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Nonequilibrium spin distribution in a single-electron transistor
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Single-electron transistor with ferromagnetic outer electrodes and a nonmagnetic island is studied theoreti-
cally. Nonequilibrium electron-spin distribution in the island is caused by tunneling current. The dependences
of the magnetoresistance ratfoon the bias and gate voltages show the dips which are directly related to the
induced separation of Fermi levels for electrons with different spins. Inside & dign become negative.
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Magnetoresistance of tunnel structures is currently an atdifferent, the standard technique of the magnetic-field
tractive topic for both experimental and theoretical studiessweepingsee, e.g., Ref.)2asily allows to obtain parallel or
(see, e.g., Refs. 1)}5For tunnel junctions made of ferro- antiparallel polarizations of outer electrodésven for H
magnetic films, the difference as high as 26% at 4@gto  =0). In the first approximation the current through the SET
18% at room temperaturéetween the tunnel resistances for transistor does not depend on these polarizations because the
parallel and antiparallel film magnetization has been

observed that allows their application as magnetic sensors. 0.057—
The low-temperature values agree well with the theoretical 00 4__
result AR/R=2P,P,/(1+P;P,) where P, and P, are ]
spin polarizations of tunneling electrons in two films, that 0.03-

=

proves the good quality of junctions. As an example, the =
polgrzization is about 47% for CoFe, 40% for Fe, and 34% for "+ 44,
Co’ < i

With the decrease of the tunnel junction area, the single- «© 414
electron chargingbecomes important leading to new physi- -
cal effects. The study of tunnel magnetoresistance in this 0.00
regime is a rapidly growing fiefd!® (see, also, Refs. 3 and -
5). For example, the strong enhancement of the magnetore- -0.01—1—
sistance ratiAR/R in the two-dimensional array of small 0
Ni/NiO/Co tunnel junctions due to Coulomb blockade has
been reported in Ref. 8. However, only a moderate magne-
toresistance increase in the single-electron regime has been
observed for tunneling between two Co electrodes via the
layer of few-nm Co cluster$In the theoretical work this
increase has been attributed to the contribution from cotun-
neling processes. In Refs. 11,12 the model of a small ferro-
magnetic single-electron transistor(SET transistor has
been considered, in which the tunnel resistances of junctions
are different for parallel and antiparallel magnetizations of
electrodes, thus changing the current through the system. 0.02]
The very interesting effect of magneto-Coulomb oscillations T
in the SET-transistor has been observed and explained in 0.00
Ref. 13. A strong magnetic field causes the Zeeman shift -
of two spin bands and their repopulation. Since in ferromag-
nets the densities of states of these bands are different, the
Fermi level moves witH leading to magneto-Coulomb 0s-  FiG. 1. The dependence of the magnetoresistance datinthe
cillations. bias voltageV for (a) two different ratiosR, /R, and(b) for several

In the present paper we consider a different effect in thealues of the dimensionless spin relaxation timeThe inset in(a)
SET transistor which has ferromagnetic outer electrodes anghows the schematic of the SET transistor with ferromagr(&ic
a nonmagnetic central islarjdee inset in Fig. ®]. When  outer electrodes and nonmagnéfi§) island, while the dashed lines
the coercive fields of the two ferromagnetic electrodes arahow thel ,-V curves(arbitrary unit3.
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island is nonmagnetitthe Zeeman splitting is negligible be- Here n is the number of extra electrons on the islaas
cause of smalH). However, if the electron spin relaxation in usual the electron is assumed to have positive chajge
the island is not too fadestimates are discussed lateghe Cy=C;+C,, andV is the bias voltage. The corresponding
tunneling of electrons with preferable spin orientation createsunneling rates satisfy the usual equafion
the nonequilibrium spin-polarized state of the isldaihilar
to the effect discussed in Refs. 16,17 in the absence of the ot W= (n)
Coulomb blockade This in turn affects the tunneling in both i (n)= 2RI 1— exp(— W (n)/T)]’ @
junctions and leads to different curremgsandl , through the : :
SET transistor in the parallel and antiparallel configurationswhere s=u,d denotes spinwe usekg=1). The average
We will calculate the dependence of the relative currenturrentl through the SET transistor can be calculated as
changes=(1,—1,)/1,, on the bias and gate voltagése call
S the magnetoresistance ratio, despite that for finite voltage _ St oy S—
this terminology could be misleadingNonzeroé is already I_nE,S elry (M =T (m]e(n), ©
the evidence of the nonequilibrium spin state in the island. ) . ) )
Moreover, the voltage dependence dghows the dips, the wherea(n) is the stationary solution of the master equation
width of which directly corresponds to the energy separation
_thwgen Fermi levels of electrons with different spins in the dg(n)/dt:_z [o(n+ 1)Ffi(nt1)—a(n)1“i5i(n)].
island. s =
We consider the SET transistor consisting of two tunnel 4
junctions with capacitances; andC,. Induced background  Finally, the Fermi-level separatiohEg should satisfy the
chargeQ as usudf describes the influence of the gate volt- self-consistent equation
age(general equivalence relations for finite gate capacitance
are discussed, e.g., in Ref.)18/e assume that the voltage

_ + d+ -
scale related to the magnetic polarization of ferromagnetic AEFPU/T—; (T3 (n) =T (n) =T (n)
electrode$and the voltage scale of the barrier suppression '
are large in comparison with the single-electron charging en- +Ff”(n)]a(n), 5)

ergy (that is a typical experimental situatipiThen the po- , . L .
larization of outer electrodes can be taken into account bjVNerer is the electron spin-relaxation time for the islapd,

the difference between the tunnel resistangés andRY, IS the density of stateper spin, andv is the island's vol-
for electrons with “up” and “down” spins. The total junc- UM We introduce also the dimensionless spin-relaxation

H — 2
) . _ uy q/RY-1 _ v time a—T/e pv(Ry+ R?). _
tjrof /Rd;(isllséinﬁsf dRel e%/iln tﬁ/eR%a neztiirc]d oEazriz;ﬁ/Rz The signs of polarization$,; and P, can be changed
2 pend . . ”g ucp cms using the external magnetic field, that interchanges resis-
and P, of electrodes, while “partial” resistances are given

u d -
by RY=2R, /(1+ P;) and Rid=2Ri/(1—Pi) (similar to the tancesR;’ andRy' . So the current, for the parallel magne

. . o tization (P,P,>0) is different from the currerit, when one
model_of Ref. 1. NOt'Ce.that.Pi d_escnbes th? polanzauor_] of magnetization direction is reversed,— — P, (the change
tunneling electrorfs which is different (typically even in

. o ) P,— —P,; obviously gives the same resultFigure 1a)
f‘t'ﬁ]g) If;?trgr tr(;?\;o?eltzlrifitrr\zrs] pglarlz?ﬁgn ?:ritct] de gfermgliveetgg,hows the numerically calculated dependence of the magne-
. » &9, P 9 toresistance ratié (solid line) on the bias voltag® for the
Coulomb oscillation¥).

. . SET transistor with paramete@,=C,, Qy,=0, T=0, |P4|
We assume that the energy relaxation of electrons in the _ 200 - .
island is much faster than the spin relaxation. So, we char—_|P2|_30/°’ anda=0.1. For the upper curvéshifted up

acterize the nonequilibrium spin state by the differeA&&- for clarity) we assumedR,=R;, while R,=5R, for the
. o 9 oo . lower curve. Thedé—V dependence shows the oscillations
between Fermi levels for “up” and “down” spins, while

both distributions are determined by the thermostat tempera\{y'th the same period/C; as for the Coulomb staircase. The

AR . existence of oscillations is a trivial consequence of the
ture T. The spin-diffusion length is assumed to be much o : o

; . : . ) charge dynamics in the SET transistor, similar to the effect
larger than the island sid¢hat is a typical experimental case,

O . discussed in Refs. 11,12.
see Ref. 1§ so the spin distribution is uniform along the More interesting features seen in Fig(al are the

island. triangular-shape dips near the bias voltages
The equations of the “orthodox” theory for single- 9 pe dip 9
electron transistdr (we assumeRr;> Ry =h/e?) should be V=[e/2+ne+(—1)'Qo]/C; ©6)

modified in our case. The energy gaM®= for tunneling _ o _
to (+) or from (=) the island through théth junction is at which the derlyatlve of théV curve gbruptly increases
different for “up” and “down” electrons, (the Coulomb staircase fdf, shown in Fig. 1a) by dashed
lines is better seen for the lower cujv@he edges of a dip
AE AE correspond to the alignment between the Fermi level in an
Ut g —BEF g F electrode and one of the split Fermi levels for electrons with
Wim (M =W +—5=, Wi (m =W, T different spins in the island. Hence, the dip widV/ is
(1) directly related to the Fermi-level splitting,AV
=AErCs/eC . A somewhat similar effectthe finite volt-
VC,C, e age caused by injected spin curnentthout Coulomb block-
C.

e .
E g e —(—1)i =
Wi Cs +(ne+ Qo)+ (1) | 2| ade had been observed in the “spin transistbrfabricated
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using the thin-film geometry with a size scale of bfh; the e B B e
typical signal scale was only about 50 pV. The small size of 0.04 C,=C, IP, l=IP, =03 (a) |
the SET transistor island leads to the very strong enhance-
ment of the Fermi-level separati¢see Eq(5)] and the cor-
responding voltage scale.

T R2=5R1 o=0.1 r

0.03 Q,=0 T/(e/Cy) = 0 (curve 1)

The width of the dips in Fig. (&) increases with voltage w o 0.03 (curve 2) [
because the larger current provides largdf [the crude 0.02 0.1 (curve 3)
estimate iISAEF=al(P;—P,)eRs]. Actually in the case i
|P4|=]|P5| shown in the figures, the nonequilibrium spin dis- 001 3

tribution in the island occurs only for the antiparallel mag-
netization of electrodes; for parallel magnetizatidgr=0
because the spin currents to/from different electrodes exactly
cancel each other. Whdi®,|#|P,| the complete cancella- -
tion does not occur, and the dip shape is determined by two 0 1 2
different values ofAE; leading to the trapezoidlike shape
instead of the triangular one. N T T
o . . . 0.06

It is interesting that the magnetoresistance ratican be {V/(e/Co= 1.5 (curve 1) (b) L
even negative within the dip rangsee Fig. 1 This can be . 2.0 (curve 2) IPI=IP,}=0.3
understood in the following way. The,-V curve for the 1 2.5 (curve 3) T=0.01¢%/Cy
antiparallel magnetization generally goes below theV 0.04
curve because the Fermi-level splittitghich is larger in the
antiparallel casedecreases the effective voltage for the spin
band which provides the easier tunneling. However, this also 0.02
splits the kinks on th&V curve leading to the increase kf .
(and decrease o6) within the splitting range. For suffi- §
ciently steep kinkJ , can become even larger thgn(nega-
tive 8). This also explains why the dips are more significant
for a larger tunnel resistance rafisee Fig. 1a)] when the e I°‘|=0;3 SR | S
Coulomb staircase is more pronounced. 0.0 0.5 1.0 1.5 2.0

Increase of the spin-relaxation timdeads to largeAEg Q,le
and, hence, increasesas well as widens the dips, that is
illustrated in Fig. 1b) (=0 for 7=0). The change of the FIG. 2. (@) The -V dependence for different temperatures
polarization amplitudefP,| and|P,| leads to similar effects. and (b) the dependence o6 on the background charg®, for
Crudely, the magnetoresistance is determined by the produsgveral bias voltages.
a|P1P,|, while the exact shape of th&-V curve depends on

each of these parameters. voltagesV. The dip position moves witV. There are two

In the limit of large bias voltage the magnetoresistanCeyins ner period, however, one of them is much less pro-
ratio can be found analytically using the following EXPIeS” nounced because of relatively large ratio of tunnel resis-
sion for the current:

0.00

3 4
Vie/Cy)

R,=5R,

tances.
_ To estimate the parameters of a possible experimental re-
IRy /V=1—(a/2)(P1— P»)?/{1+(a/2)[R3/R.R e ; ;
= (af2)(P1=P2) {1+ («l2)[Rs/RiR, alization, let us assume Co-Cu-Co SET transistbiotice
—R;R,(P1/R;+P,/Ry)?]}. (7) that the AI-Co-Al SET transistor has been already

_ fabricated® however, superconductivity of aluminum would

However, the formula fop is rather lengthy, so we present |04 g additional features not considered in the present pa-
here only the result for smait, per) The polarizatior| P|=30% used in figures is a conser-
vative value for Co. The spin-relaxation ratefor the non-
magnetic island, which is the most crucial parameter of the
and the expression 6=2a|P,P,|/{1+2a[1—(|P,] effect, depends much on the material quality. In Ref.720
—|P,|)?/14)]} for the caseR,=R,. ~2x%10 8 s has been reported for very pure CloTat1.4 K

The finite temperature smears the features of #a&  (the similar value has been found in Ref. 20 for Al, while
dependencésee Fig. 2a)], but obviously does not change  7~10 8 s have been reported for Al in Ref. 18 et us
in the large-bias limit. The dips disappear whEmecomes choose a more conservative estimate3x 10 ° s. Then
comparable ta\ Ex while the oscillations disappear at higher using p=9x10?* eV-*cm 3 for Cu, Ry=3x10*Q, and
temperatures determined by the single-electron energy scalke island volume =200 nmxX50 nmXx20 nm, we getx
e?/Cs . =0.35. Hence, the effect of nonequilibrium spin distribution

Notice that two series of dips determined by E@). co-  should be rather strong, and we could expect the magnetore-
incide in Figs. 1 and @). With the change of the background sistance ratio5 up to ~10% (§ is significantly enhanced
chargeQq by the gate voltage, these two series will move innear the Coulomb blockade threshold—see Fig. This
opposite directions. The dips can be also seen orstie, large value allows us to consider the possible applications of
dependence which is shown in Fig(b2 for different bias such a device. FOCs~3x10 ® F the dips of thes—V

8=2a|P1P,, (8)
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dependence could be observed at temperatures beld\®@  =arctanfH7). So, the Fermi-level separation decreases with
K while the oscillations could be noticeable upTe-1 K. increasing magnetic field leading to the reduction of magne-

In our theory we have neglected the Zeeman splittingoresistance and narrowing of the dips. Thus the experimen-
+gugH/2 because the typical coercive fields are relativelytal dependence of magnetoresistance on the perpendicular
small,H~ 107 Oe? Hence, the corresponding energy scale ismagnetic field can be used to determine the spin-relaxation
very small, AE~10"% eV ~10 2 K, and the effect can time r. Notice that the perpendicular component of the de-
hardly be observed. magnetization field of ferromagnetic outer electrodes also

We have discussed the dc case only. If ac voltages argayses Hanle effect and thus decreases the magnetoresistance
applied to the bias and/or gate electrodes, a similar formalss the SET transistor, so in the experiment special care
ism can be used. However, in this case the dynamic solutiogy,,,1d be taken to reduce this component.
of the master equatiof4) should be used instead of the
stationary solution, and also the left side of Eg).should be
replaced by d(AEg)/dt+ AEg/7]pv. The nontrivial depen-
dence starts when the frequericgf the applied voltage be-
comes comparable to 1. These frequencies are within the
experimentally achievable range, so such an experime

could be used for the direct measurement of the spin'—y' ) . .
relaxation timer. In conclusion, we have considered the SET transistor con-

Another possible method to measurés to use the spin sisting of ferromagnetic electrodes a'n.d a nonm'agn'etit.: islgnd.
precession due to the “perpendicular” component of theWe hqve predicted that the' nonequilibrium Spln'dIStl’IbutIOh
magnetic fieldH (effect Hanlg.X® Then the average spin po- N the island leads to a considerable magnetoresistance which
has a specific dependence on the bias and gate voltages. In
particular, it shows the dips directly related to the Fermi-
level splitting.

The case of the SET transistor with superconducting is-
land is out of the scope of the present paper. However, such
an experiment would be quite interesting because this seems
to be the easiest way to create a significant injected spin
rRolarization and to study its influence on the superconductiv-

larization S satisfies equation|SxH]—S/7+F=0 where
y is the electron gyromagnetic ratio afdis the injected
spin flux (taking into account the spin-polarized current
through both junctions For example, in the simple case  The authors thank D. V. Averin and K. K. Likharev for
when magnetic field is perpendicular to the injected spinuseful discussions. A. K. has been supported in part by
direction, the average spin is given b{j;;|=||z|/[(‘yH)2 French MENRT(PAST), Russian RFBR, and the Russian

+772]¥2 while the angle betweerS and F is ¢ Program on Nanoelectronics.
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