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Spin effects in ferromagnetic single-electron transistors
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Electron tunneling in ferromagnetic single-electron transistors is considered theoretically in the sequential
tunneling regime. A formalism is developed, which operates in a two-dimensional space of states, instead of
one-dimensional space used in the spinless case. It is shown that spin fluctuations can be significantly larger
than the charge fluctuations. The influence of discrete energy spectrum of a small central electrode on tunneling
current, charge and spin accumulation, charge and spin fluctuations, and on tunnel magnetoresistance is ana-
lyzed in detail. Two different scales are found in the bias dependence of the basic transport characteristics; the
shorter one originates from the discrete energy spectrum and the longer one from discrete charging of the
central electrode. The features due to discrete spectrum and discrete charging disappear at high temperatures.

[. INTRODUCTION the Coulomb blockade regime, where they can play an im-
portant role and can significantly enhance TRIR/hen the
Electron tunneling in ferromagnetic junctions is of currentintrinsic spin relaxation time on the central electrode is suf-
interest due to expected applications in magnetic storaggciently long(much longer than the time between successive
technology and in other spin-electronics devices. Most ofunneling events spin accumulation on this electrode has to
experimental and theoretical works published up to now deabe taken into account and can lead to new phenoméirat,
with tunnel magnetoresistan€EMR) in simple planar junc- the spin accumulation can enhance TMR. It can also gener-
tion, i.e., with variation of the junction resistance when mag-ate TMR when the central electrode is nonmagnetic. Second,
netic configuration of the junction is changed. Tunneling init can give rise to a negative differential resistance. Third, it
more complex junctions, particularly in mesoscopic onescan reverse sign of the tunnel magnetoresistance.
where charging effects are important, was studied only very Quantized nature of energy spectrum of a small central
recently. A special kind of such junctions are double junc-glectrode and fluctuations in the spin accumulation were ig-
tions yvith a small .cent.ral electrc_)dea_lled an island in the ored in the works on magnetic SET’s done up to now.
following). Tunneling in such junctions, known also as Thege restrictions are relaxed in the present paper, where
single electron transistorSET's), was extensively studied 41 energy level quantization and spin fluctuations are taken
in the past decade, but only in the nonmagnetic linfitwas explicitly into account. Some preliminary results have been
srown(;[hat when”the ele%trlcr?l cz?]pac!tamb@f the cg}"nztral published elsewhere Accordingly, we consider a double
electrode is small enough, the charging enefgy-e”/2C junction in which all three electrodes can be ferromagnetic.

can be larger than the thermal energyT and discrete . : . .
: In a general case relative orientation of magnetic moments of
charging of the central electrode can lead to Coulomb block:

ade of electric current below a certain threshold voltage an(H1 € three elegtrodes can pe a_rb|trary. When _the three elec-
to characteristic “Coulomb staircase” at higher voltages. rodes have different coercive fields, shape anisotropy and/or

However, the interplay of ferromagnetism and discrete>°Me _Of them are ex_change biased, then the magnetic con-
charging was studied only very recenfly. It has been f|gu_rat|_on can be easily contro!led by a sm_all exFernaI mag-
shown that discrete charging can lead to oscillations ijetic field. However, we restrict our considerations to the
TMR.* In Ref. 4 the intrinsic spin relaxation time on the case where the magnetization of one of the external elec-
central electrode was assumed to be sufficiently sludthe  trodes and of the island are parallel to one another and par-
order of the time between successive tunneling events ctllel (parallel configuratiopor antiparallel(antiparallel con-
shortej to neglect spin accumulation. Apart from this, quan-figuration to the magnetization of the second external
tization of energy levels of the central electrode was neelectrode. General geometry of the junction considered in
glected and the considerations were restricted to the limithis paper is shown schematically in Fig. 1.

where orthodox tunneling theory is applicable, i.e., to the In Sec. Il we describe the formalism used for calculating
case where the barrier resistances are larger than the quaglectric current, junction resistance, and other characteristics
tum resistanc®q , Rth/ez. In that limit higher order pro- of the system. Numerical results are presented and discussed
cessegcotunneling can be generally neglected, except inin Sec. lll. Summary and final conclusions are in Sec. IV.

0163-1829/2000/62.8)/1236311)/$15.00 PRB 62 12 363 ©2000 The American Physical Society



12 364 J. BARNAS et al. PRB 62

larger than the number of spins accumulated on the central

I I l ]] electrode.
When a bias voltag¥ is applied, then a stationary elec-
tric current flowing through the junction is then given by

left electrode island rigth electrode

|=e§0‘, 2 % T PAnh{oln; (1 f(E; + Ey-—Ep)]

—o[n; OIf(E; +Ey.—Ep)}

~-¢3 3 3 1 i)

> x{olnm ,1[1-f(E +Ey.—Ep)]—dln; ,0]

current [
. N X f(E; +En—Ep)}, (1)
FIG. 1. Geometry of the junction and schematic profile of the v
potential energy when a bias voltayes applied. Discrete energy where{n} denotes a particular distribution of the occupation
levels of the island for both spin orientations are indicated by thenumbers {n}={n,;n}={ny,...nj,...;n

. . ’ Tt lT, ILLIDN} 1y e
solid and dashed lines.

ni, ...}, of the energy levelE; , with n; =1 (n; =0)
1 o o o
Il. DESCRIPTION OF THE METHOD when the energy level, is occupiedlempty). P({n}) is the
stationary probability of the configuratidn} while §[n,n’]
The formalism described in this section is a generalizations defined ass[n,n’]=1 for n=n’ and §[n,n']=0 for n
of the formalism developed for spinless SEY"$!We con-  #n’. Apart from this, e denotes the electron charge (
sider a douple junption in which the extemal eIectrode; are- ), Ell\ll; and Eer are defined af:\li;:e »=E. and
ferromagnepc, Wh|!e thg cgntral one is elthgr magnetic Ofzr=_ _ s .*E,, whereE.=e?/(2C) is the charging en-
nonmagnetic. The junction is shown schematically in Fig. 1, N LN
where spin-dependent discrete energy levels of the centr&al 9 N* is thelnumkr)er 9f excess electrqns on the central
(magneti¢ electrode are also indicated. When the centraflectrode, and/y. (V\.) is the electrostatic potential drop
electrode is nonmagnetic, the energy levels are spin degeRD the left(right) junction
erate. Generally, we assume that the left and central elec-
trodes have parallel magnetizations, while the magnetic mo- N
ment of the right electrode can be changed from antiparallel N c
to parallel alignmente.g., by applying an external magnetic
field), as indicated in Fig. 1. A bias voltagéis applied in
such a way that the righteft) electrode is the sourd@rain

n=cVo ¢t Ve
electrode for electrons. A gate voltaye is applied capaci- . . .
tively to the central electrodéot shown in Fig. L Apart Here,C, and C, denote capacitance of left and right junc-

from this, we assume that electron spin is conserved duringons’ respectivelyCg is the gate capacitance, aduis the

tunneling through the barriers and the spin dependent resi Qtr‘;"l capgg:itance of the central electrodes C.:|+.Cr+_CG..
tances of the leftR,,) and right R,,) junctions are larger W en wnpng Eq.(1) we also agsum_ed Fermi-Dirac distribu-
than R,,. tion function of the charge carriers in the external electrodes,

. . . . . . |
Let E; denote the single-electron energy levels of theWith E¢ denoting the Fermi levefas in Fig. 3. Finally, T'j |

central electrode a¢=0. The indexi; runs over all energy (I‘i’g) in Eq. (1) is the tunneling rate of electrons from the left
levels for spino= 1, while the index | runs over all energy (right) electrode to the IeveEi” of the island

levels for spinc=|. The discrete energy level§ include

contributions from all magnetic and nonmagnetic interac- F!(r)zz—W|M!(r)|2D'“) 4)
tions within the central electrode, such as electron correla- ' h ' o’

tions responsible for ferromagnetism, magnetic anisotropy, I . -
etc. (the Zeemann term is neglected as the magnetic fie|thereMia is an average matrix element for transitions from
assumed to control magnetic configuration is assumed to b left (right) electrode to the level, andD'(") is the spin-
small. Generally, the discrete levels depend on the numbedlependent density of electron states in the (ght) elec-

of electrons in the central electrode and on their distributiontrode. We assumed above that the charging en&igys

In our description, however, we simplify the problem andindependent of the number of electrons on the central elec-
assume that the discrete levels are independent of the eletode and on their distribution. This is usual approximation
tron distribution, so the energy spectrum moves “rigidly” up within the “orthodox™ description of single electron tunnel-
or down when a bias voltage is applied and/or when théng. This approximation is valid for thermalized distribution
central electrode becomes charged with a certain number af electrons in the central electrode. When the electrons on
excess electrond. This approximation is reasonable when the central electrode are not in thermal equilibrium, then the
the total number of electrons on the central electrode is sigeharging energy depends on a particular distribution of the
nificantly larger than the number of excess electrons anélectrons, as shown recently, both experimentéllgnd

C,+C N*e C
|~ G ___G

C N*e C
Vr | G (3)
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theoretically*® Taking into account the assumption of partial electrons with spins- in equilibrium (at V=0). Note that

thermalization of electrons at the central electrode, as will bey* = N7+ N7T. Magnetic moment of the island is then deter-

described later, we assurig to be constant. mined by the numbeM =N, —N,, while the excess mag-
The number of electrons with spin on the central elec- netic moment by the numbéd*=M — Mo, whereM, is the

trode is equaN,=Z; n; and the total number of electrons equilibrium value of the numbeM at V=0, My= No;

is N=N;+N,. Itis convenient for future analysis to intro- —Ng, .

duce also the number of excess electrons of a given spin The probabilityP({n}) can be determined from a station-

orientationo asN’ =N ,— Ny, , whereN, is the number of  ary solution of the following master equation:

JP
(jt”})=0=—2 > PUNHAG )+ PNy, - gy M =10Gany, -0 HDBG D)
o I IT

g

+i2 P({nT ;nll, C ,n(i_l)l,nil=1,n(i+1)l, . })B(llHn})
!
s =064, N HC(4[{n})

+2 P({nT;nlli et 1n(ifl)lvniL=01n(i+l)l1 e })C(ILHH})_E 2 2 JE: P({n})H(ia'ija"Hn})
" [ PR

+i§T P({an’ Ce ,n(i_l)T,niT:].,n(i+1)T, ey n(j_l)T,anZO,n(j+1)T, R ,nl})D(lT ,jTHn})
+iEjL P({nT ;nli, e ,n(i_l)L,niLZI,n(iH)L, ey n(j_l)i,njlzo,n(jﬂ)l, .. })D(Il ,J“{n})
1!
+iT§}l [P({nlw, . ,n(i,l)T ,niT=l,n(i+1)I, [P ;nll, s ey n(j,l)l,njLZO,n(jJrl)l, [ })S(IT ,JLHn})
"'P({any e ln(i—l)TyniTzovn(Hl)Ty ceily n(j—l)l,njl=1,n(j+1)l, DSy LN, 5

where

Adi J{nhH= 5[ni0,01{r20f(5i0+ Ey.—Ep)+ If f(E; +Ey.—Ep)}

+o[n; AT} [1-F(E; +E.~Ep)]+T] [1-f(E +Ey.—Ep)]}, (6)
B(i,[{np)=oln; 0T} [1-f(E; +Ey..,—Ep)]+T] [1-f(E; +Ej..,—Ep)]}, (7)
Cli {nh=o[n; AT} F(E +Ep. ,—Ep)+T] f(E; +E\. ;—Ep)}, ®
H(iy.jo {n}h = olo,o’]olm 0ld[n; ,11d; ; +dlo,—o']olm 0ld[n; Alw; ;. C)
D(I o 1jo’|{n}): 6[ni0_10] 5[nj{ril]dj”,ia_v (10)

S(iovj 70’|{n})= 5[ni{rio]5[njﬂril]wj7”,ia_' (11)

The first term in Eq.(5) describes the rate at which a ones. The terms with the coefficierit D, and S describe
given distribution decays due to electron tunneling to and ofthe electronidspin-conservingand spin-flip relaxation pro-
the central electrode. The second and tifadirth and fifth cesses inside the central electrode. The transition probability
terms, on the other hand, describe the rate at which the proffom the levelE; to the levelE; isd; ; and to the level
ability of a given distribution increases due to tunneling pro-E; _isw;_; . The master equatiofs) has a general form
cesses fronito) the central electrode t@rom) the external which includes internal relaxation processes on the island
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and also the influence of gate voltayg . In Eq. (5) we
assumed that electrons in the source and drain electrodes are S, o(Nj,N|)=2> X F(E; [N;,N))
in thermal equilibrium, while the electrons in the island can 2o lo
be generally out of equilibrium.

It is convenient to define the probabili§y(N; ,N ), that
the island is occupied b, electrons with spinr=1 and
N, electrons with spinr= |, respectively:

X[l_ F(E170|NT ’Nl)]wiuyifa’ (18)

and also have introduced the function

BN N~ R

1]

12

P(NT,Nl)=§ PN} o[ N;, > n, NI n,
n IT Il

x% P{npaln; 1]

From Eq.(5) one finds the following master equation for

P(N;,N)) in the stationary state: XN, 2 n |9 N> n |, (19
g l
_dP(N;,N)) BN, N AN, N+ H(N. N which is the probability that the levé; is occupied when
- ot =~ PN NDLANG N +HH(NG N the island contain®\; electrons of spinr=1 andN, elec-
trons of spinc= . Note, that in Eqs(14)—(16) N* is the
+P(Ni+1N)B(N;+1N)) number of excess electrons on the island corresponding to

the numbersN; and N, . When eitherN; or N, increases
(decreasesby one, the corresponding numbiF also in-
creasegdecreasesby 1.

+P(N;,N;+1)B|(N; N, +1)

One can easily show that the following relations are ful-

+P(N; ,N;—=1)C|(N;,N, - 1)
+P(N;+1N,;—1)S; | (N;,N))

filled:

1-F(E; |N;,N —;ZP s[n; ,0
(13) ( i N l)_P(NTle) o ({n}) [nigv]

We have defined here the following parameters: _ _
X 8 NT,iET n, | Nl,jZl n |,
ANy ND=2 2 [1-F(E; IN;N))] (20)
N " F(E;__IN{ ,ND[1-F(E; [N;,N))]
X{T; f(E; +E.—Ep)
(o8 (o8 1
+T f(E,, +EL—Ee)} ~ BN, N % P({n})
+F(E; N, N){T! [1-f(E; +E\.—E
(Ei IN¢ ,ND{T] [1-F(E; +Ey.—Ep)] x 8[n; 0]o[n;_ 1] NT’%“ n|o Nl,% n |-
+I7 [1-f(E; +E.—Ep)]} 14
|a[ ( iy N F)]} ( ) (21)
In the following we restrict ourselves to the case of short
Bo(N; le):iE F(Ei(,“\'? Ny electronic  (spin-conserving relaxation time di‘,,jo
| . >T'l ,T'! , while the spin relaxation time is much longer,
X{T [1=f(Eig+ Ey.—Ep)] di,;,>Ti . T} >w; ;. The fast electronic relaxation leads
+T [1-f(E; +ErN:_EF)]}- (15) to thermaliz_ation of electrons with a given spin orien_t_ati_on.
4 v The two spin subsystems, however, are not in equilibrium
and correspond to different chemical potentialsand x| ,
_ _ . which are determined bi, andN, , respectively.
ColNi N .20 [1=F(E;,IN;.NpJ The free energy of internal degrees of freedom can be
| -, expressed as
x{Fi“f(Ei(r+EN*—EF)
+T7 f(E; +Epi—Ep)}, (16) f(NT’Nl):_kBT; In {En;« 5['\‘”’2 ni,
X ! > E (22
exp — —= in
HIN, N)=2> .2 JZ [1-F(E; IN;N)] keT < "l
and the probability=(E;,|N;,N,) is then given by the fol-
XF(E;_INLNDW_ i 17) lowing expression:
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|

x% 5[nig,1]5[

F(N; ,N))

i
1

XSN|, 2y
"

><ex;{ kBTE 2 Ei ni ) (23

In the limit kgT>AE the distribution functiorF can be
approximated by the Fermi-Dirac distribution
F(Ei IN;,N)=T[E; —us(Ny)], (24)
where the chemical potentiat,(N,) is to be determined
from the equation

2 fE;, = #o(N)]=Ny. (25)
In the regimekgT<AE, the distribution function for only
two levels is significantly different from zero or one, so one
may treat the system as effectively a two-level . we

denote the relevant energy Ievelsaisg and Ea,. then from

the Gibbs distribution one finds the following expression for
the functionF:

exp(—E; /kgT)

F(Ei,INiNy= exp(—Ey /kgT)+exp(—Ep /kgT)
E, —(1/2)(E; +E, )|~
=|Ltex (12)ksT
(26)
fori,=1, andi, =2,

When we express electric currdnfsee Eq.(1)] in terms
of the distribution functior, then it is given by

l=e >, EEPNT, )

NTNL o

I

X{[1~F(E; |N;,N)II] f(E; +E\.—Ep)

—F(E; IN;,N)I{ [1-f(E; +E\.—Ep)]}. (27)
The assumption of thermal equilibriufior a particular
spin orientatioh on the central electrode requires,<r,
where =€/l is the injection time andr, is the inelastic
relaxation time™® Thus, our further analysis is valid when
Tin=1, . At low temperatures the main contribution g is
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Ill. CHARACTERISTICS OF FERROMAGNETIC SET'S

In this section we describe numerical results obtained on
basic characteristics of the junction. To simplify the picture
arising from discretization of energy levels of the island, we
assume that the levels are spin degenefad@magnetic is-
land and equally separated with the interlevel spachtg.

In that case the numbebké,; andNy, are equal, so that the
excess magnetic moment is equal to the total magnetic mo-
ment, i.e. M*=M. Assuming additionally that the density of
statesD'U(') in external electrodes and the matrix elements
M!f:) are independent of energM(}fTr)z M!(™), one can re-

write Eq. (27) as

=2

(o8

E ElmNpl>

X{[l—F(EialNT N If(Ey+Eg.—Ep)

eRr

—F(E; IN; N)[1-f(Ei,+E.—Ep)]}, (28
where R' is the resistance of the right junctionRY() !
=(2#/#)|M!|?D! (1/AE). Introducing in a similar way also
the resistanceR' of the left junction, one can express the
parameterg14)— (18) in terms ofR] and R' and then calcu-
late the probabilityP(N;,N ) from the master Eq(13).

The formalism described above makes use of the two-
dimensional space of stateN (,N,), in contrast to the spin-
less case, where the relevant space is one dimensional. Basic
physical characteristics of the system are then determined by
the probabilityP(N; ,N,) introduced in Eq(11). When ex-
pressed in terms dﬂ% and NI, this probability will be de-
noted asP*(N7,N7). In the (N7,N7) space this probability
is localized on a small number of points, as shown in Fig. 2
for a few values of the bias voltage in the parallel and anti-
parallel configurations. The area of the black dots located at
the points in the NIT,N7) space is proportional to the corre-
sponding probabilityP* (N7 ,N7). In each case the total area
of all black dots is normalized to unity. F&f=5 mV there
is no excess electron on the islanN}=N]=0), as this
value ofV is within the Coulomb blockade regidsee Fig.
3(a), where the correspondinigV curves are shown For
V=20 mV (within the first plateau above the threshold volt-
age in thel-V curves the points with dominant probability
P*(NT,N7) are located on the line corresponding i
+N N* 1. There are also points corresponding No
—0 but the corresponding probability is significantly
smaller and these points will be neglected in the further dis-
cussion. It is interesting to note that different points corre-
spond to different values of the excess spin on the island. In
the parallel configuration these points are distributed sym-
metrically on both sides of the line corresponding Mq)
=N7. Consequently, the average spin accumulated on the
island is zero, contrary to the antiparallel configuration,

due to electron-electron and electron-phonon interactionsvhere the average spin accumulated on the island is nonzero.

Experimentally,,, was extensively studied in the past by

means of the weak localization phenomenon and typical valN* =

ues of 7, were found to be between 1& and 10 % sec
(Refs. 14—18& In small clusters the relaxation timg, can be
larger than its corresponding bulk valtie.

For V=30 mV the probabilityP*(N7,N7) is significant for

1 andN*=2. This value ofV corresponds to the tran-
sition between the first and second steps inIthé curves.

As before, the average spin accumulated on the island van-
ishes in the parallel configuration, whereas in the antiparallel



12 368 J. BARNAS et al. PRB 62

parallel antiparallel ' ' ' ' ' ' '
4321012345 -4-3-2-1012345
<
=,
]
3 T
b
ool -
T Gow
B 2
R . G =, 0.06
Y N VY W N A R
EEEEEL VRN 2
InEREN T g 0.04
HV=20mV-—+—+-e+— o
 T=23K [r7-r=-1- 0.02
T T T T T 11T 1711 0.00
i EEEEEEEEEEE
4 -7 e A By I A 0.08}
34—+ S R T R R | N S5 S ’
5 T T S SO T S S S T
e 1o ol I_i__I_I_I_+' o | |
N} TT T T T 0.06
ENEREL AN EREREL SSNN
S0 S s St ws st e e s s Bl ot &
2 e I p>
[ I I I 0.04
-3 HV =30 mV -t -t [V =30 mVH-t i =
4 T=23K T=23K
TT T 11 TT T 11 0.02
A I A T N N NI N RO A
T e | A i s o S I
o J O D " O O VIO O Y A S S O 0.00
HEEERFYNEENE ENENEENEENE 0 10 20 30 40 50 60 70 80
RS S T V [mv
Neoobit et e (mV]
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2 flliwﬂimf' I‘, j‘,LEL,D:,i‘ I‘, FIG. 3. Voltage dependence of the tunnel currefd), deriva-
3 V=40 mVid—d— ot -V =40 mV o e tive d1/dV (b), and tunnel magnetoresistan@ determined afl
4 T=23K =r—r1 7| T=23K [=7-r=-7- =2.3 K. The solid and dashed curves(@ correspond to the an-
4321012345 4321012345 tiparallel and parallel configurations, respectively, whereas the plot
N} N} in (b) is for the antiparallel configuration only. The parameters of

the system are the same as in Fig. 2.
FIG. 2. ProbabilityP*(N7,N7) in the (N7 ,NT) space of states

(proportional to the area of the black dptalculated for the anti-
parallel and parallel configurations and for four different values of
the bias voltage. The junction resistances in the antiparallel configu- Figure 3a) shows the current-voltage characteristics of a
ration are R;;=200 MQ, R;=100MQ, R;=2 MQ, and R;;  junction with a nonmagnetic island and ferromagnetic source
=4 MQ, whereas in the parallel configuratid®,=4 MQ, R;|  and sink electrodes. The single-junction resistances in the
=2 MQ. The other parameters assumed in numerical calculationparallel configuration have been assumed to Re
are C=9aF, C,=13aF, Cy=3aF, E.=6.02meV, AE =200 MQ, R, =100MQ for the left junction andR,;
=1.8 meV,T=2.3 K, andV,=0. =4 MQ, R =2 MQ for the right one. In the antiparallel

configuration the magnetization of the right electrode is re-

versed and the corresponding resistances Rare=2 M()
configuration it is different from zero. Note, that the numberand R =4 MQ. Note, that the same spin asymmetry factor
of different values of the excess spin on the island is nowp; =R, /R;; has been assumed for both junctions in the par-
smaller. The situation foW =40 mV is qualitatively similar  allel configurationp,=p,=1/2. Owing to a large difference
to that forV=20 mV, but the number of black dots is larger. between the resistances of the left and right junctions, the
Generally, one can note from Fig. 2, that when the bias voltCoulomb steps in the-V characteristics are clearly se¥rt’
age V increases, the localization area of the probabilitySinceC,>C, in the case considered here, the threshold volt-
P*(N7,N7) shifts to new stationary points and embracesage Vy,, below which the current is blockedN{=0), is
more and more points in theN{ ,N7) space. Similar ten- approximately —equal to Vy=(C/C|)(2E.+AE)/2e
dency can be observed when the temperature increases.10.2 mV. The large steps in Fig(e8 correspond, respec-
Therefore, in order to get convergence in numerical calculatively, to N*=1, 2,..., and their length is V,~
tions, the number of states taken into account was dynami{-C/C,)(4E.+AE)/2e~19.1 mV. There are also additional
cally changed with increasing bias voltage and temperaturesmall steps of lengttV,=(C/C,)(AE/e)~2.7 mV, which

A. Bias voltage characteristics
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result from discretness of the energy spectrum of the island 4.0
and correspond to opening a tunneling channel with a new & 3.5¢
value of the excess spin on the islaftew value ofM). E 3.0
Position of the steps is clearly seen in tH&dV curves 2 55
shown in Fig. ) for the antiparallel configuration. The §

. o 2.0
large peaks correspond there to the Coulomb steps while the 2
small ones to the steps due to discrete energy spectrum. This o L5
behavior is qualitatively similar to that observed experimen- & 1.0
tally in tunneling through small Al particlé$or throughCg, S 05

molecules™® 0.0
The |-V curves in the parallel and antiparallel configura-

tions are differenfsolid and dashed curves in Fig(af]. g 03

Consequently, the corresponding resistances of the whole 8 ¢4

system are also different in both configuratioRg;andR,,, g

respectively. This, in turn, results in tunnel magnetoresis- é 0.3

tance(TMR), which is described quantitatively by the ratio 9 02

TMR=(Rap—R;)/R,.?° The bias dependence of TMR is g

shown in Fig. 8c). As one can see, TMR oscillates with S ol

increasingV with the periodV,,. The amplitude of the oscil- 0.0 . . . . . . .
lations decreases with increasing voltage. In the liMit 0 10 20 30 40 50 60 70 80
>E_ /e the system can be treated as a set of ohmic resistors V [mV]

with the total resistance R™'=(R;;+R;) '+ (R,

+R;) "% In our case the total limiting resistances for the  FiG. 4. Charge accumulatiofN*) (a) and charge fluctuations
antiparallel and parallel configurations are respectily  [(N*2)—(N*)2]*? (b) as a function of the bias voltage. The solid
=68.65 M) and R,=68 M(), which gives the asymptotic and dashed curves corresponds to the antiparallel and parallel con-
value of TMR equal approximately to 0.01. This value canfiguration, respectively. The parameters are the same as in Fig. 2.
be larger for systems with either larger spin asymmetry in the

single-junction resistances, or smaller difference between the Figure b) shows fluctuations of the induced magnetic
resistances of left and right junctions. moment on the island. Although there is almost no spin ac-

For the parameters assumed in numerical calculations, theumulation in the parallel configuration, the curve represent-
incoming electrons pass through the less resistive and lessg spin fluctuations in the parallel configuration is similar to
capacitive junction, while the outgoing electrons passhat for the antiparallel one. Moreover, the fluctuation$/in
through the more resistive and more capacitive one. In that
case electrons accumulate on the island when a bias voltage
V is applied. Figure &) presents the bias dependence of the
charge accumulation. The steps in the curves show that the
average chargfQ) accumulated on the island is close te, 1
2e, ..., and isalmost constant between the steps. Plot of the
root mean square, rmid() =[(N*2)—(N*)2]2 as a func-
tion of V is presented in Fig. (%). The charge fluctuations
are large at the steps, where a new charge channel becomes
open, i.e., wheiN*—N*+ 1. Between the steps fluctuations
are rather small.

When the right and left junctions correspond to different
spin asymmetry factors, then not only charge but also spin is
accumulated on the island. For the junction assumed in Fig.
3 this happens in the antiparallel configuration. The plot of
(M) as a function o/ is shown in Fig. a). Indeed, there is
almost no spin accumulation in the parallel configuration,
whereas a significant spin accumulation occurs in the antipa-
rallel configuration, which varies oscillatorylike with in-
creasingV. The origin of the oscillatory behavior is de-
scribed in Ref. 5, Here, we only note that beginning from the . . . . . . .
threshold voltage, the averag®!) increases with increasing 0 10 20 30 40 50 60 70 80
V up to(M) =3, which occurs a¥~20 mV. At this value of V [mV]

V a new charge channel, corresponding\ttb=2, becomes

open for one spin orientation, which reduces spin accumula- F|G. 5. Spin accumulatiofM)=(N,—N,) (@) and the spin
tion. The average(M) starts to increase again af fluctuations[(M?)—(M)?]*2 (b) as a function oV in the system
~30 mV, and the second oscillation period in the spin accudefined in Fig. 2. Solid and dashed curves are for the antiparallel
mulation begins. and parallel configuration, respectively.

spin accumulation

spin fluctuation
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are even larger in the parallel configuration than in the anti-
parallel one, because the space of states available for fluc-
tuations is reduced by the spin accumulation. Numerical 08l
analysis of the probability distributio*(N7,N7) on the —
first Coulomb step in the parallel configuration shows two é 0.6r
high maxima corresponding to opposite induced magnetic —

1.0} 3

. . . . ——T=23K |
momentswhich gives(M)=0). The separation between the 04 — — -T=116K
maxima increases with increasing voltage and then decreases 0.2 - 23'2 K
when V exceeds 23 mV. Behavior of the spin fluctuation B '
with increasing bias voltage resembles behavior of the aver- 0.0p—~=
age spin accumulated on the island. The fluctuations vary 0.08
oscillatorylike with increasing V, with the same phase and
period as the oscillations ifM). It is also interesting to note, 0.06

that every second peak of the spin accumulation and spin
fluctuation in Figs. Ba) and §b) have a similar shape. This % 0.04
additional periodicity is due to variation of the ground state  ~
from the state with odd number of electrons to that with even

number of electrons on the islarithe (N7 ,N7) space is 0.02

different along the diagonal correspondingNd odd or N*

even. 0.000
The maximum current in our numerical results is of the

order of 1 nA, which corresponds to the lowest value of the V [mV]
injection time,r;~5x 10~ ' sec. Thus, the numerical results
are valid in the whole range of applied voltage whep
<5x10 10 sec, which can be obeyed in real systemd at
=T,, whereT, is of the order of 1 K. This estimate is con-
sistent with that in Ref. 13, where the inelastic relaxation

time at 30 mK was estlmated.for a small A_‘l cluster. Whenincreasing temperature, much earlier than the Coulomb steps
adapted to our value ohE, this estimate gives, of the

der of 10°° Si d i ina t do. ForT=11.6 K(the thermal energy is equal to 1 meV and
order o SEc. SIncer;, decreases with Increéasing M- s a6 times smaller thaAE=3 meV) most of the small
perature,T;=1 K as the lower limit for validity of our nu-

. . . . steps disappear, but there are still well defined Coulomb
merical calculations seems to be quite reasonable. This te

Nieps and large oscillations due to charging efféirtsthis
perature is low enough to observe the level quantization. ThgaspeE —6 OzgmeV) ging effe
.=6. .

lowest temperature assumed in our numerical calculations is The influence of increasing temperature on the bias de-

2.3 K, which is aboye_the Iower_llmm and also suff_lc_:lently pendence of charge accumulation and charge fluctuations is
below the upper limit, determined by the conditiéT g5 in Figs. 7a) and 7b), respectively. The curves repre-
~AE, above which the quantization effects dlsappear. It ISsenting charge accumulation at different temperatures are
also worth to note, that, can be made longer by an increase gjmijar to the correspondintyV characteristics. The effects
in the junction resistances. Thus, for realistig one €an  due to discreteness of energy levels and due to discrete
always find a range of parameters, where our description ighaging gradually disappear with increasing temperature. At
valid. T=58 K the charge accumulation becomes a linear function
of V, as it should be in an ohmic system. Oscillations in the
B. Temperature dependence charge fluctuations are less sensitive to the temperature. As

The numerical results presented above were calculated féﬁ"ows _fror_n_Flg. —'(b.)’ they are periodic functions of and
ksT much smaller than the charging enerfy and also the periodicity survives even al=58 K, where thel-V
smaller than the level spacinyE. The two energy scales curves have aIrea(_jy ohmic character. . .

were then clearly seen in all characteristics of the system. Spin accumulation and spin fluctuations at different tem-

When the temperature increases the probabﬁm{(NF ’NI) _peratgres are shov_vn in Fig. 8. The oscillations W|th_ increas-
. o % ing bias voltage disappear when the temperature increases,
spreads over larger area in the;(,N7) space and the peaks

b ller. This h ianificant infl ¢ &ﬁite similarly as the oscillations in charge accumulation and
p?gggsessma er. This has a significant infiuence on transpo arge fluctuationgFig. 7). At T=58 K the spin accumula-

In Figs. &) and &b) we show the current characteristics ;[;]ognbailgg spin fluctuations vary almost linearly with increas
(@ and TMR (b) for different temperatures. The Coulomb '
steps in thd -V curves disappear at high temperatures, and
the current becomes ohmic with the classical value of the
resistanceRflz(RWr RrT)*1+(R|l+RrL)*1. The corre- Consider now transport characteristics of the system as a
sponding value of TMR is then equal to about 0.01 and ifunction of the gate voltag¥y, which is related to the in-
almost voltage independent. The small steps in tRé  duced charg®;,=V,C, on the island. Assume a constant
curves and TMR, which result from discreteness of the elecbias voltage which is above the threshold voltage and corre-
tronic structure of the island, disappear rather quickly withsponds to the plateau between the first and second Coulomb

FIG. 6. Bias dependence of electric current in the antiparallel
configuration(a) and TMR (b) for different temperatures and for
AE/kg=34.8 K andE./kg=69.9 K. The other parameters are the
same as in Fig. 2.

C. Gate voltage dependence
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charge fluctuation
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FIG. 7. Bias dependence of the charge accumulat®rand FIG. 9. The tunneling curreritin the antiparallel configuration

charge fluctuations for different temperatures. The parameters af@ and TMR(b) as a function of the gate voltags, calculated for
the same as in Fig. 2. V=15 mV and forT=2.3 K (solid curve, T=11.6 K (dashed

curve, T=34.8 K (dotted curvé The other parameters of the sys-

. tem are as in Fig. 2.
steps, sayv=15 mV. Figures g8 and 9b) show thel-V

characteristics and TMR, respectively, as a function of the . o_ _ . B
gate voltage, and calculated fér=2.3 K, T=11.6 K, and period Vg—Ze/Cg~10_7 mV corresponding tc.AQi.”f.ze.'
T=34.8 K. Figure 10, on the other hand, shows chaaje The curve corr_espondmg to charge a.ccumulat|on |s_S|m|Iar to
and spin(b) accumulation on the island, calculated for thethat representllng charge accumulation as a function O.f the
same temperatures as in Fig. 9. Electric current, TMR antﬁ"aS voltageiFig. 4@)]. Due to asymmetry of the states with

spin accumulation are periodic functions W, with the

5

N

charge accumulation
(V8]

spin accumulation

spin accumulation

spin fluctuation

0 50 100 150 200

V; [mV]

FIG. 10. The chargéa) and spin accumulatiotb) as a function

FIG. 8. Voltage dependence of the spin accumulat@nand  of the gate voltageVy for V=15 mV and forT=2.3 K (solid

spin fluctuations for different temperatures. The parameters are thaurve), T=11.6 K (dashed curje T=34.8 K (dotted curvg The
same as in Fig. 2. other parameters of the system are as in Fig. 2.

V [mV]
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odd and even numbers of electrons on the island, the periog Vy=97 mV the relevant state is &t,1), but a small in-
Vp is twice as long as in the spinless case. At low temperacrease ofV, leads the system to a new stationary state, in
tures the difference between states with odd and even is which the states{z 1) and (1,2) are more important. This
clearly seen in all characteristics. At high temperatures, howtransition is different from the one &t;~38 mV. This dif-
ever, the difference between those two cases disappears afetlence is clearly seen in TMR, which in this rangevgfhas
period becomes the same as in the splinless case. To underiarge deep and becomes negative.
stand this difference let us analyze the situation in more de- At higher temperatures the difference between the situa-
tails. ForV=15 mV andV,=0 the average excess chargetions with odd and even numbers of excess electrons on the
on the island is close to€l The probabilityP*(N;, I) has island is not visible(see the curves corresponding 1o
then large peaks foN*= N + N =1. An increase inV, =11.6 Kand 34.8 K in Figs. 9 and L0The thermal energy
leads at low temperatures to an almost linear decrease of the then comparable to the energy needed for opening a new
current[Fig. 9a)], while the charge accumulated on the is- spin channel, i.e.kgT~AE. Two states in the NT , L)
land remains almost unchanggtiincreases very slowly, see space, for whiclAM = + 2, are difficult to be distinguished.
Fig. 10@)]. Origin of the decrease in electric current can beTherefore, the periodicity is then as in the spinless case.
explained as follows. WheW increases the position of the
Fermi level of the island shifts to lower energies. This effec-
tively reduces the number of energy levels from which elec-
trons can tunnel through the left junction. In our case this We have developed formalism for calculating electric cur-
junction has much larger resistance than the right one, angnt, spin and charge accumulation, and TMR in ferromag-
therefore it is just the junction which determines electric cur-netic SET’s with a small central electrode—small enough so
rent flowing through the system. Thus, an increase/in that the discrete structure of its energy spectrum plays a sig-
results in a decrease in electric curref@pposite behavior, nificant role. We found two different scales in all character-
when current increases with increasikg is also possible istics of the junction; the shorter one related to the discrete-
for other parameters. ness of energy spectrum and the longer one related to

At Vg=~38 mV the relevant states areN{(,NI)z(l,O) discrete charging of the island with single electrons. The
and(0,1). In the antiparallel configuration the probability for features due to discrete energy levels can be seen at low
these states iB*(1,0)=0.76 andP*(0,1)=0.20, whereas in temperatures and disappear relatively quickly with increas-
the parallel configurationP*(1,0)=P*(0,1)=0.48. V4 ing temperature; much faster than the features due to discrete
=38 mV is already close to the value at which ground statecharging AE<E. in our cas¢
with one electron more on the island becomes energetically The junction characteristics are periodic functions of the
more convenient. A small increase\d§ to 45 mV leads then  bias and gate voltages. At low temperatures the periods are
to a large increase in the charge accumulatid(Q)~ le. twice as long as the corresponding ones at high temperature.
This also leads to a rapid increase in the electric currentlhis is because at low temperatures the situations with even
roughly to the value it had afy=0. The current increases and odd numbers of electrons on the island can be distin-
because from the transport pomt of view the system returnguished, while at high temperatures this difference disap-
to the situation a¥ ;=0 (without counting the discreteness pears.
of the energy spectru}nForV =45 mV there is only one We have also shown that spin fluctuations can be signifi-
relevant state, i.e., the statﬂ,l) with the probability —cantly larger than the charge fluctuations. Such large spin
P*(1,1)=0.70 in the antiparallel an®*(1,1)=0.75 in the fluctuations can play a significant role in the current néise.
parallel configurations. The spin accumulation reaches then
minimum at this poinf{see Fig. 1()].

At Vy~97 mV a new ground state is formed and the sys- ACKNOWLEDGMENTS
tem goes over from the state with even number of electrons This paper was supported by the Polish State Committee
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