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Gate-controlled spin polarized current in ferromagnetic single electron transistors
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Gate voltage can be used to tune polarization of current passing through a ferromagnetic single electron
transistor when spin accumulate in the central electrode. The shift in spin chemical potential acts as charge
offset in the island and alternates the gate dependence of spin current. We demonstrate this phenomenon by
applying master equation calculations to ferromagnetic/normal metal/ferromagnetic single electron transistors.
Taking advantage of this effect, one can use ferromagnetic single electron transistors as a tunable current
polarizer.
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The ferromagnetic single electron transist@ET) has  mal metal becomes nonzero and this effect is known as the
been an interesting system shown to exhibit novel phenomspin accumulatiorfor spin imbalance
ena with an interplay between spin and charge. Recently, A gate voltageV, can be applied to turn on and off the
Ono et al! and Chenet al? succeeded in fabricating small charge transport in the SET by tuning the electrostatic poten-
double junctions containing magnetic or superconducting istial of the island. When the SET is symmetrically biased with
land weakly coupled to ferromagnetic leads. In their experi-Vg=0, an energy cost of roughly the charging eneky
ments, enhanced tunneling magnetoresistar@R), =€°/2Cy is required for adding or removing an excess
magneto-Coulomb oscillations and spin accumulations weréharge in the island, and the charge transport is blockaded.
observed. On the other hand, theories of ferromagneVhen the gate voltage is tuned so that two adjacent charge
ferromagnet/ferromagnef(F/F) and ferromagnet/normal- states are energgtlcally degenerate, electrons can enter or
metal/ferromagnetR/N/F) SET's based on transition rate I_eave the _|sland without extra energy cost,_p_roducmg sequen-
and master equation formalism were developed to deriVgal tunneling current. The current is at a minimum and maxi-

bias-voltage and gate-voltage dependent TMR in both s fmum, respectively, folq=0 ande/2C4 and can be modu-

Sated periodically with a period oAV,=e/C,; hereC, is
i i i i . g g g
quential and strong tunneling reginiS. The pioneer ex the island-to-gate capacitance. These two gate voltages are

pe”me”‘ conducted _by Johnson _and Silshee demonstrat?ﬁlus referred to as minimal and maximal gate voltages.
the importance of spin accumulation effect on ferromagnet- Our study suggests that the shift in spin chemical poten-

nonmagnetic metal systerffsFor F/N/F double junctions, iais generated by spin accumulation produces effective
the spin accumulation is predicted to occur when two ferrocharge offsets to the two spin channels. This is best under-
magnet leads are in antiparallel alignment, which would leaditood by considering the transition rates of the consisting
to a new origin of TMR in contrast to that of/F/F  junctions in a SET. For &/N junction, the transition rate,
cases:"®In this study, we investigate the spin accumulationderived from Fermi's golden rule, depends on the energy
and related phenomenakiiN/F SET under the influence of difference of the initial and final states. For example, the
gate charge. transition rate from charge stai®) to |Q=e) for source
The spin dependent transport in a ferromagnet is usualljunction is given by (1#°Rg)(—Eg)/[1—expEs/kgT)],
described by the relative difference of the majority and mi-where Eg =+ (V,;—Vg)+[*2e(Q— Qo) +e?]/2Cy .*? V,
nority spins of conduction electrons, denoted as polarizatioand Vg are, respectively, the electrostatic potentials of the

P.* Under the condition that spins do not flip, the transportcentral island and source electrode, aQg is the charge
current inF/N/F double tunnel junctions can be separated

into two channels labeled as upspin and downspin which, Cs  Cp 1, CieRi Gy
throughout this article, are assumed to be contributed by ma- R Ry, _F;rom mFe;;

jority and minority spins, respectively, in the source ferro- O—E N 0 00—

magnet. For example, when lead magnetizations are in anti-V+/2 ¢, VW2 Vy2 [ Nomal Normal | -V4/2
parallel alignment, the upspin channel has a larger tunneling Tvg L CR,| CyRy 1

rate for the source junction than for the drain junction. In this ¢ c——

case and in the steady condition, the upspin chemical poten- @) g—g

tial in central electrode rises to balance the spin’s incoming Ve

and outgoing rates, and the chemical potential of the down- (t)
spin would decrease by the same amount. This shift in spin

chemical potential for systems without Coulomb blockade, FiG. 1. (a) The scheme of th&/N/F SET consideredb) The
denoted ad u,(}), is predicted to be- Pe\,/2, in whichV,,  proposed 4-lead current polarizer device. Ferromagnet leads 1 and 3
is the applied bias voltagesee inset of Fig. landP is the  are set in antiparallel configuration to produce spin accumulatjon.
polarization of the two leads. Therefore, the net spin in nor4s the current output.
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offset usually controlled by the gate voltagg,=CgyVy. dp;; 1 u/é

When spin accumulates, the potential of the island becomes (W) [mle,jl
Vi+Auqy, and E§ changes accordingly. This potential sf

shift can be taken into consideration by defining new charge —Uu/s

offsets Qp=CyVy—CsA (/e for upspin and downspin + mpi—l,ﬁ—l
channels, respectively. With this new variable, the effect of
spin accumulation on gate dependence of spin-polarized cur- 1 U 1l+exp—pBU)

rent can be clearly understood. Spin accumulation would re- s mpij . 2
sult in a positive chemical potential shift for upspin, which s

will, in turn, bring in a positive-direction tilt in the upspin  The first and second terms describe respectively the increase
current-gate voltagel(V,) characteristics, and a negative of propability due to up-to-down and down-to-up flip pro-
direction tilt in thel |V, characteristics. cesses, and the third term is the decrease arising from the

_ To demonstrate this charge offset effect, we apply a modippposite processes. Here we assume that the up-to-down spin
fied master equation calculation which takes into account th@inning rate is proportional td (e —u)l=f(ea—u))]

spin dependent charge states of the island. In this frameworky, ajectron with energy:
wh|ch_ is developed by Barnasd co-worker§,thg states are ing & allows the summation of discrete energy levels ap-
described by two paramete€; andQ,, denoting excess Iproximated by a integration of continuous spectrym
upspin charge and excess _downspln charge, respectlvey_,lm_ U=~ p,=(i—])8is the chemical potential differ-
Genera!ly s_peakm_g, these spin dependent _charge states_ ar&ice of up and down spins. For positive up-to-down spin
nonequilibrium W[th_ the presence of spin gccumulatlon.f|ip is favorable, while for negativé), down-to-up spin flip
However, under limit of short energy relaxation time, the yominates. Under these conditions the probabilities of major
occupation d|'str|but|on of a particular spin would form an spin states with largiJ| are greatly reduced while suppress-
equilibrium Gibbs distribution. In our study, we focus on the ing the spin accumulation.

limit that kgT is much larger than the level spacidg and Equation(1) can be solved under the stationary condition
the occupation distribution can be approximated by theyiyen by dp;;/dt=0 as described in the spin independent
Fermi distribution, "e'f(‘?aiM(L)) for an energy leved, . asel2 Through a particular distribution qf;; , one can ob-
The numbers of net spiN=(Q;—Q,)/e is related to the (5in the amount of spin accumulation, quantified as average

;s,pm chemical po_tentlals arld the_densEy of siates of the IS2emical potential differende =3 (i — ) p;; and the spin
and p(e,) asN=2,[f(e,—py)—flea—p)]=ldep(e) ant for soi : LN
pins tunneling through junctiom,
X[F(e—pp) = f(e—p))].
Although the electrostatic energy of each charge state is
spin independent, the tunneling rate is spin dependent in two I _ Lo T 1 V.
ways: first, the effective tunneling resistances for the major- 's e; [T LD =T =1l Dpy - )
ity and minority spin tunneling processes are multiplied, re-
spectively, by 2/(+P) and 2/(14+P). Second, the spin If there is no spin flipping processes, the spin is conserved
chemical potential shift's presence also modifies transitiorand the spin current passing through the source and drain
rates by changing the numbers of possible tunneling projunctions is the same. If the spin flips too quickly so as to
cesses. Consequently, the master equation for each spiompletely destroy the spin accumulation, then the ratios be-
charge state, together with certain spin flipping transitionstween the two spin currents /1| for source and drain junc-
reads tions, will be the same as polarization of source and drain
electrodes, respectively.
dp;; To gain an understanding about this phenomena, here, we
=3 {F'T(i,j|ii1,j)piﬂj perform a simulation using device parameters similar to
dt 155p those in experiment®t al.? Rs=Rp=400 K), Cs=Cp
=300 aF, Cy=0.8 aF, Ps=Pp=0.4. Because the resis-
+TY(L L= 1)pi et — _E {rh(i=1,li,j) tances are much higher than quantum resisteRge the
1=SD contribution due to higher order tunneling processes is neg-
pij) ligible and only sequential tunneling process is included. We
sf

Ts

and a small energy level spac-

+F|¢(i JELL)) e+ ddt (1)  considerlVy characteristics and current-gate voltage depen-
dences (V) with both parallel and antiparallel alignment of
leads under the no spin-flipping condition at a temperature of
in whichi=Q; /e and j=Q, /e denote the numbers of up kgT/E-=0.1. In the parallel configuration, no particular fea-
and down spins, respectively, aﬁ@(i ",i"li,j) is the tunnel- ture is found because the ratio between two spin currents is
ing rate for spin directions(=T1,]) in junction | (S for  simply the polarization 0.4, and total current is the same as
source and for drain) from statedi,j) to|i’,j’), andp;; is  that of the spin independent case. When the leads are in
the probability that the island is in stafigj). In this equa- antiparallel alignment, the calculation provides much more
tion, only sequential tunneling process is considered. By ininteresting results. The total current is smaller than that of
troducing an energy-independent spin relaxation tipyethe  the parallel case, and the high bias differential resistance is
spin flipping transitions can be explicitly written as increased by a factor of 1/(1P?) and shows a generic
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FIG. 3. (a) Polarization of current dependences on bias voltage
FIG. 2. Current-gate voltage dependences(&rthe spin cur- gt eV, /C,=0.15 (solid curvé and —0.25 (dotted curv in the
rents fromeV, = 0.5E¢ (bottom to 6.CE¢ (top) and(b) total current  antiparallel  configuration. At eVy/Ec=0.7 and eV,/C,
from eV,= 0.5 (bottom to 4.CE¢ (top) with a step 0.Ec foran - +0.15 P, reaches a maximum value of0.33 while at
F/N/F SET in the antiparallel configuration, whose parameters arg\, /E.=4.0 and eV,/Cy=*0.25, P, has another maximum,

described in the text. Iif) the dotted and solid curves represent, which is approximately 0.04 with an opposite directidb). Polar-
respectively, up-spin and down-spin currents. Notice that the peakgation as a function of gate voltage @V, /Ec=0.5 to 4.0 with a
and valleys for the two spin currents appear at different gate voltstep 0.5.

ages. AteV,= 4.5 the two currents shift half period while near

eV,=6.0Ec, they are the same. Ifb) IV curves shift with bias ) ) )
voltages: aeV,=6.0E, it shifts by 0.%. because the downspin chemical potential decreaseg,as

increases. Therefore, at low bias regime, Itkg for up and
F/N/E TMR effect. The differential TMR as a function of down spin are tilted, respectively, toward lower and higher
bias voltage also exemplifies expected oscillatory behaffiors Vg directions, and form saw-tooth-like/ patterns. At bias
ThelV,, characteristics shown in Fig(@ exhibit particu- ~ voltages far beyond threshold/{>2Ec/e), the current is
larly different behaviors than from the parallel case. The upnot much affected by, and the spin chemical potential is
spin and downspin currents are only the sam¥g@t 0 and less sensitive td/,. The shift in spin chemical potential
V,=e/2C,. A closer inspection reveals that the peaks of two(relative to the no spin accumulation cageu,(|) increases
IV, curves with opposite spins shift with increasing bias(decreasgswith Vy,. At Vy=6Ec/e,Auq () is about+Ec,
voltage. This effect can be explained when we consider tw@orresponding to a charge offset of abdug. Consequently,
separated spin transport channels. When the leads are in ais shown in Fig. @), the up and down spitV character-
tiparallel alignment, the source and drain resistances for gtics shift by one period in respect with each other and differ
particular spin channel may differ by several times. This réfrom |V characteristics at low bias voltages by half period.
sults in a steplike structure, called Coulomb staircase, in thghe total current is shown in Fig(®, allowing a compari-
IV_b characteristics, and a distorted saw-tooth-lﬂdg modu-  gon with the experiments.
lation. The Coulomb staircase effect can explain the TMR 4 frther investigation of the effect of applied gate volt-
oscﬂla‘uoré and the asymmetric Jgate depende_n(_:e of Sp'Qge on two spin currents, we define a quantity describing the
S poraaton of e el cure® (1, 1)/( 1),
toniyan E:Q.Q, /e Irrl) fact ouEJ calculations suggest that Figure 3 shows bias and gate voItag_e. _dependepc@,of
Cxll’™ ' Such dependence suggests the possibility of using a ferro-

the results of the two methods differ especially at high biasrn netic SET " nirolled current polarizer. B
voltages where botQ, andQ, are large. agnetic as a gate-controlied current polarizer. because

From the view point of spin accumulation, the raised up-Cf 1ar9€ P, values, the optimum operating regime is at low

spin (lowered downspinchemical potential effectively gives Pias voltage. AeV,/Cy==0.15 andeV,/Ec=0.7, the cur-

rise to a positivénegative charge offset. At low bias voltage ent polarizations reach a maximum value‘o.33. One can
regime (V,<2Ec/e€), whenV is gradually raised from zero also explore the temperature dependence of the polarization
to maximal value €e/2C,), the electrical current increases current. There are two ways that the effects of temperature
due to suppression of Coulomb blockade. The spin accumi&an enter, both leading to the destruction of current polariza-
lation is, in turn, enhanced by the increased current, antion. One is thermal activated charge fluctuation and the
consequently there is a rise in both up spin chemical poterether is decrease of spin flip time. The former is automati-
tial and the effective charge offset for up spin. Since withincally included in the master equation calculation and its ef-
0<V4<el2C, region, the charge offset is an ascendingfect is shown in Fig. &). At T=0, the value ofP, can be as
function of V4, and the up spin current increases more rapdarge as the polarization of the lead itself, while kT

idly than that of the zero spin accumulation. On the other=0.5E, the gate charge effect becomes negligible. To
hand, the increment of down spin current is less effectivegvaluate the effect of the spin flip process, we assume an
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where
-0.21
2 1 1
M=— — = —. )
Est+tetiy™ EJ+AE—e+iy”
-0.4
0.5 1.0 The AE is the energy difference between initial and final
Cng/e states. For spin conserved co-tunneling;= + eV, whereas

for up-to-down and down-to-up cotunnelilge= +eV—-U

FIG. 4. (a) Gate voltage dependences of polarization atand AE=*eV+U, respectively (“ +" for forward and
eV,/Ec=0.7 for temperatures ranging between 0 andE@A&s  “ —” for backward). E5 andEj are, again, energy changes
with a step 0.05 under no spin flip assumptionTAt0, P, cannot  of the tunneling processe®— Q=+e for source and drain
be defined fOICng/e<O.33 anngVg/e>O.67 since the current JunctlonsRS off and RD off are the eﬁec“ve tunnellng resis_
is zero within that range. The effect is more pronounced at lowefiances for the source and drain junctions. Note that for anti-
temperatures(b) The same dependence for the drain junction atparallel configurationRs «¢Rp o Product in Eq. 4 isRsRp
eV, /Ec=0.7 andkgT/E-= 0.1 with several spin flipping times, , product multiplied b)} 4/(’1_ P (1+Pp), 4/(1+ Po)(1
from bottom to top: 10 ns, 100 ns, Ls, 10 us, 100 us (solid —Pp),4/(1+ Pg)(1+Pp), and 4/(1- P)(1— Pp) for up-to-
curves, and= (dotted curve For 7,=10 ns, P, is fairly close to up ?101wn-t0-dgwn up-lio,-down and down-tol?up torward co-

the P value of the drain electrode, i.e., no spin accumulation. For . . i
tunneling events, respectively.~ are decay rates for the

7s=100 wus, spin accumulation is almost the same as the nonflip-f_ | ch o £ th d ;
ping case and®, increases dramatically. l:l,na charge state® * e of the two processes and are given
y

+

N BEp
- cotanh cotanhT . (6)

spacingé of 1ueV in the island, and perform the calcula- Y T4m | Re o 5 T Ro ef
tions using the same device parameters as above. Figore 4 . ' ) S
shows the current polarization for drain junction operating atf0 investigate the cotunneling spin flipping, we use tunnel-
V,=0.7Ec/e as a function of gate voltage &5 T/Ec=0.1  ing resistances of 40 ¢k, which is closer tR,, and leave
under several spin flipping times. Clearly, when the spin flipotheér parameters unchanged. In the Coulomb blockade re-
time is short as compared with the tunneling time-e/l of ~ 9iMme, the cotunneling spin flipping rate can be as large as

approximately 10 ns, the spin accumulation diminishes an&oiogHzl_" Wr:_i'Ch s con;pf?rable fto thehtunne_:ling Irate .Id)é
P,= — 0.4, which is simply the polarization of the drain elec- . z. However, different from the spin relaxation as

trode. However, since the chemical potential is proportion:jjjiscussecj above, the spin flipping inducce_d by cotu_nngling for
to the island’s density of states, the required spin flip time Y| <€ Vb does not have preferred direction. That is, it does

would be shorter for nanometer-sized normal-metal islanon_t smear oqt the spin accumulation but ra_ther only gnhances
in which the level spacing is of the order of 15-10"° eV, spin fluctuation. Figure 5 shows the spin fluctuatiéN

which is much smaller than the assumed value. It has bees \}U2—U2/5 as a function of gate voltage aV,
proposed that the criteria for spin accumulation is related to=0.75 /e with and without consideration of cotunneling
the tunneling resistandg, as 7:6/%>R,/Rq.% Our calcula-  processes.
tion results agree with this prediction. A FIN/F SET cannot be used as a current polarizer be-
The cotunneling processes, which are thus far not incause the drain ferromagnetic lead will destroy controlled
cluded in our calculations, can also give induce effective spirpolarization of injected currents. To overcome the problem,
flipping. In the spin independent case, cotunneling is a seave propose a four-lead type device which can be used in
ond order process that preserves the charge state but algsality. The proposed device, shown in Figb)l consists of
produces current. In the Coulomb blockade regime, wher@yo parallel F/N/F and N/N/N SET’s sharing a common
sequential tunneling is suppressed, the current is mainly dugonmagnetic island. The pair of ferromagnet leads can pro-
to cotunneling. For spin cotunneling, there are spin-duce spin accumulation in the central electrode while the
conserved and spin-nonconserved processes. The lattgfate charge effect can change the polarization of current
which is a spin enters the island and an opposite spin leavepassing through the nonmagnetic leads. This system behaves
would give extra spin-flipping transition terms in the mastereffectively as aF/N/F SET with Ps=R,P/(R;+R,), Pp
equations described by E@l). The forward and backward =R,P/(R;+R,), Rs=R;R,/(R;+R,), Rp=R3R;/(Rs
cotunneling rated oy, I'co for F/N/F SET can be written +R;), Cs=C;+C,, andCp=C;+C,. Therefore, our pre-
as? vious calculation can also be applied to this system and give

energy independent spin flipping time and an energy level RQ( Es BEs Ep

104427-4



GATE-CONTROLLED SPIN POLARIZED CURRENT IN.. .. PHYSICAL REVIEW B5 104427

=(1-P)R4/Rzandl3, /1, =(1+P)R,/Rs. Therefore, for

a symmetric condition thaR,=R,=rR;=rR; and Pg
=Pp=rP/(1+r), a simple algebra gives the polarization of
I, as P|4=[P,(1+r)+rP]/[(1+r)+rP|P], where P, is
the polarization of total drain curreh§+1,. Our study sug-
gests thatr=1 is a good condition for which|4 spans a
large range and, is considerable large. At zero temperature,
whereP, can be varied betweeh P/2,PI4 is approximately

in the range 8P, <P/(1+P?/4).

In summary, we proposed theoretically a gate-controlled
polarized current in ferromagnetic single electron transistors

3.0 05 1.0 under the limit of Ec>kgT> 4. Using a modified master
CV/e equation formalism, we calculate_ spin sequential_tunneling
0 . : . —9. 9 . : . . rates and spin current when spin accumulation is present.
0.0 0.2 0.4 06 08 1.0 The spin accumulation-induced chemical potential shift be-
Cng/e haves as charge offsets, producing interesting effects to the

IV4 characteristics. When the gate voltage is tuned away

FIG. 5. Spin fluctuatiordN vs gate voltage/, in the Coulomb from_the maximal af‘d mlnlmc_al gate.voltages, the current
blockade regimey,=0.1 mV. The solid and dotted curves repre- pas§|ng throug_h th_e Jynctlons is polarized. The thermal fluc-
sent respectively the result for sequential tunneling with and with-tuatlon and spin flipping processes are both Show_n to sup-
out cotunneling processes. The fluctuation is increased by abOlE’tresfs the eﬁec_ts from ch_arg_e offset. The Cotunnellng event
20%. The inset shows the average spin nunibgg=U/ 5 for the provides e_ﬁectlve spin fllpp_lng processes, but it only en-
WO Ccases hances spin fluctuation. Taking advantage of the gate depen-

' dence of polarized current in a ferromagnetic SET, a four-

. lead device can be used as a tunable current polarizer.
result on P, value of current passing through the normal
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izer. Because the two drain junctions are connected in parabf Physics, Academia Sinica, Taiwan for fruitful discussions.
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