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Coercivity of a percolative magnetic system
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A model that describes the behavior of the coercitty, of coalescing Ni films, as a percolation phenom-
enon is presented. We show that there is a nonmonotonic dependence, of the coercive field as a function of the
occupation probabilityp. This behavior is a function of cluster size and topology, and is independent of the
growth direction of the thin film. Based on these ideas we predict theoretically, and confirm experimentally, the
dependence dfi. as a function of external magnetic field orientation. Ft 1] oriented fcc film, ifp is less
than the percolation thresholal,, a sixfold symmetry is observed. However,pfsp,, the percolation is
isotropic.
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The concept of percolation was introduced in the realm otion, the growth parameters, the capping layer widts0 A
science by Broadbent and Hammerslgy1957. Since then, of Al), the (111) crystalline orientation perpendicular to the
it has been applied to many problems in completely differensubstrate, and the mosaic spread. All these structural and
fields, ranging from natural sciences to sociologicalchemical properties were checked usingsitu Auger elec-
phenomend.In physics, percolation has been useful in thetron spectroscopyAES), reflection high energy electron dif-
study of microscopitas well as macroscopic phenoménia.  fraction (RHEED), low energy electron diffractioflLEED)
In particular, granular systems inherently prone to percolaand ex situx-ray diffraction (XRD), scanning electron mi-
tion, have experimentally shown magnetic anomalies Whe'&roscopy(SEM), and atomic force microscopfAFM).
the grains are magnetic. Paniatal® found that the effec- Two major variations of the coercivityl, become appar-
tive magnetic.permeability of cqmposite materials containingant as the morphology reaches the percolation threshold; the
small Fe particlesof 1-2 um size tends to zero near the o qnitde oH, changes in a nonmonotonic fashion and the
percolation threshold. Xiao and Chieabserved that across in-plane angular anisotropy changes as well. Both of them

the whole volume fraction range, in granular Fe-(3iGol- display a distinct feature, which coincides with the crossing
ids, magnetic coercivity experiences dramatic variations du%f the percolation threshold. Our theoretical model explains

to the change of grain size and percolation effects. In th'%hese two distinct features, that i6) the magnitude oFi, as

films the relation between magnetism and percolation als funcii f th bstrate thick - dindthe d
has been investigated: for example, the transition from sy function ot Ineé copper substrate thickness, dndhe de-

perparamagnetism to ferromagneti&mwhile recently pendence oH on the direction_of the gpplied fiell§|. The
Gorkov and Kresifl studied the transition from paramag- Model shows thaki;, as a function of site occupation prob-
netic to conducting ferromagnetic phases of manganites b§bility p, has a nonmonotonic dependence due to the frac-
percolation theory. Moreover, Chet al® observed that the tional variation of the cluster sizes and their topology, as
coercivity H, of Ni films, whose magnetic and structural they form during the film deposition process, and it is also
properties are found in the literatuteexhibits a nonmono- shows that this behavior is independent of the growth direc-
tonic behavior, related to topological morphology changestion of the magnetic film. Moreover, also the symmetry of
which coincides with the onset of percolation. However, noH., whenp~p.,, is in quantitative agreement with experi-
theoretical ideas have been advanced which directly conneatent.
coercivity and percolation. Our model focuses upon the morphological changes that
In order to study changes k. as a function of morphol- take place during the growth of a thin film, which in its early
ogy in Ni, Choiet al° performed a well controlled experi- stage is characterized by a homogeneous distribution of the
ment evaporating Ni films, by molecular beam epitaxysmall islands. When additional material is deposited these
(MBE), on top of various thickness,, copper buffer layers. islands grow in size, due to the large mobility of the small
The morphology of the Cu buffer layer changes wigy. droplets, until coalescence sufficient for percolation is
First isolated copper clusters form, buttag increases pairs achieved. Based on this the coercivity.(p), as a function
of clusters coalesce. As more Cu is deposited a critical thickef occupation probability, can be understood assuming that
ness is reached and the Ni covered Cu clusters percolate. the magnetization reversal mechanism depends on cluster
order to assure that all changes in the coercivity of Ni are dusize and topology{i) if the particles are smaller than a cer-
only to changes in morphology, all other structural param+ain critical sizez;,, of the order of a domain walkH. is
eters of the epitaxial Ni were kept constant. These paramlarge, due to the fact that for such particles wall nucleation is
eters include: the thickne$00 A), the level of contamina- energetically unfavorable. Consequently, the magnetization
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reversal proceeds, for instance, through coherent rotation of 7

the spinst? (ii) for simply connected particles, whose sizes 1or

are greater tham,, , the coercive fieldH is smaller than the 0.8

former since now a domain wéaflcan nucleate. Thus, the 0.6

magnetization reversal is achieved by processes that require o

less energy, predominantly by domain wall nucleation and Q-°'4_

displacement; andii) larger clusters may be multiply con- 0.2

nected and the domain walls might get pinned by the voids, 0.0 [

especially if these are of considerable size. Thus, when the ) : - .

fraction of voids is large enough the inversion mechanism 00 02 04 06 08 10

depends both on cluster size and topology, since domain wall 1.0} .

formation is likely, but their propagation is hindered by pin- 0.8 _(b) ]

ning to the voids that are present. > | .
As usualH_ is defined as the reversal field required to Q.06 ]

achieve zero magnetization. To determine the coercivity we 0.4F : ! -

introduce the reduced magnetizatidh, (H), which corre- [ 1

sponds to the quotient between the actual and the saturation 02T } ]

magnetization of a single cluster. The indiges s, b, and 0.0 . . | Smossescesesseser

v label clusters of the typ€), (ii), and (iii), as described 00 02 04 06 08 10

above. Thus, the analytic expression for the film magnetiza-

tion M(H) is

FIG. 1. (a) Small cluster fractional area as a functiornpofvhich
is related to the Cu thickness through E8). (b) Fractional area of
large clusters with voids as a function pf The insert is the coer-
where p,, is the fractional area occupied by each type ofcivity H; (Oe) as a function of Cu thickneds, (A) observed ex-
clusters. Consequently we obtain the coerciity solving perimentally at 5 K. The continuoudashedlline is obtained using

M(H)=psMs(H)+p,M,(H)+(1=ps—p,)Mp(H),

the equatiorM (H.)=0. our model for a 1008 1000 triangula(squarg lattice. The param-
The fractional areap andp, , of the different type clus- €ters used areM,;=0.69, qs=0,=50 (Oe), z,=2, and f¢
ters, are obtained by using the Monte Carlo technidue. ~ =0-5- The circles are experimental data from Coal

this algorithm each of the sites of a lattice is occupied by a ) L
particle with probabilityp. This produces a configuration of WhereM_rl'S_ the reduced remanent magnetizatipr; s and

Lp particles. A cluster is defined as follows: two occupied? @ndq,, " is proportional to the slope of the corresponding
sites belong to same cluster if they are nearest neighbor§ysteresis loop av,=0. _

The calculation is iterated keeping all the parametsystem _ The. resglts of implementing the mode_l outlined above are
size and occupation probabilitfixed and changing the con- 9iven in Fig. 1. As expected, the fractional area of small
figuration the particles adopt. The final valuespgfandp,  clustersps~1 for p<1, and decreases j@~0 asp grows.

are obtained averaging over a number of random configurd2n the other hand, the fractional argg~0 for p<1 and
tions. Convergence is obtained afte® Monte Carlo steps 9rows very fast when the percolation threshold is ap-
and averaging over ten random configuration. proached. Finallyp, undergoes an abrupt drop when the

We now formulate a criterion to classify a cluster as pe-dominant contribution is due to the formation of large clus-
longing to type(iii) as defined above. Designating fathe  t€rs without vqids. The kink§ op, arise from finite-size
ratio between the number of empty sites inside a clugter €ffects. Replacing the numerical data obtainedfoandp, ,
and the number of occupied sites in the same clugierthat ~ and combining Eq(2) with M(H¢)=0, we obtain the coer-
is f=17e/75,, We classify the cluster as belonging to cIassi'(V')ty as a function ofp as displayed in the insert of Fig.
(iii ) if f>f,. a. ]

Moreovgr, we make the following simple assumption: that !N order to make further progress an assumption has to be
only two types of islands are important, as far as magnetiénade on the unknown re!atlon between the experimentally
properties are concerned. Clusters of typeand (i), with ~ measuretf copper layer thicknest, andp. We choose the
broader loops, switch by magnetization rotation, while theSimplest alternative: a linear relation. The two values re-
larger type(ii) ones, with narrower loops, only switch after guired to determine this fit are chosen as followis: the
they nucleate a domain wall. To obtaih, as a function op ~ Minimum ofH.; and(ii) the value for whictH, versusp, in
we need to know the form dfl(H)=M,(H) and My(H) the insert of Fig. 1, ceases to be flat as a functiotypf This
in the regionH=0 to H,,, and we denote ad, andH, the  Yields
broad and narrow loop values, respectively. The approxima-

tions we use to fit the experimental relations between mag- teu[A ]=780p+650. ®)
netization and applied fiel ,(H) are The above fit is certainly not unique, but depends on the
value we adopt for;, . Consequently, this fit is valid only
M (H):Mrtam.(HJrHﬂ)' ) for 650stCU[A 1=1430. Hoyvever,_ _the resu!ts fd1=|_C we
a 2q, obtain for 656<tc,[A ] are insensitive to this choice and
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thus we refrain from postulating a more sophisticated fit, 400 . T - .
which would imply additional parameters.
On the basis of the experiments we addpt=0.69 for
both switching mechanisms, since it was observed hat
does not dependc,. For the slopes we adopgs=qp
=50 (Oe), and stress the fact that the main featureld of
=H.(p) do not depend on the detailed form Mfy(H) and 300

Mp(H). In fact, we found no significant changes in the be- )

havior of H for two extreme casesa) a rectangular hys- o

teresis loop, andb) assuming linear fits o ¢(H) [My(H)] °

which go throughHg [H,] and M, . Always (i) if p<pg,

thenH_ versusp is flat, since a single switching mechanism 200 - T

dominates and thud .=Hy,; (ii) independent of the form of
Mg(H) andM,(H) a minimum is obtained around the per-
colation thresholdgy, ; and, (iii) a maximum ofH. appears
for p>p.,, which decays to the minimum value bf; asp
grows. This behavior is insensitive to the formM{(H) and 100 , . . . .
Mp(H). We employed the valué,,=0.5 in the insert Fig. 0 60 120 180

1(a); changing the latter only narrows or enhances the width H

of the p>p,, maximum. The fact that thél; versustc,, o ) o )
displayed in the insert, is similar both for triangular and  FIG- 2. CoercivityH as a function of the magnetic field direc-
square lattices is a strong indication that this behavior idion ¢,,. The continuous line is the theoretical sixfold fit of the

universal, i.e., does not depend on the growth direction of th§*Perimental data depicted, fpr<p,, by the full dots. The full
thin film squares illustrate the isotropic dependencédgfversusey for p

On the other hand, the angular dependence of the coerciv- Per, which corresponds t;,=100 nm, measured at room tem-

_ o . perature. The experimental error is smaller than the size of the full
ity is also modified by percolation. For the small clusters we

. . . A L . dots and squares.
consider a single domain thin film, with its surface oriented
in the [111] direction. In spherical coordinates the direction (negative field intensityH is increasedM rotates first gradu-
of the magnetizatiom7| is defined by the angle$and¢ that ~ ally and then abruptly towards the unstable field direction.
M makes with the Cartesian axes &xis is oriented along A_n_alytpally t.h's.’ 1S f2u|f|||ec21 when ozne szthe following con-
he [11] directi hile th . el 6110 ditions is satisfiedd<e/96°=0 or 9°e/dp~=0.
the [111] direction, while thex axis is parallel to th¢110] The dimensionless fielth can thus be evaluated. How-
direction). The film parameters are defined as followsis

' . . . ever, only the lowest negative eigenvalue obtainedhfds
an effective anisotropy constant andyNb the saturation v sically meaningful: we make sure that this corresponds to
magnetization. The external field is confined to thex,y

, a crossover from a minimum to a maximum by checking the
plane, andpy, is the angle betweeH andx. , sign of 3%¢/96°. Figure 2 compares the results of these cal-
Three terms contribute to the total energyer unit vol-

_ : : culations with experiment; the error bars of the latter are
ume E;: the magnetocrystalline anisotrofiyk , the Zee-  gmaler than the size of the dots in the figure. The parameters
man termE; and the magnetostatic ener§y, . Ex deter-

. agnetostatic | - Bk used in the computations areM,=500 G}° K
mines the easy magnetization directions, which lie along the_ 5o- erg/cra,’® and the demagnetization factoN

diagonals of the cubic celin the [111], [111], [111], and  _g o5 Assuming a Gaussian distribution of the anisotropy
[111] directions. In this coordinate system axes of magnetic clusters around the mean orientation, it is
2 K found analytically thatk is reduced® in good agreement
__Ne ; "~ _ with the fits obtained from Fig. 2.
Ex= 3 K sin’d cosé sin(3¢) + 12C0326 (67 cos9), H. has a sixfold symmetry, related to the fact that we are
(4) dealing with the(111) face. However, an additional condi-
tion is also required: that the spins adopt a small out of the

Ez=—HMgsind cos ¢~ 6y), (5 (111 plane component, since otherwise the sixfold symme-
5 try is quenched. Thus, as the system is rotated around the
Enm=—27NM§sir?o, (6)  [111] axis [perpendicular to thé111) plang the spins are

barely drawn towards the eaf¥11] axis, all in satisfactory
agreement with experimeht.
On the other hand, when the percolation threshmldis
_ ; reached, the system behavior is dominated by the large clus-
s=e1-hsingcos $=by), @ ters. In that ca)ée, the dipolar interaction becgmes Iarger and
where e,=3(Ex+Ey)/K and h=3MyH/K. For equilib- has the effect of aligning in plane the total magnetization of
rium it is required thate/960=0 andde/d¢h=0. Stable(un-  the cluster. Thus the anisotropy energy(6= w/2)=0 is
stablé equilibrium is attained if the determinant of the asso-independent of, which was verified experimental$ as
ciated Hessian matrix is positiveénegativg. As the  shown in Fig. 2. A very small orientation dependence of the

where N is the demagnetizing factor. Defining the dimen-
sionless energy = 3E+/K, we can write
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coercive field is observed beyond the percolation limit whichlarge clusters, until they exceed the number of small ones,
may be understood as follows: reversal in that limit takesallowing a crossover from magnetization rotation to domain-
place by domain-wall nucleation followed by wall motion. wall nucleation and motion, to be the dominant magnetiza-
Nucleation may be sensitive to orientation, but since it takesion switching mechanism. However, there is an increase of
place n On-ly a_Sma” fraction of a ClUSter, anq -Slnce the ratEHC, in the Viciniw of Per s since inside the clusters the pres-
of wall motion is presumably much less sensitive to orientaence of internal nearest neighbors empty sites pin the
tion, the overall anisotropic effect is very small. domain-wall displacement. Finally{, decreases up to its

In conclusion, we have developed a model which displayg,qntinuous film value, since asgrows a single large cluster
and provides an understanding for the relation between ¢ orms. We have also shown that, when a fcc film is grown in

ercivity H, gnd percolatiqn. This relation is a consequence 0 he [111] orientation, a sixfold symmetry dfi, for p<p
morphological changes in the magnetic system and was re- ’ ¢ c

cently observed experimentall).We showed that the ob- (ixists, which crosses over to an isotropic behavior gdor

served behavior is due to a geometric property of two- Per-

dimensional lattices, in particular, to the relative number of
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