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Spin injection in ferromagnetic single-electron transistor
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We consider the single-electron transistor with ferromagnetic outer electrodes and non-
magnetic island. Tunneling current causes nonequilibrium electron—spin distribution in the
island. The dependencies of the magnetoresistance ratio on the bias and gate voltages show
the dips which are directly related to the induced separation of Fermi levels for electrons
with different spins.
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The success in fabrication of tunnel structures with large magnetoresistance [1, 2] attracted considerable
attention to this topic. For tunnel junctions made of ferromagnetic films, the difference as high as 26% at 4.2 K
(up to 18% at room temperature) between the tunnel resistances for parallel and antiparallel film magnetization
has been observed [2], which allows their application as magnetic sensors. The low temperature values agree
well with the theoretical result [IAR/R = 2P1P>/(1 + P1P») where the spin polarizationd; and P, of
tunneling electrons in the films are measured in a separate experiment [3] (for example, the polarization is
about 47% for CoFe, 40% for Fe, and 34% for Co).

With the decrease of the tunnel junction area, the single-electron charging [4] becomes important leading
to new effects. The study of tunnel magnetoresistance in this regime is a rapidly growinElﬁE{i [5-10]. For
example, the enhancement of the magnetoresistancevRii&R due to Coulomb blockade has been discussed
in Refs [5, 9]. In Refs [8, 10] the theoretical model of ferromagnetic 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. The very interesting effect of
magneto-Coulomb oscillations in SET-transistor has been observed and explained in Refs [5, 6].

In this paper we consider a SET-transistor which has ferromagnetic outer electrodes and nonmagnetic
central island (see inset in Fig. 1A). When the coercive fields of two ferromagnetic electrodes are different,
the standard technique of the magnetic field sweeping (see, e.g. Ref. [2]) allows to obtain parallel or antiparallel
polarizations of outer electrodes. In the first approximation the current through SET-transistor does not depend
on these polarizations because the island is nonmagnetic (Zeeman splitting is negligible). However, if the
electron spin relaxation in the island is not too fast, then the tunneling of electrons with preferable spin
orientation creates the nonequilibrium spin-polarized state of the island (similar to the effect discussed in
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Fig. 1. The dependence of the magnetoresistance éatio the bias voltag® for A, two different ratiosRy/R; and B, for several
values of the dimensionless spin relaxation teménset in A shows the schematic of the SET-transistor with ferromagnetic (F) outer
electrodes and a nonmagnetic (N) island, while the dashed lines shdy-tWecurves (arbitrary units).

Ref. [11] in absence of the Coulomb blockade). This in turn affects the tunneling in each junction and leads
to different currents , andl, through the SET-transistor in the parallel and antiparallel configurations.

We calculate the dependence of the relative current chirgeél , — 153)/1p on the bias and gate voltages.
Nonzeros is already the evidence of the nonequilibrium spin state in the island. Moreover, the voltage
dependence af shows the dips, the width of which directly corresponds to the energy separation between
Fermi levels of electrons with different spins in the island.

We consider the SET-transistor consisting of two tunnel junctions with capacit@peesiC,. Background
chargeQq describes the influence of the gate voltage. We assume that the voltage scales related to the
polarization of ferromagnetic electrodes and to the barrier suppression, are large in comparison with the
single-electron charging energy. Then the polarization of outer electrodes can be taken into account by the
difference between the tunnel resistan%& and R&"z for electrons with ‘up’ and ‘down’ spins. The total
junction resistanceR; = (1/R{ + 1/ Rg)*l andRy = (1/R) + 1/ Rg)*l do not depend on the magnetic
polarizationsP; and P, of electrodes, while ‘partial’ resistances are givenRy = 2R, /(1 + P) and
R =2R/(1-PR).

We assume that the energy relaxation of electrons in the island is much faster than the spin relaxation.
So, we characterize the nonequilibrium spin state by the differariee between Fermi levels for ‘up’ and
‘down’ spins while both distributions are determined by the thermostat tempefatfiihe spin distribution
is assumed to be uniform along the island).

The equations of the ‘orthodox’ theory for single-electron transistor [4] (we as®ime Rq = h/e?)
should be modified in our case. The energy g&ﬁ’fd)i for tunneling to (+) or from (-) the island through
ith junction is different for ‘up’ and ‘down’ electrons,

WOE(m) = WE F AER/2. W) = WE + AEF/2 @)

whereV\/ii = (¢/Cy)[F(ne+ Qo) F (—1)iVC1C2/Ci — e/2], n is the number of extra electrons on the
island,Cy, = C1 4+ Cy, andV is the bias voltage. The corresponding tunneling rates satisfy the usual equation
[4] T35(n) = WS (n)/e?R5[1 — exp(—WS%(n)/ T)], wheres = u, d denotes spin. The average current

| through the SET-transistor can be calculated as ", ¢ e[rs™(n) — T (Mo (n), whereo (n) is the
stationary solution of the master equation f#(n)/dt = >, o [o(n£ DHITT(n £ 1) — o(n)l‘f’i(n)].
Finally, the Fermi level separatiohEr should satisfy the self-consistent equation

AEfppv/t =Y [ () = T () — T} (n) + T~ (Mo (), (2)

n,i
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Fig. 2. A, The §—V dependence for different temperatuiiesB, The dependence éfon the background chard®@g for several bias
voltages.

wherer is the electron spin relaxation time for the islapds the density of states (per spin), ands the
island’s volume. We introduce also the dimensionless spin relaxationutisae /e?pv(Ry + Ry).
The signs of polarization®; and P, can be changed using the external magnetic field, that interchanges
resistance®’ and Rid. Sothe curreniky, for the parallel magnetizatiorPf P> > 0) is different from the current
la when one magnetization direction is reversBgd,— — P,. Figure 1A shows the numerically calculated
dependence of the magnetoresistance i&(eolid line) on the bias voltag¥ for the SET-transistor with
parameter€€; = Co, Qo = 0, T = 0, |Py] = |P2] = 30%, andx = 0.1. For the upper curve (shifted up
for clarity) we assumedR, = R; while R, = 5R; for the lower curve. Thé-V dependence shows the
oscillations with the same perial C; as for the Coulomb staircase. The existence of oscillations is a trivial
consequence of the charge dynamics in SET-transistor, similar to the effect discussed in Refs [8, 10].
More interesting features seen in Fig. 1a are the triangular-shape dips near the bias voltages

V =[e/2+4 ne+ (—1) Qol/Ci, 3)

at which the derivative of thé—V curve (dashed line in Fig. 1A) abruptly increases. The dips are more
pronounced for unequal resistances (better Coulomb staircase). The edges of a dip correspond to the alignment
between the Fermi level in an electrode and one of the split Fermi levels for electrons with different spins

in the island. Hence, the dip widihV is directly related to the Fermi level splitting,V = AEFCyx/eG.

Notice that the magnetoresistance ratican be negative within the dip range (see Fig. 1).

The width of the dips in Fig. 1A increases with voltage because the larger current providesA&ger
(the crude estimate BEF = «l (P — P2)eRy). In the caseP;| = |P2|, shown in the figuresAEF = 0
for parallel magnetization. WheP;| £ |P»|, the dip shape is determined by two different valuea\&r
leading to the trapezoid-like shape instead of the triangular one.

The increase of the spin relaxation timéeads to larger EF and, hence, increaséss well as widening
the dips, which is illustrated in Fig. 1B (= 0 for ¢ = 0). The change of the polarization amplitudes
|P1| and|Py| leads to similar effects. In the limit of large bias voltage the current can be found analytically,
IRz /V =1—(a/2)(P1— P2)?/{1+ (a/2)[RE /RiR2 — RiR2(P1/ Ry + P2/ Ry)?]}, leading tos = 2a| Py Py
for smalle ands = 2«|P1P2|/[1+ 20(1 — (|P1] — |P2|)2/4)] for R = Ry.

The finite temperature smears the features ofsthé dependence (see Fig. 2A), but obviously does not
change in the large-bias limit. The dips disappear wilehecomes comparable £0EF while the oscillations
disappear at higher temperatures determined by the single-electron energgf s€aje

Notice that two series of dips determined by eqn (3) coincide in Figs 1 and 2A. With the change of the
background charg@ by the gate voltage, these two series will move in opposite directions. The dips can be
also seen on th&-Qg dependence which is shown in Fig. 2B for different bias voltages
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To estimate the parameters of a possible experimental realization, let us assume a Co—Cu—Co SET-transistor.
The polarizatiorfP| = 30% used in figures is a conservative value for Co. The spin relaxation fatehe
nonmagnetic island, which is the most crucial parameter of the effect, depends much on the material quality.
In Ref. [12]t ~ 2 x 10~8 s has been reported for very pure CTat 1.4 K (a similar value has been found
in Ref. [12] for Al, while  ~ 108 s has been reported for Al in Ref. [11]). Let us choose 108 s. Then
usingp = 9 x 10?1/eV/cm? for Cu, Ry = 10° 2, and the island volume = 200nmx 50nmx 20nm, we
geta = 0.35. Hence, the effect of nonequilibrium spin distribution should be rather strong, and we could
expect the magnetoresistance rattiop to~ 10%. ForCy ~ 3 x 10~ F the dips of thé—V dependence
could be observed at temperatures betow.2 K while the oscillations could be noticeable upTto~ 1 K.

Because of typically small coercive fieldd, ~ 107 Oe [2], the Zeeman splitting corresponds to the energy
scaleAE ~ 10°% eV ~ 102 K and can be neglected.

We have discussed the dc case only. In the ac case the dynamic solution of the master equation should be
used, and also the left side of eqn (2) should be replacdd@yEr)/dt + AEg/t]pv. The measurement
of the frequency dependence can give the direct experimental way of the spin relaxation time determination.
Another way to measure is using the ‘perpendicular’ component of the magnetic field which leads to the
suppression of nonequlibrium spin polarization because of the Hanle effect [11]. Let us also mention that
experiments using the SET-transistor with the superconducting middle electrode could be very interesting to
study the influence of the injected spin polarization on the superconductivity.

In conclusion, we have considered the SET-transistor consisting of ferromagnetic electrodes and a non-
magnetic island. The nonequilibrium spin distribution in 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.
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