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Magnetostatic coupling in spin valves: Revisiting Ne  “el's formula

T. C. Schulthess® 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 Neel'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.
[S0021-897@0)45208-4

I. INTRODUCTION tude as the thickness of the nonmagnetic spacétypical
values in spin valve applications=0.5—-1nm andd
=2 nm).

In the present work we take an atomistic approach to

The two ferromagneti¢FM) layers in spin valve type
trilayers (magnetic heterostructures consisting of two ferro-

magnetic films separated by a nonmagnetic spaeeid 10 gicyjate the OPC which does not make any assumption

couple ferromagnetically. In many cases this coupling is atyp gt the topology of the interfacial charge distribution. We

tributed to the roughness of the interfaces on both sides Qfgrive expressions for the magnetostatic energy that can be
the nonmagnetic spacer and the magnetic charges that forg

i LS : valuated numerically and we use an approximate analytic
as a consequence of this roughnssSince this roughness gy aluation of these expressions to deriveNeformula. The

is often correlated, especially when film growth is by colum- girect comparison of numerical and analytical results gives a
nar grain growth of the spin valve stadkig. 1), the magne-  qjear understanding of the range of validity of éle for-

tostatic interactions between the charges favor parallel aligny, ,1a and indicates how OPC can be included in micromag-
ment of the respective magnetizations of the two FM layerspetic models of spin valves. This last point is particularly
This coupling is known as orange peel couplif@PQ or  jmhortant because present micromagnetics models neglect

’ . s 4 .
Neel coupling. In the early 1960s Mg following a SUGYES-  jterfacial roughness even though the OPC related coupling
tion by Metfesse?, calculated the magnetostatic energy of field can be as large as 10 ®2which is comparable to

two semi-infinite ferromagnetic layess and A" that sepa-  giher characteristic fields that appear in spin vafves.
rated by a vacuum regidd such that the interfaces—B and

B-A’" are assumed to have a two dimensional waviness of NUMERICAL APPROACH

the form
For the numerical treatment we assume that the FM is

B _2mx 27y composed of localized atomic momemis that are situated
Z(x,y)= —h sin——sin—-. (1) S .
N N on atomic sites with position vectorsR;. Furthermore we
choose models for the interface roughness in such a way that
the film is two dimensional2D) periodic in thexy plane.
The magnetization can thus be written as

In his calculation, Nel projected the magnetic charge distri-
bution that results from the waviness onto theplane and
solved for the magnetostatic ener@yer unit area of two
FM layers with charged interface planes. For the case in m;

which the magnetization in both FM layers is ridithe so- M(r)—}i: VIER: Ar=(Ri—-R1, )

lution for parallel alignment of the FM layers is .
whereR are the 2D lattice vectory); represents the volume

w2 s 2 dVIN of theith atomic cell, and theé summation runs over all sites
ETT:5MsMshh e ' 2 in the unit cell. The magnetostatic energy per unit area is

then given by
whereMg andM  represent the saturation magnetizations of

. . 1
the FM layersA and A’, respectively. The magnetostatic E=——— m;D;;m; , (4)
energy for antiparallel alignment of the FM layersks, = 207
—E;.
17

The assumption that the FM magnetization is rigid is
justified since the grain sizes in typical spin valves are not
much larger than the exchange length of the FM materials
involved. However, it is not clear how valid the assumption
is of a flat distribution of charges for the case in which the
amplitude of the roughnegsis of the same order of magni-

dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Schematic of two FM layers with correlated wavy surfaces. Arrows
schulthesstc@ornl.gov indicate positions of atomic moments.
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where(} is the area of the unit cell, and the dipolar interac- 277
tion matrix is given by Hi=—qgM z EZ e Gl Rid co§ G(r—Ry)].
1
3(M0) u(A),— 6,y (11)

The first approximation we make is to retain only the
first shell in the reciprocal lattice sum and replace the sum-

with A;=R;/|R;| and labeling Cartesian coordinates. . . : .
=Ri/IRy P (v) 9 mation over sites by integrals. This converts Eifl) to

The OPC is usually extracted from a positive offdég,

in the magnetization loop of the free layérof the spin 8mle 2L L 2
valvel In our atomistic approach, when all moments in a HXZ_T f dxdyco{ ( _X))
layer are parallel,
\] XJZ(X’y>d 1 oz’ 270 12
Ho=7———, ©®) L 9EeT 12
mI
(g‘f V; )tf The z integral yields an exponential function which we

. } evaluate only to first order inh{L), i.e.,
wheret; is the thickness of the free layer and

\]:(E —E ) (7) jZ(X'y)dzreZ'an’/in(ez(x,y)Zﬂ'/L_ethﬂ'/L)
Tl I _h 2m
is the coupling energy between the layers. Since the sum in 5
Eq. (5) is conditionally convergent a few more transforma- =[z(x,y)+h]+o(h/L)". (13

tions are required before Eq@l), (5), and(7) can be evalu-  Note that this is the second approximation which we made.

ated numerically. The remaining integrals in E412) are now straightforward
In the present work we assume thdit-2h so that|R;  tg evaluated and we find

—R;|#0, when the sitesandj are not in the same FM layer.
Since, in the case for which the magnetization of an indi- H,=272M DCOSZWR e R2mIL. (14)
vidual layer FM is rigid, the only contributions to the mag- L L

netostatic energyEq. (4)] that do not cancel in Eq7) are A analogous expression can be obtained for the field at a

those for whichi andj are in different layers, we can calcu- gjte with R,<d—h due to moments situated on sites above
late the sums in Eq5) with Fourier transforms. Assuming 2(x,y) +d.

that the magnetization points along thexis we get Using this last result to calculate the magnetostatic self

1 energyE=—1/(2Q) [MHd® (where we again replace the
I=q E m;(Dij)xxm; , (8 summation over moment by an integrédr the parallel and
TeAjen! antiparallel states of the spin valve, we get, after exploiting
where all possible symmetries,
(Dij)xx:_ﬁz e ClRiz R4 5 CogG(R—Ry)]. =—|v|2 f dx dycos— dz e 27t
G+#0 d+z(x,y)
© +o(h/L)2. (15)

Evidently, this last expression converges whene\Rr, ) )
—R; ,|>0. For the case of a distribution of moments on aRepeating the steps which lead from EG2) to Eq. (14)
square lattice, the reader can verify that this expression rexields the final result for the coupling energy
duces to the result obtained by Tsymbal. h2
J=1/§772MgTe’z’T‘/Qd“wLo(h/)\)z, (16)

where we have replace by A=L/v2. This formula is
equivalent to the combination of Mks formula, Eq.(2), and

To derive Nel's OPC result from the expressions given EG- (4).°
in Sec. Il, we begin by calculating the field at some site
(with r,>h) due to magnetic moments which are situated
below the surface

IIl. APPROXIMATE ANALYTIC TREATMENT

IV. DISCUSSION

X 7y The results of Eqs(8) and(16) are compared in Fig. 2.
z(X,y) = S|n2—cos°-—— co§Tsin2T . (100  For the numerical treatment we have assumed two 8 nm
thick Permalloy films for which, for simplicity, we assume
Note that Eqs(1) and(10) are equivalent when=v2L. In  that atomic moments of [l occupy a simple cubic lattice
accordance with the assumptions that lead to(Bwe can  with lattice constana=2.25A and that interface planes are
assume here that all the moments vectors are identical anghrallel to(001). The interfaces with the spacer layer have a
point along thex axis, i.e.,m;=mX and Mg=m/V. Using sinusoidal waviness of the from discussed in Sec. Il and the
Eqg. (9) we have for thex component of the magnetostatic outer surfaces are flat. This is a very accurate model of two
field semi-infinite FM slabs, because the contributions of perfect
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FIG. 2. Numerical evaluation of coupling energgymbol$ compared with ~ value with a double sinusoidal waviness of amplituge 0.3 nm on all
results of Eq(16) as a function of spacer thickness for different roughnessinterfaces. Results are far=\/v2=10 nm.
amplitudes. Results are far=\/v2=7.875 nm.

| o th fall off with a factor 277|z|/a instead the Co/Cu interface on the other side of the spacer and thus
ayers to the energy tafl off with a factor 2mjz|/a nstea cancel the OPC. A similar result was found for the case of
of —2|z|/L in the exponential of Eq(9). The results in

. . i o . very thin homogeneous FM layers by Zhang and White
Fig. 2 confirm our expectations from the derivation ofele numerically and by Koolgt al ! in terms of Nel's model.

formula mtS_e% I“t: ;ndﬁ]pendeTlt OI thel sr;\agﬂej; inclfjnes_s, the In summary, we have investigated the magnetostatic
agreement IS best for In€ smaflest vaiue € devia- coupling due to correlated roughness in spin valves both nu-
tions are still small for valuee=1 nm since the error is of

2 merically and analytically. The derivation and the numeric
order (h/L)~. . . ) .
. . examples show that Né€s formula is correct to first order in
The formulas of Sec. Il are valid for any distribution of

. . . . IN. A generalization for Py/Co/Cu/Co/Py spin valves has
magnetlc momenFs n thg unit cell apd are thus apphcablg t(B)een given, which shows that in order to reduce the OPC
Inhomogeneous films. It is also straightforward to generallzeoffset field, the Co diffusion barrier should be kept a thin as
the analytic derivation of Sec. Il to the case of multiple FM '

layers. For the important case of spin-valve applicationsPOSSIble'

where Co is introduced as a diffusion barrier between Py and

the Cu on both sides of the spacer, one has to consider &CKNOWLEDGMENT
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