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Spin accumulation at ferromagnet/nonmagnetic material interfaces
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Many proposed and realized spintronic devices involve spin injection and accumulation at an interface between
aferromagnet and a nonmagnetic material. We examine the electric field, voltage profile, charge distribution, spin
fluxes, and spin accumulation at such an interface. We include the effects of both screening and spin scattering.
We also include both the spin-dependent chemical potentials 4, and the effective magnetic field H* that is zero
in equilibrium. For a Co/Cu interface, we find that the spin accumulation in the copper is an order of magnitude
larger when both chemical potential and effective magnetic field are included. We also show that screening
contributes to the spin accumulation in the ferromagnet; this contribution can be significant.
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I. INTRODUCTION

Although electronic current has been studied since the early
19th century, spin current has been studied only much more
recently. In particular, spin transport across interfaces between
metals and ferromagnets has been an important topic since the
discovery of giant magnetoresistance (GMR),"? the principle
behind the predominant method of reading stored data. The
magnetic read head of a hard drive contains a thin nonmagnetic
layer sandwiched between two ferromagnetic layers.

A theory for spin current and electrical potential at a
metal/ferromagnet interface is given by Johnson and Silsbee?
(JS); an appendix of that work is devoted to electric currents
crossing such interfaces, and it considers the effect of the
interfaces on spin fluxes and on electrical voltage. Detailed
theories for electrical currents crossing metal/ferromagnet
multilayers (that is, series of interfaces) are given by Valet
and Fert* (VF), which includes solutions for the electric
field and spin fluxes, and by Hershfield and Zhao’® (HZ).
However, none of these theories considers semiconductors,
and each makes a different assumption, not made by the
present work, about some part of the magnetoelectrochemical
potential (first defined by JS and discussed in detail below).
IS neglect the chemical potentials 14 and u |, HZ neglect the
effective magnetic field® H* (discussed below), and VF take
the chemical potential to be spin independent.

The present work revisits the problem of spin transport
across the interface between a nonmagnetic material (NM)
and a ferromagnet (FM), and calculates the electric field,
voltage, charge density, spin fluxes, and spin accumulation.
The results also apply to FM/FM and NM/NM interfaces. We
show that inclusion of both H* and w4 and py are necessary
to predict the spin accumulation near the interface. For copper,
neglecting either contribution decreases the spin accumulation
by about a factor of 10. Further, this work includes the surface
screening mode (called the charge mode by HZ), neglected by
JS and VF, and ultimately neglected by HZ, which for large
screening lengths (semiconductors) plays an important role
in determining the spin current and the spin accumulation.
Including the screening mode permits the electric field and
potential to be continuous across the interface. Previous works
allow the field and potential to be discontinuous. Reference 7,
which extends VF by calculating the spin accumulation when
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the nonmagnetic material is semiconducting, also neglects
screening.?

Section II briefly discusses the equations that govern spin-
dependent transport in solids. Section III finds the deviations
from equilibrium due to the screening mode, the spin-diffusion
mode, and a bulk response associated with the applied electric
current. Section I'V discusses the bulk and boundary conditions
at an isolated interface. Section V compares the assumptions
of the present work to those of previous theories. Section VI
gives the electric field, voltage, charge density, spin fluxes,
and spin accumulation near a Co/Cu interface. Section VII
provides a brief summary and conclusion. Appendix A shows
detailed calculations for the spin-diffusion mode, the results
of which are given in Sec. III, and Appendix B explicitly gives
the boundary conditions discussed in Sec. I'V.

II. TRANSPORT EQUATIONS

We use superscripts I and IT or NM and FM to denote
adjacent materials. When developing bulk equations that apply
separately within each material, we omit the superscript, and
reintroduce it when discussing materials in contact (or when
discussing properties specific to a FM or a NM).

A. Fundamental relations

Within each material, the number and current densities n4 |
and j; , are related by*!”

ony +0ijy, =S8, ony+0;j, =-S. €))]
Here S is the rate at which down-spins flip to up-spins. We
consider the total electric current density J = —eji, to be a
known uniform constant, and continuous across an interface.
For current along x across an isolated interface (in the yz

plane) between materials I and II, we have ji, = j%) + ]ilx) =

.(II) .(II)
Jro T

We take M , the direction of the magnetization M , to be
fixed. Since the electron g factor is negative, for majority
carriers defined to have up-spins, then M is aligned with the
down-spins.
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We take i to be the magnetoelectrochemical potential,

defined for up- and down-spin electrons as®!?
_ EUup = ~
MTZMT—€¢+TM0H*'M, 2
SUB =, o
M¢—M¢—€¢—T oH* - M, 3)

where (14 and | are the respective chemical potentials of up-
and down-spin carriers, e > 0 is the magnitude of the electron
charge, ¢ is the electrical potential, g is the dimensionless g
factor (with |g| &~ 2 for electrons), wp is the Bohr magneton
(with units of J/T), and p is the permeablhty of free space'!
(with units of N/A?). In the simplest case, H* is the difference
of the external field H() and the uniform exchange field

H;,. (with Hlm | M) More generally, in addltlon to Ho we
must include the magnetlc dipole field Hdlp, the crystalhne
anisotropy field Han, and the nonuniform exchange field HeX
(proportional to V2 M):!2

FI* = ﬁ() + Ijldip + ﬁan + I:Iex - Ijlint‘ (4)

We have H* = 0 in equilibrium.!® For this to hold, with Mo
the equilibrium magnetization we have Himf M — M [see
Eq. (40) of Ref. 3], so that in equilibrium Hj, = O for both
ferromagnets and nonmagnetic materials. With this definition,
the up- and down-spin chemical potentials implicitly depend
on the exchange interaction (and thus are spin dependent),
because modifying the exchange 1nteract10n while maintaining
equilibrium does not change Hmt or H*.

By irreversible thermodynamics (see, for example, the
general treatments in Refs. 14-16, or the spin-related treat-
ments of Refs. 9 and 10), the non-negativity of the rate of
entropy production implies that the fluxes can be written in
terms of thermodynamic forces, i.e., gradients of intensive
thermodynamic quantities. Thus,

. oy, _ _
Jt ==ty — Ly difiy, &)

G¢

Ju ==Ly difty — —0ifty, (6)
where o4 and o are the respective electrical conductivities
of electrons of up- and down-spin, and the coefficients
L,y = L4, by the Onsager principle. We have implicitly
neglected temperature gradients, which can also contribute
to spin fluxes.'”2° Neglecting the off-diagonal coefficients
L,y = L4, we have

. oy, _ . o, _
Jr =0k, i, =——5 0. (N
e e
The non-negativity of the rate of entropy production
gives™!?
S = —auy — fiy). ®)
Here o > 0 (with units of a density of states per second) is

related to a characteristic spin-flip time (or, equivalently, to a
characteristic spin-flip length).

We are interested in steady-state solutions, so that d;n4 =
0 = 0;n;. Taking the gradient of Eq. (7) and employing
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Egs. (1) and (8) then gives two coupled differential equations
for fis and 1 y:

o
o) _ _ _
— Oy = — ). (10)

On applying appropriate boundary conditions, Eqs. (9) and
(10) give jiy and fi.

B. Linearized relations

We are interested not only in i, and fi, but also in ny
and n—in particular, the difference of their deviations from
equilibrium ény — 8n, ie., the spin accumulation (which
is proportional to the “out-of-equilibrium magnetization” or
“nonequilibrium magnetization” discussed by VF and HZ).
Near equilibrium, we can linearize the deviations (denoted by
8) from equilibrium of the chemical and magnetic contribu-
tions to the magnetoelectrochemical potentials: the chemical
potential deviations can be written as

s oy
Sy = —68ns, Sy = —=68ny, 11

= Gy O Ol = g e an
and the deviation in the effective magnetic field at fixed f[o

can be written as

S M.
SH* - M =200 ) =
X

where y is the magnetic susceptibility for an isotropic material
(defined by x;; = x8;;). Thus Egs. (2) and (3) give

Mol B

(ny —dny),  (12)

- dngy, (bny —ény)
Bl = 0 —ebp £ (13)
(GR)) X
where we define
on on X
y=—", N =-—* = .14

T guduo
each of which has units of a density of states.

There are thus three unknowns (dn4, dn,, and &¢).
Equations (9) and (10) give two coupled differential equations,
and Gauss’s law provides a third:

028 = ——(Sny + on,). (15)
£o&

For the bulk response and each of the surface modes, we must
find 6n4, én, and 5¢.

III. STATIC BULK RESPONSE AND SURFACE MODES

We now study the static bulk response and surface modes of
the system. For brevity we write surface solutions to have the
form e~*/¢ where £ is some length, although for the material
on the left side of the interface one should use ¢* (because the
deviations must decay as x — —o0). In general, each surface
solution has the form e*®m=%/t where x;,, is the position of
the interface, but we take the interface to be at xj, = 0.

The electric field E and voltage ¢ are continuous every-
where. (We call these “Maxwell conditions.”) To ensure this,
we include the surface screening mode. JS, VF, and HZ neglect
screening and do not satisfy these conditions.
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We first discuss the bulk response associated with the
electric current, which has a simpler structure than the surface
modes associated with screening and with spin diffusion.

A. Bulk response (dc)

We consider a system with a uniform constant electric
current. The (bulk) response associated with this current,
which can be thought of as a “dc mode” (dc), is characterized
by a constant uniform electric field (which in principle differs
for each material). We define this field as

8Ege = Eo, %, (16)

where Ey, is a constant determined by applying boundary
conditions. The potential associated with this mode is

8¢pac = —Eo,.x + Vo, a7

where Vp,, is another constant (with units of V) determined
by applying boundary conditions. By Gauss’s law there is no
overall (bulk or surface) charge associated with this mode, as
expected. Further,

(Sﬂ“c = 5[2“6 = —edpg. = eEodCx — EV()dC. (18)
Equation (7) gives

. o2 E()C . O'lE()C
== = (19)

Because o4 does not necessarily equal o, (e.g., as for
ferromagnets), there may be a nonzero spin current associated
with the dc mode.

B. Screening mode (Q)

One solution to Egs. (9), (10), and (15) has §ji; =0 =
dii, so that j, =0 = j,. This mode is therefore entirely
static (neither spin current nor charge current), corresponding
to electric screening and characterized only by charge and
potential gradients. We therefore designate it the “screening
mode,” and following Ref. 5 we use the subscript Q (for
charge) to denote its properties.>!

Note that for metals the screening mode is not well de-
scribed by the present type of theory, but is instead associated
with Friedel oscillations.?”* The following treatment of
screening is more appropriate for doped semiconductors.

By Eq. (13), setting 814, —dft,, = 0 — 0 = O relates the
up- and down-spin concentrations,

Ni(NT"‘Nx)‘S”TQ =N¢(N¢+NX)5I’Z¢Q, (20)
and setting dft4, + 81y, =0+ 0 =0 gives
1 (dn4 ony
Spp = — g 4 2. 21
b 26<N¢+N¢> @b
Define
N, =Ny + N, +2N,, (22)

with units of a density of states. Substitution of Eq. (20) into
Eq. (21) then yields

Ny
NT(Ni + NX)8¢Q = Z(SI’MQ. (23)
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Substitution of Egs. (20) and (23) into Gauss’s law, Eq. (15),
then gives

2¢?
N, 376ny, = aos VT NLH N0+ Ny (N + Nl (24)

With the definitions
» _ €0& Ny
0= 3Ny (25)
Nj =2N;N, 4+ N, (N; + N)), (26)
Eq. (24) can be written as
) 1
07 dny, = —-8ny,. 27)

2
o
For x — oo and & — 1, Eq. (25) gives £ = &o/[¢*(Ny +

N )], which agrees with Ref. 5.
We now define the quantity Vj,, such that

Ny —x/e
ny, EZeF(N¢+NX)V0Q€ e, (28)
which satisfies Eq. (27). Then Eq. (20) gives
N
sny, = zeN—mvT + NV e e, (29)

Spg = —e(8n¢Q + 5n¢Q)

2

N go€
= —Zez—ﬂVOQe_x/zQ =——Vy,e (30)
2 0o ’
Ny &
and Eq. (21) gives
Spo = Vo,e /"0, (31)

The screening mode can lead to a nonzero spin accumula-
tion, defined by

An, = d6ny —dny. (32)
Equations (28) and (29) give

NX —x/lg
Ang, = 2N—(NT — NpeVy,e , (33)
o
which is nonzero in a ferromagnet, where Ny # N .

C. Spin mode (S)

The second solution to Egs. (9), (10), and (15) is more
complicated than the screening mode. It is characterized
by a nonzero spin current j, = j; — j, # 0. We therefore
designate it the “spin mode,” and use the subscript S to denote
it.> (The reader is thus warned that S refers to spin, not to
screening.)

We now give the solution for the characteristic length,
the spin concentrations, the electrical potential, and the spin
accumulation associated with this mode. The details of the
analysis are given in Appendix A.

Define the up- and down-spin associated lengths £4, and
£, which satisfy

o o
h=-h f,=—s (34)
The decay length associated with the spin mode, variously
called the “spin-flip” or “spin-diffusion” length, €, is then
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given by>>%0
1 1 1
=, (35)
2 2 2
G &, f
We also define
£0& ng Eff
s=—m C=— 50 (36)
ezzsf ZTS Zis

where Ny has units of a density of states and C is dimen-
sionless. With V;; a constant to be determined by boundary
conditions, the deviations in the electrical potential and up-
and down-spin concentrations are then given by

Ny(Ny —N))+CN;

Sps = |: i|V0se_x/€Sf = £V e b,

NsNy, — 2N§
(37)
8n¢s = ]\%eVOSé‘_X/KSf
—2N, N, + Ng[N C(N N
NsN, — 2N}
Bnis = ]\Qe‘/()seix/l’f
2N, Ny + Ns[—N C(N N
[N+ NSy £ QN 4 ) )
NsNy — 2Nﬁ

For a nonmagnetic material, the dimensionless coefficient
E—0.

The spin mode leads to a nonzero spin accumulation;
Egs. (38) and (39) give

Ang, = eN,Vose ™/t

X{ —4Ny Ny + Ns[Ny + Ny + C(N; = NI }
NsN, — 2N ’

(40)

so that An, is nonzero for both ferromagnets and nonmag-
netic materials. For the latter, Eq. (40) simplifies to

Ny NyeVog o=/ bt

41
NT+NX @D

Anf™ —
The spin-carrier currents associated with the spin mode are
given by

. . 010, Vos  _use,
Sjp. = —6j. = —— | — st 42
J1s Jis <UT+U¢)eeSfe (42)

The total electric current —edjis = —e(jy + 8j,) = 0 for the
spin mode, but there is a nonzero spin current §j, = §jy — dj,,
given by

Vo,
8jos = 2(—6M >—°5 e~/ 43)
oy +o, ) el

D. Description near interface

A full description of the region near an interface involves the
combination of both surface modes (S and Q) derived above,
and the bulk constant current (dc) mode. For the potential,
electric field, and charge density near an interface located at
X = Xjn, from Egs. (37), (A14), (30), (31), (16), and (17) we
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have, with four unknowns per material (Eo,., Vo, Vo,, and
Vo) to be determined by boundary conditions,

S¢ = %-Vosei()f*xim)/@sf + VOQei(X*th)/ZQ

— Eo,.(x — Xint) + Vog. (44)
SE = q:%eﬂx—nm/esr T @eﬂx—xmvw + Eo,, (45)
Zsf EQ
Sp = _606<§L20sei(x—x;m>/lsf + VLZQei(x—xim)/KQ>. (46)
Esf EQ

The top (bottom) sign corresponds to the material on the left
(right) of the interface.

The contributions to the total electric current from the
surface modes is zero, as expected, so that Eq. (19) gives
the electric current to be everywhere given by

J = —¢ejior = —(04 + 7)) Ey,. (47)

The spin mode does contribute to the nonconserved spin-up,
spin-down, and total spin currents, which, combining Eqgs. (42)
and (19), are given by

orE oy o %
i =— 1 E0qe +< 19y )&ei(x—xim)/zsf’ (48)
e gy + g, eﬁsf
o oo Vi
j, = ——Eq, — (T_¢> 205 gt —xin) /s (49)
e oy +o0, ) ely
oy — O 2040 Vo.
e (220 B (220 ) i,
e oy t+oy elss

(50)

There is no contribution from Vy,, because there are no carrier
currents associated with the charge mode.
For the spin accumulation, Eqgs. (41), (40), and (33) yield
An, = eNyE Vosei(xfxim)/&f

X{_4NTN¢+NS[NT+N¢+C(NT _Ni)]}
N, (N; —N¢)+CN§

N
+2e#(zvT — Ny)Vp, e rmlte, (51

For a nonmagnetic material this simplifies to

NNy eVos e—rino e

An™ =
? Ny + N,

(52)

IV. BOUNDARY AND BULK CONDITIONS

For an isolated interface at xj = O (see Fig. 1) between
materials I (at x < 0) and II (at x > 0), in general there are
eight unknowns (Ey,,, Vo,., Vo, and Vo, for each of materials
I and II). There are eight conditions:?’

(i), (i1) the potential ¢ and field E are continuous across the
interface—Maxwell conditions;

(iii) the electric current —e(j; + j) is continuous across
the interface—charge conservation;

(iv) the spin current is assumed continuous across the
interface [although we take both up- and down-spin currents
to be continuous, this is only a single condition since
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z - Material I (FM) | Material II (NM)

x 0

FIG. 1. An isolated interface between a ferromagnet (dark gray,
at x < 0) and a nonmagnetic material (light gray, at x > 0). This
work considers an electric current density J&, and magnetization of
the FM along +2Z.

condition (iii) constrains their sum]—assumption of no surface
spin scattering.

(v), (vi) the up- and down-spin currents across the in-
terface are directly proportional to the discontinuity in up-
and down-spin magnetoelectrochemical potential across the
interface®*!%?—irreversible thermodynamics;

(vii) the total electric current —e(j; + j;) is a known
constant; and

(viii) there is an arbitrary constant voltage (which we define
by setting the voltage Vo(dlf) = 0).

Conditions (i)—(vi) are boundary conditions and (vii) and
(viii) are bulk conditions. They are explicitly calculated in
Appendix B. For a multilayer (a series of k interfaces between
k + 1 materials), each additional interface adds another of each
of the boundary conditions (i)—(vi), so that in general there are
6k + 2 conditions.

V. COMPARISON TO PREVIOUS THEORIES

As noted above, the theories of JS, VF, and HZ neglect
the screening mode, and therefore cannot have field and
potential continuity at the interface. Further, JS neglects the
chemical potentials 114 and p, and HZ neglects the internal
magnetic field H*. The discrepancy between predicted spin
accumulation, found below, particularly in a nonmagnetic
material, demonstrates that inclusion of all parts of the
magnetoelectrochemical potential is essential for calculating
the spin accumulation in a nonmagnetic material, even to
within an order of magnitude. For comparison of Eq. (41) to the
spin accumulation predicted for these other works, W = HZ
and W =JS, we define the dimensionless factor ¢, as

(NM) _ (NM)
[An ]W_gwAngS ) (53)

Note that ¢, = 1 for the present work. We show below that if
one of ¢, or ¢, is near unity (and therefore agrees with the
present work), then the other diverges, so that at least one of
the assumptions gives results that significantly disagree with
the present work.

A. Neglecting H* and the screening mode

Neglecting the last term (proportional to H*- M) in
Eq. (13), as in HZJ> is equivalent to taking x — 00
(and therefore N, — o0) in the present results. Under this
assumption, N, — 2N, and Né — Ny (N4 + N,). Equations
(37)—(39) then simplify to

5517 — Ny — N, +C(Ny + N))
s 2(Ns — Ny — N))

}vosex/fsf, (54)
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TABLE I. Bulk and interfacial properties of cobalt and copper,
and well-known constants. Here, A is the area of the interface, and R
is the spin-dependent interface resistance.

Quantity Value Units Ref.
of° 2.47 x 107 Q'm™! 30
of° 0.913 x 107 Q'm! 30
oft, of" 8.35 x 10’ Q'm! 30
I 59 x 107 m 30
g 450 x 107 m 30
Nf§° 5.10 x 10* J7'm™ 30
N{° 19.7 x 10% J7'm™ 30
N{", N{© 3.89 x 10* J7'm™ 30
ARPYE 031 x 10715 Qm’ 31
AR}V 231 x 1071 Qm? 31
X< ~ 100 200
X< —0.932 x 107 32
s 9.27 x 107 T

o 47 x 1077 NA~?

&0 8.85 x 10712 AsVIm!

e 1.6 x 1071 C

8 ~2

#Value is for the (100) orientation.
"The susceptibility of cobalt is field dependent, with 70 < x° < 250
(see Table 2.2 of Ref. 29); we take an intermediate value.

—2N, + Ns(1+C)
2(Ns — Ny — Ny)
2N; + Ns(=1+C)
2(Ns — Ny — Ny)

s} = NTevosex/‘fsf[ } (55)

snlf* = NieVOSe_x/ZSf[ } (56)

HZ neglect the screening mode, so the spin-diffusion mode is
the only surface mode, and it gives a spin accumulation of

An(}fz = eVOSe_"/lef
X{_4NTNL + Ns[N; + N, + C(N; — NQ]}
2(Ns — Ny — N)) ’

(57)

A direct comparison can be made to the results of the present
work in the nonmagnetic material. With ¢, defined by Eq. (53),
we have

Sy = (14 Ny /Ny). (58)

Using Tables I and II, we find ¢, ~ 0.0986 for Cu. (Cu
is a diamagnet, therefore it has N, < 0; for a paramagnet,
where N, > 0, the underestimation of spin accumulation
for the HZ assumptions is less striking, although it remains
significant.) For the ferromagnet, the spin accumulation due
to the screening mode is neglected, and the spin accumulation
due to the spin mode agrees with the present work to within the
precision of the present calculations. Hence, the assumptions
made by HZ seem appropriate for ferromagnets but not for
nonmagnetic materials.
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TABLE II. Bulk and interfacial properties of cobalt and copper,
calculated from the results of the present work (and Table I). Here «
is found from Eq. (A4).

Quantity Value Units
o0 = o 4 g 16.7 x 107 Q'm!
2 323 x 1015 Q'm?
g, 0.433 x 10'° Q'm?
NG 4.63 x 10 7 m
NE —4.32 x 10% J7!m=3
NG 9.93 x 10% I 'm
NG 171 x 10% I m?
NEo 9.26 x 10% J7'm™3
N —0.851 x 10% J7'm™3
NS 1.15 x 10! J2m
N ~3.31 x 10 J2m
o 74.8 x 1077 Jim=3 7!
at 8.05 x 10%7 J7'm™3 st
€ 114 x 10 m
Zf‘s’ 69.0 x 107° m
€5 S 636 x 10~ m
5 0.0373 x 10 m
68’ 0.0667 x 10~° m
cee —0.460

ce 0

£Co 0.524

£Cu 0

B. Neglecting u4, jt,, and the screening mode

JS neglects the chemical potentials p14 and | in Eq. (13),
which is equivalent to taking N4 ; — oo in the present work.
It also neglects the screening mode. Various properties of the
spin mode are now calculated under these assumptions.

Equation (37) gives

C /b

Sy = —5 Vose /st (59)
Further, Egs. (38) and (39) give
N CN
snif = <7X T S)”ose-wsu (60)
N CN

SnJTSS = _<TX + 7 S)eVOSe_x/l“, 61)

so that the spin accumulation is given by
AnlS = N, eVoe ™/, (62)

A direct comparison can be made to the results of the present
work in the nonmagnetic material. With ¢, defined by Eq. (53),
we have

¢ = (1 4+ Ny /Ny). (63)

Using Tables I and II, we find ¢, & —0.109 for Cu. Thus, the
JS assumptions seem inappropriate for determining the spin
accumulation in nonmagnetic materials, particularly those that
are diamagnetic.

Note that Egs. (58) and (63) preclude simultaneously having
s ™ 1 and Gy ™ L.
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VI. Co/Cu INTERFACE

For an isolated interface (as in Fig. 1), Appendix B uses
each of the above conditions to find an explicit equation for
the eight unknowns and writes the unknowns in terms of
dimensionless variables. We now present numerical results
for the spin fluxes (see Fig. 2), voltage, electric field, charge
density, and spin accumulation, for a cobalt/copper interface,
with material parameters given by Tables I and II.

Figures 3(a)-3(c) show that, outside of a screening length
£ of the interface, the electrical potential, field, and charge
nearly coincide for the present work and HZ, with JS showing
discrepancies near the interface in the ferromagnet (x < 0).
However, the present work significantly differs from JS and HZ
within a screening length of the interface, as seen in Figs. 3(d)—
3(f). Figures 3(d) and 3(e) show, for the present work, the
continuity of the electrical potential and field at the interface.
They also show, for HZ and JS, the discontinuities in the
potential and field [due to scale, these field discontinuities are
more obvious in Fig. 3(b) than in Fig. 3(e)]. Figure 3(f) shows,
for the present work, theqcharge density due to screening.
For physical consistency, E and ¢ must be continuous at the
interface, so that HZ and JS must have both an infinitesimally
thin charge layer and an infinitesimally thin dipole layer at the
interface.

We conclude that outside of the charge screening length
£ (which is very short for metals), the present work and HZ
are equally valid for calculating electrical potential, field, and
charge, but JS differs significantly.

Figure 4 shows the spin accumulation for the present work,
HZ, and JS. In the nonmagnetic material (x > 0), as shown
analytically in Eqs. (58) and (63), Fig. 4(a) shows that both HZ
and JS differ from the present work by an order of magnitude,
with JS having the opposite sign. Figure 4(b) shows that the
spin accumulation in the ferromagnet (x < 0) differs for the
present work and HZ; outside of this length, Fig. 4(a) shows
that they coincide. However, the spin accumulation for JS
is six orders of magnitude larger (and not shown). This is
because JS, by assuming that 0y | /0n4 | = 0, effectively
takes Ny | — oo so that Ny | > N,, whereas Tables I and II
show that the opposite is true for cobalt.

L S e e e e —e————————
Sjr 0.8]
N 04—
97y J
i 0Jo
3000 ' 500 >

x (nm)

FIG. 2. The spin-up and spin-down carrier fluxes 8, and §;,, and
the total flux i and spin flux §j,, given by Egs. (47)—(50), with the
(uniform) total flux normalized to unity, near an interface between
cobalt (x < 0) and copper (x > 0) vs x (in nm). The gray dotted line
marks 0.5, that is, half of the total current.
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FIG. 3. The dimensionless electrical potential, field, and charge
density [given by Eqgs. (44)—(46)] in arbitrary units near an interface
between cobalt (x < 0) and copper (x > 0) vs x (in nm). Within
1 pm [(a)—(c)], and within 1 nm [(d)—(f)], of the interface. Solid
line, present work; dashed line, JS; dotted line, HZ. HZ coincides
closely with the present work except within a screening length of the
interface. JS gives somewhat different results in the cobalt within a
spin-diffusion length of the interface.

VII. SUMMARY AND CONCLUSION

Using irreversible thermodynamics, we predict the spin
accumulation at an interface between two materials when
electric current is driven across the interface. Although we
have numerically studied a FM/NM interface, the theory also
applies to FM/FM and NM/NM interfaces.

We find that both the chemical potentials and the effective
magnetic field must be included to predict the spin accumu-
lation in a nonmagnetic material—in fact, for Cu the spin
accumulation changes by an order of magnitude on neglect
of either contribution. However, for ferromagnets, neglecting
the effective magnetic field may be appropriate—numerically
the results are essentially unchanged for Co near a Co/Cu
interface.
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Present

05 x (om)

FIG. 4. The dimensionless spin accumulation, given by Eqgs. (51)
and (52), in arbitrary units near an interface between cobalt (x < 0)
and copper (x > 0) vs x (in nm). The spin accumulation is shown
within approximately (a) 1 um and (b) 1 nm of the interface. Solid
line, present work; dashed line, JS; dotted line, HZ. In the FM (x < 0),
HZ nearly coincides with the present work (deviating only within
the charge-screening length of the interface; see inset), and the JS-
predicted spin accumulation is several orders of magnitude larger
and not shown. In the NM, neither approximation predicts a spin
accumulation similar to the present work.

By including the screening surface mode neglected in
previous works, we find an additional term in the spin
accumulation for ferromagnets. For Co near a Co/Cu interface,
this term decreases the spin accumulation by ~10% within a
charge-screening length of the interface. Although this length
is on the order of 1-10 A for metals (a length scale negli-
gible in the present macroscopic theory), for ferromagnetic
semiconductors this length scale should be much larger. Note
that spin injection from a ferromagnetic semiconductor into a
nonmagnetic material has been observed by Refs. 33 and 34.
To test this spin accumulation due to screening, one may apply
asmall current to an interface between, say, Ga(Mn)As and Cu.
Using the magneto-optical Kerr effect, one may measure the
magnetization (and spin polarization) at the surface. We expect
there to be two nonequilibrium magnetization contributions
near the surface: one that decays over the spin-diffusion length
£,r and one that decays over the screening length £ associated
with screening. The latter effect should be more prominent in
ferromagnetic semiconductors.
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APPENDIX A: DETAILS OF THE SPIN MODE

The details of the solution for the spin mode, whose results
are presented in Sec. III C, are now given.

Equations (9) and (10) give, with § denoting deviations
from equilibrium,

26 [ _
3 8firg = ET (8'U“Ts - SI'LwLS) ’ (AT)
Ts
26 - [ _
978y, = _ET (SI‘LTS - 8Mi5) : (A2)
bs
Subtracting Eq. (A2) from Eq. (A1) gives
_ _ [ _
ai2 (3H’Ts - (Sﬂis) = E_z ((SH‘TS - Sluls) ’ (A3)

sf

where £ is defined by Eq. (35). On neglecting 8 H* - M and
making the identificationo — (N4 /74y) = (N /744),Eq. (35)
agrees with Ref. 5. We use Egs. (34) and (35) to find a, €4,
and £ in terms of £, 04, and o, since they are, in principle,
measurable:

040,
o= —————,
es(or + o)l

or+ o or+ o
b, = by [F——2 0 =ty [ (AS)
Ui UT

Solving Eq. (A3) gives

(A4)

8ﬂ¢5 — 8[1\15 = eVOSe_x/Z“, (A6)

where V;,, with units of electric potential, is unknown, to be
determined by boundary conditions. Since Eq. (A6) shows
the difference in up- and down-spin magnetoelectrochemical
potentials to decay over the length ¢y from an interface—
this length is called the spin-flip or spin-diffusion length (and
sometimes referred to as the “SDL”). The length £ may be
measurable by employing the magneto-optical Kerr effect®>-3
or the inverse spin Hall effect,?” or may be derived using GMR
measurements and theory.*®
Substitution of Eq. (A6) into Eqs. (A1) and (A2) yields

2

02
Sfir. = —LeVy. e /b = eVo.e B (AT
I‘L’]‘5 E% Og O'T+O'i Og ( )

N
02 o
ity = ——LeVpe ™/ = -1 _eVy e (A8)
b or+oy

Equations (A7) and (A8) give dji4, = —(ZiS/E%S)(S,ELh =
—(oy/o4)8ji,, which agrees with Ref. 5. Substitution of
Egs. (A7) and (AS8) into Eq. (7) gives the up- and down-spin
carrier currents of Eq. (42).

We can now can write two independent relations between
dnyg, ny ., and S¢s. Equations (A6) and (13) give the
difference of the spin potentials to be

_ B Ny + N N, + N,
Sfirg =) = (N—NTX) Snyy — (N—MX> Sy
X X

—x /s
)

= eVy,e (A9)
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and Egs. (A7), (A8), and (13) give the sum of the spin potentials
to be

ony,  dny,
T L T 005 = CeVye

Sy, +0ay, =

(A10)

In conjunction with Gauss’s law, Egs. (A9) and (A10) give
the concentrations and electrical potential in the spin mode.
Specifically, we use Eq. (A9) to relate dny, to én, then use
Eq. (A10) to relate dn4, to 8¢s. Thus Eq. (15) can be written
in terms of only d¢g, which we solve.

Equation (A9) gives
N (Ny+ N N, N eVy,
Sny, = [—i( t+ X)]én . (—X - 03) e/t

(A11)
Substituting Eq. (All) into Eq. (A10) multiplied by
(N4+/Ng)(N, + Ny) gives

N
Sny, = N—Tevosefx/‘sf[zvx + C(Ny + Nyl

N
JrzeN—T(Ni + N,)8¢s. (A12)

Substitution of Eqs. (A11) and (A12) into Eq. (15) gives

2N?

328¢s = _ﬁz
NsNo %

x {&ps + &[N—Q(NT —N))+ c}e—x/‘sﬂ } (A13)
2 [Ng
The solution for §¢g is given above as Eq. (37).

Substituting Eq. (37) into Eqs. (A12) and (A11) gives the
up- and down-spin concentrations of Egs. (38) and (39). Thus,
the charge distribution 6p = —e(dny + dn ) associated with
the spin mode is

5 [NX(NT — Ny)+ CNj
P NN — 202

i|NSe2VOSeX/“, (Al4)

which is nonzero in a ferromagnet. [This result can also be
obtained by using Eq. (37) and Gauss’s law.] Further, subtrac-
tion of Eq. (39) from Eq. (38) yields the spin accumulation of
Eq. (40).

APPENDIX B: BOUNDARY CONDITIONS FOR CURRENT
CROSSING AN ISOLATED INTERFACE

Boundary conditions (i)—(viii) for an isolated interface
(that is, one that is effectively an infinite distance from any
other interface) through which an electric current is passed
are discussed in Sec. VI. They are here found explicitly, in
numerical order.

Conditions (i), (ii): From Eqgs. (44) and (45), continuity of
3¢ and S E across the interface at x;,, = 0 gives

I I I 11 1 11
OV + v+ v =WV 1 v+ vl B
IR TAL) @D 1 1D (11
_EM Yoo g ETVe Yo
Zglf) E(é) Oge E(SH) E(él)

+ES). (B2

Recall that £ = 0 for a nonmagnetic material.
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Condition (iii): From Eq. (47), continuity of the electric
current across the interface gives

( o} (1) I)) E(T) (o gl) + lﬂ)) E(U) (B3)

Condition (iv): Although the electric current is continuous
everywhere, in principle at the interface there may be spin
scattering, so that spin current is not continuous across the
interface. However, we neglect interfacial spin scattering (as
is typical in this type of theory). We thus take

0 = j"0). jP0 =j"0. (B4)
Using Eq. (48), the first of these can be written as

W0\ O
oVED 4 oy 0\ Vo
O <1> 100 )40

S

In (1 1)
oy V
— (H)E(H) + T i« OS . (BS)
Ode (11) to (11) E(H)
sf

As discussed above, the second relatlon given in Eq. (B4) is
then automatically satisfied by condition (iii), which constrain
the sums of the up- and down-spin currents.

Conditions (v), (vi): The spin currents across the interface
are given by>’

. 8 _
Jring = —e—gmmm, (B6)

. 8 _
i = —e—jmwim, (B7)

where (A)iy denotes the difference between the value just on
the right of the interface (x — 07) and the value just on the
left (x — 07). Since without the electric field associated with
the dc mode there is no steady-state current, the currents are
proportional to the differences in §ji rather than . We now
find (Aéji)iy for each mode and then substitute them into
Egs. (B6) and (B7).

The charge mode has §j11, = 0 =34, so by Eqgs. (B6)
and (B7) it does not affect the current crossing the boundary.
At the x = xj,, = O interface, Eqs. (A7) and (A8) give

(Asﬂ“)int

l(,II) O_i[)
_ % Yy _ (%  \ uo
< (H)+ (H))eV < <I)Jr (I))eVOS’ (B8)

(A8 )int

%H) a(I)

(II) T ]
PR L — V —— )eV,’. (B9)
( (II) + in)) ( (1) +o(D> Os

At the interface, Eq. (17) gives

(A824, )iy = (B0, )y = —e(Vo, = Vo). (B1O)
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Substitution of Egs. (B8)-(B10) into Egs. (B6) and (B7)
yields

(II) (H) (I) (I)
Jr=— ot V V (V(H) _ V(I))
Tint ¢ (n) I Uin) (1) + ir) Oge Oac/ |
(B11)
(H) (II> (I) (I>
i = _g_¢[ Vo, Vo (v V(I))}.
int e (II) + Uim (1) + i{) Odc Ode
(B12)
We take
Il 1I
-]Tmt - ]% )(0)’ -]imt - -]i )(0) (B]3)

By Eq. (B4) one may equivalently use jj;, = j;l)(O) and

Jtine = J L)(O) Respective substitution of Egs. (48) and (49)
into Egs. (B11) and (B12) gives

() (H) D) D
(n) ©0) = _% pw n ( % 9y ) Vo
= ———E,
e d (H) + O_(II) eﬁilfl)

(I) V(I)

(H) (H)
& Vo,
e

an @
(H) + U(H) (Vodc - VOdc):|’

(B14)

(1) +o (I)

an W |
) = L9 g < 9 0y ) Vo
Oge
e d (H) + O_(H) eggl)

(I) V(I)

oy
gl [ Vo,

an @
(H) + G(H) (VOdc o VOdc)]'

(B15)

e (I) I a“)
Condition (vii): The total electric current Jyp, is known,

so the total electric current in material I can be written using
Eq. (47) as

( an + (H)) E(H) = Jupp-

Equation (B3) then guarantees that the total current in material
I also equals Jypp.

Condition (viii): There is an arbitrary constant potential.
We set

(B16)

Vo) =0. (B17)

The eight conditions explicitly given by Eqs. (Bl)-
(B3), (BS), and (B14)-(B17) are general for an isolated
interface between any two materials I and II, and their
solution gives the eight unknowns E&H), V(IC’H) Vél’m,
@I

0s -

b}
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