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3D-simulations of magnetic structures in af-coupled multilayers
with pinholes

W. Schepper, K. Diplas, and G. Reiss
University of Bielefeld, Department of Physics, Univetsisrae 25, 33501 Bielefeld, Germany

For antiferromagneticallyaf) coupled Py (Nj;Fe ¢ Cu)-multilayers lattice calculations have been
used already for the investigation of pinholes in GMR elements. The very thin spacer layer
(<10 A) is sensitive against pinholes as a link between the magnetic layers. Additional coupling
through the pinhole modifies drastically the af-coupling between the magnetic layers and leads to
strong changes in th®1(H) and AR/R(H) curves. Improved lattice calculations with large grids
offer the opportunity, to study effects of geometry in layers structured laterally20@0 American
Institute of Physicg.S0021-89780)86608-§

I. INTRODUCTION |Hi j k|
- . . _ _ |Si,j,k|:Bs( = ) 2
In the original work on pinholésn magnetic multilayers AT
showing af-coupling the magnetization was calculated in a 3 3x| 1 X
rigid coupling model neglecting spin differences within a Bs(x)=§cotr~(7) Ecotl’<§). (3)

magnetic layer. Fulghum and Camfeiptroduced a lattice
model including local field and Brillouin function. They ob- At each grid locationi(,j,k) the local field according to Eq.
taine.d reliable results invoIvi'ng.the Iinegr af-coupling term. (1) has to be calculated. The anglef?bif,j,k supplies the new
The influence of randomly distributed pinholes on the magdirection «; ;  and the Brillouin function yields the magni-
netization and GMR curves was analyzed by Kikutha e S« of the spin. The spin is aligned until a local

this work, we study the influence of pinholes on the magnegnergy minimum is reached. The procedure is repeated until

tizati(_)n and the GMR including both the biIi_ne_ar as well asy,qo corresponding magnetization changed drop below a
the biquadratic coupling and present an optimized geometr) it of 10-6. The magnetization itself then is given by

for the calculation.
11 N N

M= s e 2 21 P SOk
Il. LATTICE MODEL )
Note, that we use natural units for Permalloy, i.e., with N=
JN=2.9x10 1% erg the field is given byHy=By/uo
=1540 kOe. Following the sketch of Fig. 1 and neglecting  Periodic boundary conditions are used in thg) planes
dipole interaction but including RKKY-af-coupling by the of the magnetic layers. No contributions to the local field are

coupling constantsJg,,J,q), the local field is given by considered outside the magnetic body on the pléhgsl) of
5 the magnetic layers an®,6,7 of the pinhole(see Fig. 1
H, K= |3|a+ Z Jféi The number of iterations can be reduced considerably by
- =1 ' introducing successive overrelaxation with parameters
3 f close to the stability limit ofw=2.
, ._ ol __old
SG Ja|+2Jaq|Si’j’k||SG|CO€(ai’j’k—a6) af ain,?\,l\li'_aﬁ],k_*—w(ain,?\,l\li aio,j,k
D
o 1.0 15 1.9 1.97
number of iteration loops 2007 954 224 75

lll. SIMPLE MODEL WITHOUT PINHOLES

In this approach the spin direction is fixed within thg
planes of each magnetic layer. The energy then is given by
E=—2n,H,cosa+J, cog2a)+J,,c08(20).  (5)

The minimum of the energf¢ is achieved by differenti-

FIG. 1. Sketch of two magnetic layera{n*n,), n,,=4 magnetic planes ating the energy equatiordE/da=0. The magnetization
each k=1-4,8—11), pinholeri*m*5), n=13, m=5. curve M(H,) results in the parameterized form
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FIG. 2. Sketch for the simplified lattice model.

Ha=n£COSa'[Ja|+2Jaq cog2a)],
m
During evaluation of Eq.{6) the angle in the region
O=<a=</2 is preselected first, both the magnetizatib(i)
and H,(«) can be calculated according to E@). M in-
creases linearly witli, in the case 08,4=0, the saturation
field Hag only depends od,; andn,:

M = cosa.

(6)

n
al H(jl OSHa$HaS 2Ja|

M(Hg)=1 2Ja Hag=

il aS .
1 Ha=Hj,

()

Nm

IV. SIMPLIFIED LATTICE MODEL

The lattice calculations show, that the angigsn some
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FIG. 3. M(H)-curves, two magnetic layers 466+ 4, several p pinhole sizes
my*my* 5, Ju=1072, Jaq=0, T=0.287 if not signed otherwise, compari-
son with the simple modé€Eq. (7)].

ffAa=—-f—aj 1=a;+Aa.

(10
As starting values we used;=a,=1, a3=1/2. The
contributions of the spins in the different areas must be
added to get the magnetizatidfi
(8n?—2m?)cosa; +2m?(cosa,+ cosxz) + m?
8n%+3m? '

(11)

regions are constant for a given external field. Only in the

plane above and below the pinhole, the angles start alrea
turning to the other side. That implies a model with constant

a; values in well-defined regiond=ig. 2) and the approxi-

CN/ RESULTS

In Fig. 3 we show the influence of different pinhole sizes
on theM(H) curve forJ,,=0. Without pinhole, the lattice

mation for the total energy i_ncluding_f and af coupling. This calculation and the simple modgEgs. (6) and (7)] agree
model allows a fast calculation also in the pinhole case. Thgery well due to the rigid spin configuration. Increasing the

energy then is given by
E=—H,cosa;(8n?—2m?)— 2m?H, cosa,
—2m?H, cosaz—2m2J; cod ap,— arg)
—2m?J; cosaz— 2J; cog oy — ay) T;+ (n?

—m?)J 4 €OS 2w+ (N?—m?)J,,COS 2a; .

8

size of the pinhole causes the remanence to increase consid-
erably, reaching around 70% of saturation for a pinhole cov-
ering less than 4% of the considered area. This is in agree-
ment with the literaturé, where similar effects have been
reported. Due to a parallel decrease of the saturation field,
however, the slope of th#1(H) curve remains nearly un-
changed. It is interesting to note, that the lattice calculation
result in a zero remanence for the smallest pinhole1()1
considered in Fig. 3. The small ferromagnetic coupling me-

In Eq. (6), lines 1-2 contain the Zeeman term, line 3 thediated by the pinhole in this case is not strong enough, to

f coupling(planes 4—8and lines 5—6 the af couplinglanes

cause a ferromagnetic behavior of a part of the film stack.

4,8), line 4 the f coupling within the planes 4,8. In the two The curve for the temperaturg=0.6 shows the expected
cases considered these spins are coupled over theraf®a ( decrease of both the saturation field and magnetization.

or along the edge (#). In the first case the model agrees

better with the lattice model at the bigger pinholes 83, in

This changes as soon as biquadratic coupling is included
in the calculations. In Fig. 4 we show magnetization curves

the last at the smaller onesX1). (The results are presented for two ratios ofJ,, and Jaq and the three models for the

in the Figs. 4 and 5.

smallest pinhole. Althougl,>2J,4 in Fig. 3, which leads

The minimum of the energy is achieved by differentiat-to zero remanence following the simplest model of H6s.

ing the energy with respect to the unknown angles
f_aE o f,_(?fi g
=500 fim g )

The nonlinear system of equatiofis=0 was solved ac-

and (7), even the smallest pinhole now causes a nonzero
remanence. This can be understood in terms of a weakening
of the bilinear coupling due to the presence of the pinhole. In

terms of the correlation between roughneéspse spins at

the interfaces and biquadratic coupling this implies, that im-

cording to an iterative procedure, using the Jacobian-matriperfect films are more sensible even to extremely small pin-

fr.

holes.
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FIG. 4. M(H) curves, T=0, planes 1616, pinhole ¥1 or af, comparison  FIG. 5. M(H) curves, comparison between lattice calculati¢oscles,
between lattice calculatior{sircles, triangles, squaresimple mode[solid, squaresand the model of Sec. IV, layers #4884, pinholem* m*5, cou-
Eq. (6)] and the model of Sec. IV, coupling over the atdatted and edge  pling over the area]),=6x10"%, Jag=2X 1072 (solid); J,=8x103,
(solid), curves 1:3,=6x1073, J,,=2x1073, curves 2:J,=8x103, Jag=10"2 (dotted.

Jaq=10"2

The comparison of the results of the different modelsIatlons known from the literature and an optimized model

shown in Fig. 4 shows, that the simplified description of Eqswhich enables extremely fast calculations. Both bilinear as

(8)—(11) reproduce the results of the full lattice calculationswe” as biquadratic coupling have'been ingluded. The results
very reasonably. Obviously, the optimized grid of Fig. 2 is aShOW’ that Fhe presence of th_e blquadratlc _coupllng can en-
good model for the degrees of freedom which have to b ance t_he m_fluence of_the pinhole W.h'Ch implies a larger
taken into account. Note, that the scaling of the simple modepensitivity Of !mperfect films to magnetic shorts betwe_en the
for the saturation fieldEq. (6), Jo +2Jag] still holds in the layers. Additionally, we demonstrated that_ the opt|m|_zed
presence of pinholedigs. 4 and & The smaller),, allows model reproduces the results of the full lattice calculations
a larger remanent magnetizatiqigompare cur\;ae 1 with with very high accuracy. There are three advantages of the
curve 2 in Fig. 4, also the solid and dotted curves in Fig. 5 simplified lattice model(1) the faster calculations now offer
Similar as aIrea;jy reported in the literatdréhe coupling the opportunity to include cqmpllex'structures with much
over the edges of the pinhole produces results that are closBl°r¢ grid points(2) more physical insight about the relevant

to the full lattice calculations. This is checked again in Fig.Coupling pathde.g., edge or arga(3) improvement of the

5, where the influence of the pinhole size is shown. An in_fuII lattice model through bgtter initial values. This algorithm
controlled by the full lattice model — could enable a very

crease of the edge length of the pinhole by a factor of 1. ) : . .
causes the remanence to increase from 0.19 to 0.3. A direl§St and reliable modeling of coupled films with defects.

correlation, however, can, up to now, not be established. Fur-
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