =V(w)/l () is must relax through the spin conductan@g on the island
and the transport through the junctions is suppressed. In this

1 _ G1G; _GlTGZL_GuGZT Ap(w) 6) situation, the relaxation time of the nonequilibrium spins and
Zopifw) G1+Gy (G1+Gz)  eV(w)’ the current for long times is equal to the spin-flip relaxation
where time 74, as observed in Fig. 3.
It should be noted that the magnon assisted inelastic tun-
Ap(w) 1 G1,Gy,—G1 Gy neling, which reduces the TMR, gives negligibly small con-

(7)  tribution in our case because of a magnon excitation gap,

eV(w) 1+iwrgy, / '
() @Tspin (Gs+G')(G1+Go) presumably due to magnetic anisotropy and/or size effécts.

Here the spin accumulation time is This magnon gap is larger than the bias voltage applied in
our study. For very small islands like the metallic cluster
G studied in Ref. 11 when the Coulomb charging energy is
Tspin— G+G’ ' (8) larger than the magnon gap, magnon inelastic tunneling can
interfere with the Coulomb charging effects.
where 16" =1/(Gy;+ Gy) + 1/(Gy| +Gy)). From the rela- In conclusion, we have investigated the influence of a

tions (6) and(7) we see why switching off the source-drain onequilibrium spin accumulation on the transport properties

voltage (V;=0) reverses the transient current as found in they¢ 5 ferromagnetic single-electron transistor. FOFAN/F
upper panel in Fig. 3. Without the Coulomb blockade this;

ient d he ti In the limit that th junction we find a finite magnetoresistance due to the non-
.trans.lent ecays on the time scaig;,. In the limit that t, € equilibrium spin accumulation. The spin accumulation can
junction conductances are much smaller than the spin co

q h ; lation fi d h ! COjave a drastic effect on the ac transport properties. A tran-
uctance, the spin accumulation tirt@ reduces to the Spin- ot respnonse can be found on time scales much larger than
flip relaxation time, gy~ 75;. In the opposite limit where o charge relaxation timRC. The same slow response is

the junction cond_uctances are mu_ch Igrger than the SPIN CORYys expected if other external parameters such as the gate
ductar)ce, thr—; spin accumulation timerigi,~ CsR. Thg spin voltage or the magnetization are changed.
capacitance is much larger than the charge capacit@rine

the regime where the orthodox theory is valiBE.) and This work is part of the research program for the “Stich-
thus the spin accumulation time is much larger than thaing voor Fundamenteel Onderzoek der MateridFOM),
charge-relaxation time. which is financially supported by the “Nederlandse Organi-

The dashed lines in the lower panel in Fig. 3 correspondatie voor Wetenschappelijk OnderzoekNWOQO). We ac-

to the spin accumulation time in the absence of chargingknowledge benefits from the TMR Research Network on
Tspin= 2-4RC as well as to the spin-flip relaxation timg;  “Interface Magnetism” under Contract No. FMRX-CT96-
=10RC. We see that the calculated spin accumulation timed089 (DG12-MIHT) and the “Monbusho International Sci-
agrees well with the equivalent circuit described abffzg.  entific Research Program on Transport and Magnetism of
(8)] for Vi=4E_, but disagrees with this expression f¢f  Microfabricated Magnets.” G.E.W.B. would like to thank
=0 where the spin accumulation time is closertg. The  Seigo Tarucha and his group members for their hospitality at
latter is a result of the Coulomb charging which is seen tahe NTT Basic Research Laboratories and Keiji Ono for a
affect the spin accumulation time. In this case the nonequidiscussion.
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