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Abstract : Effect of interface electric field on mag-
netoresistance (MR) ratio is investigated by in-
troducing a density-gradient term (quantum ef-
fect) to the standard drift-diffusion theory. We
also carried out experiments and explain MR ra-
tio that depends on its current direction by the
quantum effect.

1. Introduction

Spin injection and detection between silicon and mag-
netic material via tunneling barriers are one of the most
important issues in spintronics[1-3], and the key factor
which determines a performance of spin devices such as
spin transistor. The standard drift-diffusion theory [4,5]
can successfully describe magnetic transport phenomena
of metallic materials. However, there appear experiments
which cannot be explained in the standard drift-diffusion
theory [3,6,7]. Here we theoretically and experimentally
investigate a quantum effect in the context of the drift-
diffusion theory of spin transport phenomena. We apply
the density-gradient theory studied in the silicon semi-
conductor devices [8] to two spin current model (Fig.1),
and we provide analytical formula of magnetoresistance
(MR) ratio beyond the standard theory for a local mea-
surement setup. We also carried out local experiments
(Fig.2) which shows that MR ratio differs depending on
the current direction (from source to drain or from drain
to source). The standard theory cannot explain this di-
rectionality of current in MR ratio, because MR ratio of
the standard theory has symmetric form regarding source
and drain. We show that the introduction of the quan-
tum effect explains this directionality of MR ratio.

2. Formulation
We introduce a quantum effect as the density-gradient
term to the spin dependent chemical potentials. The
density gradient term is expressed by bV?2,/n,/\/n, with
b= hg/(2merq) and the density of carrier ng (s =1, J,
= 0/0z). The parameter ry, changes depending on
physical environment (we take 7, = 2 here) [8].Assuming
that the same macroscopic diffusion equations as those of
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the standard theories [4,5], we can set

P(pi—pr) _ (wi—wt)

and 57 =5

(Is5 is the spin diffusion length

IV or 1¥). Combining with the current conservation rela-
tion given by Jy +.J_ = J(const), we derive the extended
current and chemical potential for the ferromagnetic re-
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FIG. 1: Band for F/N/F structure.
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with Ap®(z) = Kgsinh([z — 20]/1F), and Av®(z) =
1F0Au*(2)/0= (z&o) is a center of a-ferromagnet), for
both ferromagnetic electrodes a« = L,R. We write
p+r = 2[1 £ Blpr and py for the resistivity of the fer-
romagnet F' and the semiconductor N. Similarly, the
chemical potential of the semiconductor part is given
by fit(z) = epnJz + k1 F Au(z) — ¢pa(2). with
Ap(z) = K,cosh(z/1F) + K, sinh(z/1), and Av(z) =
INOAu(z)/0z, for the central semiconductor region. K,,,
Ky, Ky, K, ki1,k{ are unknown coefficients to be deter-
mined by boundary conditions. [, and J£ _ are the

quantum effects given by wbai = (Zb/ ) V2, /nk

wﬁt = (Zb/ Jl) Vz ”ija Jboc:l: = Z(Ui/e)v¢bai7
and Jf, = 2(on/e)Vipr. We use the same bound-
ary conditions on chemical potential and current at an
interface 2 = z, (o = L,R) as those of the stan-
dard theories [ Slips(z) — pe(zy) = redi(za) and
Jie(zF) = Jx(zg)
Ty = [r+ + /4 =1y, T, = [r® —r]/4 =
TP = PFl 3
are rp = pFl

We also define ry = 2rp[l £ v ]

rb '7 ’
= pnIV. The important quantities here
and rn = pniN.
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FIG. 2: Schematic diagram of a lateral device. The distance
tn between the two electrodes is ¢t y =1pm.Thickness of MgO
is 1nm.

3. Electric field at the interface
New additional boundary conditions derived from the
current conservation property is given by

SalJab+ (24 ) = SN[ ( 1)

where S, (o = L,R) and Sy are the areas of fer-
romagnets and the semiconductor, respectively. Jpo
(o = L, R) and Jp1 are determined by the electron den-
sity, estimated from Schrodinger equation d?¥(z)/dz? +
[V(2) — Eo]¥(z) = 0, and the relation n = |¥(z)|?, such
as V2iT/V & VRU(2)/W() = @m/R)V(2) — El.

)+Jab ( Zi)-{—Jb_(z



Assuming a triangle potential at the interface between
ferromagnet region and the semiconductor region (Fig.1),
potentials are expressed by

VEG) =V —Efz, V](z) =V} —Erz, (2
VE(2) = VE + Bhz, VR (2) =V + Erz,  (3)

where EX and E,, are electric fields at the interface of fer-
romagnets and semiconductor. Then, we obtain J£ | =
orul and JNN . = onul /2, with ul = =VV /(er,) and
ul = —VVF¥/(er,). Usingoy = p3' and on = (2pn5) L.

The boundary condition Eq.(1) leads to opul = oyul).

4. MR ratio

Total resistance through the F/N/F structure is ob-
tained by summation of resistances of F' and IV elements.
The difference between the parallel resistance rap and
the antiparrallel resistance rp is calculated such as

R
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+ Beprr(ye(2Jr1 + JR3)7“,€ +vr(Jr3 + QJRl)Tf)SF

+ 28%(Jus + Jrs)risy) }- (4)
where J,1 = J — onyul), and Juz = (Sn/Sa)Jar
are the result of the quantum effect. r3A = ([rp +
L][TF + 7, ]52 + TNSLSR)SQN + (rp[Sr + SR +

553 + TfSL)TNSNCQN. cCN = COSh(tN/Ql
sinh(ty/21Y), cp = cosh(tF/QZF), sp = s1nh
cany = cosh(ty/IY), and soy = smh(tN/lN
a thickness of ferromagnet. Compared with MR ra-
tio of the standard theory, Eq.(4) says that rap — rp
has additional terms which increase as oy (ul +ul}) =
on(FY — FF) increases. When Ej, = Eg, Eq. (4) corre-
sponds to standard diffusion theory.
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5. Comparison with experiments

Let us compare our theoretical results with experiments.
We fabricated two-terminal devices for local measure-
ments in which the areas of the two electrodes are dif-
ferent (Fig.2). Detail structures will be discussed else-
where [2,10]. Because of the different area of the two elec-
trodes, the interface electric fields are different, in which
larger electric field is generated with smaller electrode
area. We also set that r, is constant (Sp, Ry, = SgkRr: Ra
is junction resistance). Combining with the current con-
servation J;S;, = JrSgr, we have |Eg| = |EL|(SL/Skr)?.
Thus, S, < Sk means that |EL| > |Eg|. Fig.3 shows the
experimental data of the voltage dependence of the MR
ratio. As can be seen, the MR ratio differs depending on
the direction of the current. Fig.4(a) shows MR ratio is
symmetric to the area difference S, — Sg, in the range of
the standard theory. This is because the standard the-
ory has a symmetric structure to the both electrodes. In
Fig.4(b), we have added the effect of the interface elec-
tric fields to Fig.4(a). We can see that the introduction of
the electric field induces different area dependence. Fig.5
shows the MR ratio as a function of the left electric field
E;. For Ep < 0 where electron current flows from larger
interface electric field (|EL|) to smaller interface electric
field (JEg|), the MR ratio increases. This result is con-
sistent with Fig.3.
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FIG. 3: Experimentally obtained MR ratio as a function of

bias voltage between the left and the right electrodes of Fig.2.

So = 100,um2 and T=77TK. Viias > 0 corresponds to Fig.2

(Er > 0). Viias < 0 corresponds to reversed bias direction of

Fig.2 (EL < 0).
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FIG. 4 Calculated MR ratios of the local measurement setup
as functions of the interface resistance r, and area difference.
St and Sg show areas of the left and right electrodes, re-
spectively. (a) Standard theory (b) Interface electric field is
introduced (Eq.(4)). vz = v = B = 0.10. tx=1250nm,
N=5.1pm, ry= 1.07x107°Qm?, "=5nm, rr = 4.5 x
1015 Qm?.
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FIG. 5: Calculated MR ratio of the local measurement setup

as functions of the left electric field. S;, = 4Sg. Parameters

are the same as Fig.4.

6. Conclusions

We studied the effect of the interface electric field by
extending the standard diffusion theory. We compare
our theory with experiments and show that our theory
can explain the difference of MR ratio depending on the
difference of current direction.
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