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Magnetostatic coupling in spin valves: Revisiting Ne ´el’s formula
T. C. Schulthessa) and W. H. Butler
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6114

We use a numerical, atomistic approach to calculate the magnetostatic coupling in spin valves. In
addition to the numerical treatment, the coupling energy is evaluated analytically and it is shown
that Néel’s formula is accurate to first order in the ratio of roughness amplitude to grain size. We
also generalize the formula so that it can be applied to systems such as Py/Co/Cu/Co/Py spin valves
that have complex ferromagnetic layers. ©2000 American Institute of Physics.
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I. INTRODUCTION

The two ferromagnetic~FM! layers in spin valve type
trilayers ~magnetic heterostructures consisting of two fer
magnetic films separated by a nonmagnetic spacer! tend to
couple ferromagnetically. In many cases this coupling is
tributed to the roughness of the interfaces on both side
the nonmagnetic spacer and the magnetic charges that
as a consequence of this roughness.1–3 Since this roughnes
is often correlated, especially when film growth is by colu
nar grain growth of the spin valve stack~Fig. 1!, the magne-
tostatic interactions between the charges favor parallel al
ment of the respective magnetizations of the two FM laye
This coupling is known as orange peel coupling~OPC! or
Néel coupling. In the early 1960s Ne´el,4 following a sugges-
tion by Metfessel,5 calculated the magnetostatic energy
two semi-infinite ferromagnetic layersA and A8 that sepa-
rated by a vacuum regionB such that the interfacesA–B and
B–A8 are assumed to have a two dimensional wavines
the form

z~x,y!52h sin
2px

l
sin

2py

l
. ~1!

In his calculation, Ne´el projected the magnetic charge dist
bution that results from the waviness onto thexy plane and
solved for the magnetostatic energy~per unit area! of two
FM layers with charged interface planes. For the case
which the magnetization in both FM layers is rigid,6 the so-
lution for parallel alignment of the FM layers is

E↑↑5
p2

&
MsMs8hh8e22pd&/l, ~2!

whereMs andMs8 represent the saturation magnetizations
the FM layersA and A8, respectively. The magnetostat
energy for antiparallel alignment of the FM layers isE↑↓5
2E↑↑ .

The assumption that the FM magnetization is rigid
justified since the grain sizes in typical spin valves are
much larger than the exchange length of the FM mater
involved. However, it is not clear how valid the assumpti
is of a flat distribution of charges for the case in which t
amplitude of the roughnessh is of the same order of magn
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tude as the thicknessd of the nonmagnetic spacer~typical
values in spin valve applicationsh50.5– 1 nm andd
52 nm!.

In the present work we take an atomistic approach
calculate the OPC which does not make any assump
about the topology of the interfacial charge distribution. W
derive expressions for the magnetostatic energy that ca
evaluated numerically and we use an approximate ana
evaluation of these expressions to derive Ne´el’s formula. The
direct comparison of numerical and analytical results give
clear understanding of the range of validity of Ne´el’s for-
mula and indicates how OPC can be included in microm
netic models of spin valves. This last point is particula
important because present micromagnetics models neg
interfacial roughness even though the OPC related coup
field can be as large as 10 Oe,1,2 which is comparable to
other characteristic fields that appear in spin valves.7

II. NUMERICAL APPROACH

For the numerical treatment we assume that the FM
composed of localized atomic momentsmi that are situated
on atomic sitesi with position vectorsRi . Furthermore we
choose models for the interface roughness in such a way
the film is two dimensional~2D! periodic in thexy plane.
The magnetization can thus be written as

M ~r !5(
i

mi

Vi
(
R

d@r2~Ri2R!#, ~3!

whereR are the 2D lattice vectors,Vi represents the volume
of the i th atomic cell, and thei summation runs over all site
in the unit cell. The magnetostatic energy per unit area
then given by

E52
1

2V (
iÞ j

miDi j mj , ~4!

il:FIG. 1. Schematic of two FM layers with correlated wavy surfaces. Arro
indicate positions of atomic moments.
9 © 2000 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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whereV is the area of the unit cell, and the dipolar intera
tion matrix is given by

~Di j !mn5(
R

3~ n̂i !m~ n̂j !n2dmn

uRi2Rj2Ru3
~5!

with n̂i5Ri /uRi u andm(n) labeling Cartesian coordinates.
The OPC is usually extracted from a positive offset,Ho

in the magnetization loop of the free layerf of the spin
valve.1 In our atomistic approach, when all moments in
layer are parallel,

Ho5
J

S (
i P f

mi

Vi
D t f

, ~6!

wheret f is the thickness of the free layer and

J5~E↑↓2E↑↑! ~7!

is the coupling energy between the layers. Since the sum
Eq. ~5! is conditionally convergent a few more transform
tions are required before Eqs.~4!, ~5!, and~7! can be evalu-
ated numerically.

In the present work we assume thatd.2h so thatuRi

2Rj uÞ0, when the sitesi andj are not in the same FM layer
Since, in the case for which the magnetization of an in
vidual layer FM is rigid, the only contributions to the ma
netostatic energy@Eq. ~4!# that do not cancel in Eq.~7! are
those for whichi and j are in different layers, we can calcu
late the sums in Eq.~5! with Fourier transforms. Assuming
that the magnetization points along thex axis we get

J5
1

V (
i PA, j PA8

mi~Di j !xxmj , ~8!

where

~Di j !xx52
2p

V (
GÞ0

e2GuRi ,z2Rj ,zu
Gx

2

G
cos@G~Ri2Rj !#.

~9!

Evidently, this last expression converges wheneveruRi ,z

2Rj ,zu.0. For the case of a distribution of moments on
square lattice, the reader can verify that this expression
duces to the result obtained by Tsymbal.8

III. APPROXIMATE ANALYTIC TREATMENT

To derive Néel’s OPC result from the expressions give
in Sec. II, we begin by calculating the field at some siter
~with r z.h! due to magnetic moments which are situat
below the surface

z~x,y!5hS sin2
px

L
cos2

py

L
2cos2

px

L
sin2

py

L D . ~10!

Note that Eqs.~1! and~10! are equivalent whenl5&L. In
accordance with the assumptions that lead to Eq.~2!, we can
assume here that all the moments vectors are identical
point along thex axis, i.e.,mi5mx̂ and Ms5m/V. Using
Eq. ~9! we have for thex component of the magnetostat
field
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Hx52
2p

V
Ms (

GÞ0

Gx
2

G (
i

e2Gur z2Ri ,zu cos@G~r2Ri !#.

~11!

The first approximation we make is to retain only th
first shell in the reciprocal lattice sum and replace the su
mation over sites by integrals. This converts Eq.~11! to

Hx52
8p2e2r z2p/L

VL
MsE

0

L

dx dycosS 2p

L
~r x2x! D

3E
2h

z~x,y!

dz8ez82p/L. ~12!

The z integral yields an exponential function which w
evaluate only to first order in (h/L), i.e.,

E
2h

z~x,y!

dz8ez82p/L5
L

2p
~ez~x,y!2p/L2e2h2p/L!

5@z~x,y!1h#1o~h/L !2. ~13!

Note that this is the second approximation which we ma
The remaining integrals in Eq.~12! are now straightforward
to evaluated and we find

Hx52p2Ms

h

L
cos

2pRx

L
e2Rz2p/L. ~14!

An analogous expression can be obtained for the field
site with Rz,d2h due to moments situated on sites abo
z(x,y)1d.

Using this last result to calculate the magnetostatic s
energyE521/(2V)*MHd3r ~where we again replace th
summation over moment by an integral! for the parallel and
antiparallel states of the spin valve, we get, after exploit
all possible symmetries,

J5
4p2

V
Ms

2 h

L E
0

L

dx dycos
2px

L E
d1z~x,y!

`

dz e2z2p/L

1o~h/L !2. ~15!

Repeating the steps which lead from Eq.~12! to Eq. ~14!
yields the final result for the coupling energy

J5&p2Ms
2 h2

l
e22p&d/l1o~h/l!2, ~16!

where we have replacedL by l5L/&. This formula is
equivalent to the combination of Ne´el’s formula, Eq.~2!, and
Eq. ~4!.9

IV. DISCUSSION

The results of Eqs.~8! and ~16! are compared in Fig. 2
For the numerical treatment we have assumed two 8
thick Permalloy films for which, for simplicity, we assum
that atomic moments of 1mB occupy a simple cubic lattice
with lattice constanta52.25 Å and that interface planes a
parallel to~001!. The interfaces with the spacer layer have
sinusoidal waviness of the from discussed in Sec. II and
outer surfaces are flat. This is a very accurate model of
semi-infinite FM slabs, because the contributions of perf
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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layers to the energy fall off with a factor22puzu/a instead
of 22puzu/L in the exponential of Eq.~9!. The results in
Fig. 2 confirm our expectations from the derivation of Ne´els
formula in Sec. III: Independent of the spacer thickness,
agreement is best for the smallest values ofh but the devia-
tions are still small for valuesh.1 nm since the error is o
order (h/L)2.

The formulas of Sec. II are valid for any distribution o
magnetic moments in the unit cell and are thus applicabl
inhomogeneous films. It is also straightforward to genera
the analytic derivation of Sec. III to the case of multiple F
layers. For the important case of spin-valve applicatio
where Co is introduced as a diffusion barrier between Py
the Cu on both sides of the spacer, one has to consid
Py/Co/Cu/Co/Py multilayer. For this case the coupling e
ergy is ~to first order inh/L!

J5
p2

L
h2e2~2pd/L !~MPy!

2H S MCo

MPy
D 2

@12e2~2p/L !t2

2e2~2p/L !t31e2~2p/L !~ t21t3!#1
MCo

MPy
e2~2p/L !t2

3@12e2~2p/L !t12e2~2p/L !t31e2~2p/L !~ t11t3!#

1
MCo

MPy
e2~2p/L !t3@12e2~2p/L !t22e2~2p/L !t4

1e2~2p/L !~ t21t4!#1e2~2p/L !~ t21t3!@12e2~2p/L !t1

2e2~2p/L !t41e2~2p/L !~ t11t4!#J ,

wheret i represent the respective thicknesses of the FM
ers in the stack Py/Co/Cu/Co/Py. For simplicity we ha
assumed that all interfaces have the same roughness a
tude. Results for the corresponding offset field are illustra
in Fig. 3, from which one concludes that, in order to redu
the OPC related offset, the Co diffusion barrier should
kept as thin as possible. This is because the magnetic cha
at the Co/Py interfaces are anticorrelated with the charge

FIG. 2. Numerical evaluation of coupling energy~symbols! compared with
results of Eq.~16! as a function of spacer thickness for different roughn
amplitudes. Results are forL5l/&57.875 nm.
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the Co/Cu interface on the other side of the spacer and
cancel the OPC. A similar result was found for the case
very thin homogeneous FM layers by Zhang and Whit10

numerically and by Koolset al.11 in terms of Néel’s model.
In summary, we have investigated the magnetost

coupling due to correlated roughness in spin valves both
merically and analytically. The derivation and the nume
examples show that Ne´el’s formula is correct to first order in
h/l. A generalization for Py/Co/Cu/Co/Py spin valves h
been given, which shows that in order to reduce the O
offset field, the Co diffusion barrier should be kept a thin
possible.
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