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A micromagnetic model has been used to characterize the magnetic. properties of dual-layer 
magnetic films. The model calculations, with experimentally determined input parameters, have 
been compared with measurements on fabricated Co alloy dual-layer films. Calculations are 
done with a more general version of a previous micromagnetic model, modified to allow the 
variation of certain media parameters which were previously held constant. Each of the 
experimental media consists of a bilayer of 30-rim-thick Coo.75Ni0.25 magnetic lilms separated by 
a Cr decoupling layer. The calculations predict a split in the coercivities of the layers for small 
Cr thicknesses which is observed experimentally. The model correlates an observed increase in 
media squareness ratio and coercivity, as the Cr thickness is increased, with diminishing 
eschange and magnetostatic interactions between the magnetic layers. 

I. INTRODUCTION 

Interest in multilayer cobalt-alloy longitudinal reoord- 
ing films stems from the reduced media noise and increased 
output they exhibit compared to single-layer films, a prop- 
erty which makes them attractive for high-density record- 
ing applications.’ A micromagnetic model for simulating 
dual-layer films was recently described.? The model is ca- 
pable of simulating layers with different magnetic and geo- 
metric properties, and includes interlayer exchange inter- 
action etl-ects between the layers. Although useful 
information about the magnetization processes in the films 
is obtained using this model, it still represents an oversim- 
plification of the complex microstructural and micromag- 
netic properties of a real film. Actual film grains come in a 
range of shapes, sizes, and orientations, and are coupled 
magnetically with each other in a complex manner that 
varies across the medium.3 

In this work we outline a generalization of the model 
described in Ref. 2, which incorporates a distribution of 
certain coupling parameters that were previously treated as 
constants. The generalized model is then used to replicate 
major hysteresis loop characteristics of fabricated dual- 
layer Co-Ni tilms, using experimentally obtained model pa- 
rameters. The model calculations give variations of coer- 
cive field, coercive field splitting, and squareness with 
magnetic film separation that are in qualitative agreement 
with experimental data. The model calculations further 
give insight into the mechanisms leading to the observed 
variations in film magnetic properties. 

II. MlCROMAGNETlC MODEL 

The micromagnetic model simulates two magnetic 
layers, one on top of the other, designated as top and bot- 
tom layers, respectively. The layers are discretized into 
two-dimensional unif<>rm arrays of single-domain paral- 
lelopiped elements, representing the grains of the medium. 
The layers are separated by a nonmagnetic decoupling 
layer. Each layer is characterized by a magnetic anisotropy 
distribution, and the elements interact with each other by 
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magnetostatic, and nearest-neighbor exchange interactions. 
The magnetic layers are coupled by magnetostatic and ex- 
change interactions. The response of the medium to an 
applied field is obtained by simultaneously integrating a 
system of coupled Landau-Lifschitz equationsf4 written 
for all the elements of the medium. 

We introduce a new formulation of the effective mag- 
netostatic and exchange interaction fields. Unlike the ap- 
proach of Ref. 2, this formulation contains coupling con- 
stants that are variable quantities. The equations that 
follow are written for the top layer alone, and the sub- 
scripts t and b are used to denote quantities in the top and 
bottom magnetic layers. The corresponding expressions for 
the bottom layer are obtained from these by interchanging 
the roles of t and b in the equations. The reduced magne- 
tostatic and exchange interaction fields acting on an ele- 
ment in the top are given by 

N 6 
h,m= IX Cht(XjtYj) kzl fijkt *fijtGjkt 

j=l 

+ ,ir Ci,( Xj,Yj) ki, fijkb ’ IjijbGb (1) 

and 
nn 

bet= 2 cct(xjyj)fijt+ C:t(Xjyj)hb * 
j=l 

(2) 

Equations (1) and (2) are expressed as the sums of two 
terms; the first represents the interactions among elements 
of the top layer, and the second represents interactions in 
the top layer due to elements of the bottom layer. Primed 
quantities are used to distinguish interlayer coupling con- 
stants from those for interactions among elements of the 
same layer. The sources of the magnetostatic interaction 
field are the magnetic surface charges induced on the 
bounding faces of the elements due to their uniform mag- 
netization. The inner summation in Eq. ( 1) accounts for 
the six bounding faces of an element; the upper limit nn of 
the summation in Eq. (2) indicates that the summation is 
over the four nearest neighbors of the element in the top 
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layer; N is the total number of elements in each magnetic 
layer; fi,, is the unit outward normal of the kth face of the 
jth neighbor; Gik and G)k are vector Green’s functions 
which depend on the mutual orientation of the elements;’ 
Ch,=M,/(4~Hkt) and C~,=MJ(4?rHkt) are the magneto- 
static coupling constants which vary with position as a 
result of variations in the anisotropy field distribution 
Hkr(XrYj), of the top layer; M,, and M, are the magneti- 
zation of the top and bottom layers and are constant for all 
elements of the same layer; C,, and C:, are phenomenolog- 
ical exc.hange coupling constants and are functions of po- 
sition. 

The method followed in this article for simulating real 
media is to first estimate average values of the coupling 
constants ( {Cht), (C,,), etc.) and then assign to t.he ele- 
ments parameters chosen at random from an interval about 
these averages. The average values are found by the for- 
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FIG. 1. Calculated loops of the d=20 nm dual-layer medium: (a) top 
layer (solid curvej and bottom layer (dashed curve); (b) composite loop. 
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FIG. 2. Experimental coercive field splitting SH as function of Cr thick- 
ness d. 

mulas in Ref. 2, that is, using constant parameters. The 
average magnetostatic coupling constant is obtained from 
experimental data, but the average exchange coupling con- 
stant is chosen as one that yields a sufficiently close match 
between experimental and calculated loops. 

III. EXPERIMENT 

Experimental multilayer thin-film structures were fab- 
ricated by sputtering. Commercial (100) s&on wafers 
with 300 nm thermal SiOz grown on top were used as 
substrates. First a 50 nm Cr adhesion layer was rf sputter 
deposited on the substrate. Then a magnetic dual layer was 
fabricated by dc. magnetron cosputtering a 30 nm 
Co0~75Nie&ilm, rf sputtering a Cr decoupling layer, and 
cosputtering a top 30 nm Coo.#ie2s film. The thickness of 
the Cr decoupling layer was varied as d=O, 5, 10, 20, 40, 
and 80 nm. All depositions were done on room- 
temperature substrates. The base pressure of the sputtering 
chamber was typically 2.6;~ lo-” Pa (2 x lo-’ Torr). Ex- 
perimental M-H loops were measured with a supercon- 
ducting quantum interference device (SQUID) magneto- 
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FIG. 3. Interlayer exchange constant CL as function of Cr thickness d. + 
and A denotes the limiting exchange constants obtained for d c: 40 nm and 
d&z40 nm, respectiveIy. The dashed line is an estimate of the true ex- 
change constant variation. 
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FIG. 3. Calculated (solid curves) and experimental (dashed curves) 
syuar?ness ratio S and coercivity Ii,, as functions of Cr thickness d. 

meter. The parameters used in t.he calculations are chosen 
by first matching the major loop of the single-layer me- 
dium (d=O). To simulate the single layer, two magnetic 
layers with similar magnetic properties as the single-layer 
medium, but far enough from each other as to act inde- 
pendently, are used. Interlayer exchange interactions are 
neglected for this calculation. The parameters obtained for 
the single layer were then used in simulating the dual-layer 
media. 

A11 element size of 22 nm is used in the calculations. 
This is the median grain size from a histogram of gram 
sizes obtained from a scanning tunneling microscope 
image of the surface of a dual-layer film sample. The 
sample has a saturation magnetization of M,f=S60 kA/m 
and an anisotropy field of Hk== 193 kA/m (2420 Oe), sim- 
ilar to other cobalt-nickel tilms.s These values yield esti- 
mates of the average magnetostat.ic coupling constants of 
C, = {CJrtb) = (C;rt,b) = M/‘(47rHk) = 0.36. 

We performed x-ray-diffract.ion studies with standard 
radial and asymmetric radial scans on the ( lO.O), ( 10. 1 ), 
and [ 10.3) peaks; these indicated the absence of strong 
texture in the films. To a first approximation this implies 
an isotropic distribution of film grains and hence of their c 
axes and magnetic anisotropy axes. 

IV. SIMULATION RESULTS AND DISCUSSION 

In the calculations each magnetic layer is modeled as a 
20~20 array of tightly packed elements, with the anisot- 
ropy axes randomly oriented in both layers. Periodic 
boundary conditions are used. For some of the results pre- 
sented below we repeated the calculations using larger ar- 
ray sizes up to a 50~ 50 array without noticing any appre- 
ciable change in the results. Landau-Lifschitz equations 
with infinite damping (neglecting precession) are used to 
describe the gyromagnetic behavior of the elements. The 
magnetostatic coupling constants are assigned at random 
among the elements from the interval 0.95 C,, to 1.05 C,. 
A close fit of the experimental loop was achieved with the 

exchange coupling constant values randomly distributed 
among the elements from the interval 0.95 C, to 1.05 C, 
where C,= (C,,,) =0.47. The M-H loops are measured 
with H in the plane of the films. The squareness ratio of the 
calculated loop is 5% more than the experimental value of 
0.88, and the calculated coercivity is 20% less than the 
experimental value of 24.5 kA/m (308 Oe). 

Calculated loops for the d=20 nm film are shown in 
Fig. 1, where a hump appears in the composite curve due 
to differences in coercivities of the layers. The experimental 
loops also display similar coercive field splitting (CFS) for 
d ~40. The experimental CFS width SH is plotted as a 
function of d in Fig. 2. This behavior was seen in all our 
calculations for the considered range of d when the inter- 
layer exchange interactions between the layers were ne- 
glected. This suggests that the magnetostatic interactions 
are primarily responsible for the formation of the CFSs. 
The magnetization of the layers reverses by the formation 
and mobility of vortices.’ The vortices minimize the mag- 
netostatic energy of the layer by providing magnetization 
flux closure. The vortices begin to form at different times in 
both layers because the distributions of their magnetic 
propert.ies, although similar, are not identical. Once 
formed in a given layer, the vortices frustrate the formation 
of vortices in the second layer. This causes the magnetiza- 
tion reversals of the layers to occur at different times. 

As shown in Ref. 2, a large enough exchange interac- 
tion between the layers would cause them to reverse their 
magnetization in unison, resulting in the equality of their 
coercivities but not necessarily of their squareness ratios. 
For each film, calculations in which the average interlayer 
exc.hange coupling constant CL = (C:,} = (Cib> was grad- 
ually increased from zero up to a value at which the CFS 
just disappeared were carried out. Figure 5 shows plots of 
exchange constants as functions of Cr thickness. The data 
points represent the values obtained as described above. 
They lie at. the boundary of the region of CFS and no CFS. 
We assume that for d < 40 nm, C> is overestimated since in 
this region the CFSs do exist in the experimental curves, 
and for dg40 nm they are underestimated since they cor- 
respond to the onset of the disappearance of the CFSs. 
Consequently the true variation of C& should lie below the 
data points when d is approximately less than 40 nm and 
above the data points when d is greater than approximately 
40 nm, and should decrease monotonically. We approxi- 
mate this line by the dashed lime of Fig. 3, which is the 
average of the tangents drawn from both ends of the 
boundary curve. The coercivities and squareness ratios cal- 
culated using constants obtained from the dashed line are 
compared with experimental data in Fig. 4. 
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