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Large-scale computer simulations of magneto-optical thin films with nanoscale structures are
performed on the Connection Machine. The magneto-optical thin films are modeled by a twodimensional lattice of magnetic dipoles which follow the Landau-Lifshitz-Gilbert
dynamic
equation. The effective field on each dipole includes the local anisotropy, the nearest neighbor
exchange interactions, the magnetic dipole-dipole interactions, and an externally applied tield,
The film is divided into many patches (regions) and each patch can have different properties.
Four different patchy films are studied. (i) The film has different exchange stiffness constant
on the patch borders. [ii) The film has large magnetization, but has zero exchange on the
patch borders. (iii) The patches have different easy axis orientations. (iv) The patches have
different anisotropy constants. The computer simulations show that films with different kinds
of patches have different features in their magnetic behavior. Based on these correspondences
between the nanostructure and the magnetic properties, certain features recently observed in
several magneto-optical thin films are able to be explained.

INTRODUCTlON
The magnetic properties of magnetic thin films depend crucially on the nanostructure that is built in during the film
growth processes. A common type of nanostructure is the
columnar structure, which is formed due to shadowing of
the incident vapor by the growing film. Columnar structures in amorphous RE-TM thin films have been studied
by many authors. ‘-’ For example, Leamy and Dirks found
J,
that the amorphous Gd,Co, ~.*, Ho,Co, _.x, Gd,Fe,
thin films consists of coand Y, Co, .X(0.1 cxcO.7)
lumns (XI-250 A in diameter) of relatively high atomic
density that are separated 10-25 A apart by a dilute
network of atoms.’ Nanostructure can also occur in amorphous magneto-optical films which do not have columnar
structure, but contain occasional crystalline or polycrystalline grains of random size, shape, and orientational packing.” These columns or crystalline structures may stem
from different seeds, and borders are formed when they
merge. Since the exchange interaction of two atoms drops
drastically with increasing distance, the exchange couplings between neighboring columns or crystalline structures are expected to be weaker than that for atoms within a
column or a crystalline structure. Consequently, the films
consist of many loosely connected small regions of different magnetic properties.

610

COMPUTERS

IN PHYSICS,

VOL.

6, NO. 6,

NOVlDEC

1992

The purposes of the present paper is to study how the
nanometer scale structures of columnar nature and crystalline grains can affect magnetic properties of the magnetooptical thin films. Although there is little direct information about nanoscale structure and inhomogeneities, their
existence is strongly suggested by many observed incoherent and irreversible magnetic processes in magneto-optical
thin films, which are at variance with the coherent StonerWohlfarth theory. At this stage, large-scale computer simulations, accompanied by a close comparison with the experiment, become a unique tool for investigating the magneto-optical thin films of nanoscale structure.
The magneto-optical thin films are modeled by a twodimensional hexagonal lattice with 256 x 256 dipoles.
Each dipole represents a hexagonal slab of the magnetic
material wit,h the height of the slab equal to the film thickness h ( Ref. 5). The motion of each dipole follows the Landau-lifshitz-Gilbert
equation:
ti = ~IIIXH,,~ +crmXm/lml
,
(1)
where m is the dipole moment at a given site, y the gyromagnetic ratio, H,,r the effective field on the site, and cr the
Gilbert damping constant. Throughout this paper we use
y = - lo7 Hz Oe- * and LY= 0.5 (Ref. 6) and the lattice
constant a= 10 A in the film plane.” The total area of the
lattice is thus equal to 0.256~0222 pm’. The effective

field N,, on each site arises from four sources: the local
uniaxial anisotropy, the nearest neighbor exchange, the
long-range magnetic dipole dipole interactions, and an external field. In order to avoid finite-size effect and to use
FFT (fast Fourier transformation) in calculating the demagnetizing field, periodic boundary conditions are imposed on the lattice. The details of evaluating the anisotropy, exchange, and demagnetizing fields can be found in
Refs. 7-9.
In order to model the effects of nanostructure, the lattice is assumed to consist of many patches (regions) with
different properties, e.g., with different easy axis orientations or with different anisotropy constants. The shape and
size of each patch are determined by a random process. The
st,iffness constant iis, which describe the strength of the
exchange interaction, is chosen to be smaller at the patch
borders than its value within the patch. Since the patches
are weakly coupled to each other, various incoherent and
irreversible movements of the dipoles of different patches
may occur. The resultant magnetic properties, which are
usually measured from various M - H (magnetizat.ion
versus external field) curves? may depend very much on
the assumed tyatch structures.
The present paper is organized as follows. In Sec. I we
discuss how domain wall motion may be affected by the
patch borders of weaker stiffness constant. In Sec. II we
study the demagnetization of a patchy film which has relatively large saturat,ion magnetization, but has zero exchange on the patch borders. In See. III a different mechanism of incoherent magnetization reversal is investigated
for a film whose patches have different easy axis orientations. In Sec. IV we assume that the patches all have perpendicular easy axes, but have different anisotropy constant. Some concluding remarks are presented in Sec. V.
In this paper the magnetization state of the film! i.e.,
the orientations of the dipoles (the magnitude of the dipole
moments will not change according to the Landau-Lifshitz-Gilbert equation), is represented by a color code.
Since any direction corresponds naturally to a point on a
sphere, the orientation of a dipole can be specified by a
color according to the following color sphere coding
scheme. The color sphere has its equator in the film plane
(X--plane)
and its north and south poles corresponding
to the directions ( F Z) perpendicular to the film plane. It
is white at its north pole ( -f Z), black at its south pole
( - 23, and scans the visible spectrum from red ( +X)
through light green ( + Y), blue ( ---X) to purple ( - Y)
in the manner shown in Fig. 1. Thus the pixel is red when
the dipole points along + X, blue along - X, light green
along + I’, purple along - Y, white along + Z, and black
along - Z. In the same mantier, other orientations of t.he
dipole tzrap onto the corresponding color on the color
sphere. For example, as the orientation of a dipole moves
from the -f-.X direction to the + Z direction in a path on a
great circle? the representative color will begin with red for
the f= X direction, then mixes with decreasing degree of
red but increasing degree of white, until it becomes totally
white for the + Z direction. Moving toward the - Z direction has the opposite effect, as the color mixes with increasing degree of black. As the only exception of the color
coding scheme, we will use grey lines to highlight the patch
borders. These grey lines only mark the location of the

FIG. I. This color circle is used to encode the direction of a dipole in the
planeofthe lattice (X- Yplane). In this scheme the redpisel represents the
-+-X direction, light green the + Y direction, blue the - X directionand
purple the - Y direction. When a dipole is not completely in the plane of
the lattice, but has a perpendicular component along the + 2 (or - Z)
direction, its associated pixel is a mixing ofthc color of its in-plane component with certain degree of white (or black), depending on the magnitude
of the perpendicular component. A dipole fully aligned in the t 2 direction is represented by a white pixel, while a dipole in the - X direction is
represented by black.

patch borders; they have nothing to do with the orientation
of the dipoles.
I. EFFECTSOF PATCH BORDERSON COERCIVITY
The magnetic coercivity at the nanoscale is a key factor for
the domain wall motion and domain reversal. It directly
affects the write, erase and overwrite processes on magneto-optical thin films. Recently, Giles and Mansuripur”’
and Mansuripur et ui. ” studied the effects of various defects and inhomogeneities on the coercivity using largescale computer simulations on the Connection Machine.
They found, for instance, that voids have insignificant effects on the nucleation coercivity, but that the reverse magnetized seeds of nucleation can substantially reduce the coercivity. In this section we study how t.he ooercivity is
influenced by the patch borders with weak exchange.
The patchy film for which the computer simulations
were performed is specified as follows. The film thickness
h = 500 A, the saturation magnetization jWs m’=100 emu
cm-“, and the anisotropy energy constant K, = lo6 erg
cm _-.5 (local nominal value) and the exchange stiffness
constant ri, = 10 ’ erg cm- ’ (nominal value). The film
consists of 37 random patches with an average dimension
of 300 A, see Fig. 2. The domain wall width
am(k;)
= 120 A, where (K,) is the average anisotropy constant to be discussed below.
The easy axis orientations are set different from site to
site. Let e,, be the unit vector along the easy axis for a given
site. It is specified by the spherical angles (O,,#, ) in the
following
way: e, = sin 8, cos #,e, + sin 8, sin 4ire,,
+ cos QUeL,where e,, e,,, and e; are unit vectors along the
+ X, + Y, and + Z dlrections, and 8, is the angle be-
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FIG. 2. Effects of patch borders on domain wall motion for the patchy film described in Sec. I. (a) The initial state has five reverse domains. These
domains are located inside patches whose borders have 10% (lower left), 20% lower right, 30% (upper left ), 40% (upper right ), and 50% (middle
right) exchange strength. (b) The remnant state. (c) The steady state under Hz = - 1 kGe. (d) The steady state under Ei; ; - 1.5 kGe. (e) and (f)
Evolution starting from (d) under H, = - 2 kOe at 0.95 and 1.25 ns.
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tween the easy axis and the + Z direction, and (p, is the
azimuthal angle of the easy axis in X-Y plane. To fix ey for
each site, we let 6“, have an equal probability to be any value
within (0,45”), and irtdependently, let #o have an equal
probability to be any value within (0,360”). Later we will
refer to such an orientational distribution simply by saying
that the easy axes arc randomly oriented in a 45”cone about
the perpendicular direction. In Appendix A we will show
that the average anisotropy of such a distribution is uniaxis1 with the easy axis perpendicular to the film plane and
with the average anisotropy constant (K,) = 0.727K,.
Since the domain wall width ( E 100 A) covers many sites,
the site to site randomness does not affect the dynamics,
except that it reduces the average anisotropy constant.
The stiffness constant is set to different values at the
patch borders. To study domain wall motion and domain
expansion, we have prepared five reverse domains as the
initial condition; see Fig. 2(a). To keep these initial nuclei
from shrinking, K, at the central disk of each reverse domain is set to be lo7 erg cm - ‘, which is ten times the nominal value, For the five patches containing a reverse domain,
starting from the lower left corner and moving counterclockwise, A, on the patch borders are set to be lo%, 20%,
50% 40%, and 30% of the nominal value of 10 7 erg
cm _ ‘. On all the remaining borders A, is equal to 50% of
the nominal value.
Figure 2(a) shows the initial magnetization state.
Five reversed domains are artificially created in the film.
Following the direction change in each of the domain wall,
we see that the acc.umulated winding angle is equal to 277
for each domain wall. Now we let this initial magnetic state
relax to the remnant state shown in Fig. 2 (b) . During the
process the lower left domain with 10% exchange on the
patch borders changes dramatically, while the remaining
four domains with higher exchange (20% or more) on the
borders remain almost the same. One change of the lower
left domain is that the domain expands to the north border
of the patch. The reason is that the domain wall is initially
close to the border which has only 10% exchange energy.
Therefore, it sticks to the border to minimize the wall energy, just as a domain wall sticks to a void region as shown in
Refs. [ lo] and ] 111. In other words, we can say that a
patch border with weak exchange has a tendency to attract
the domain wall. Another change is that the winding number becomes zero; i.e., the dipoles in the domain wall region
align in the same direction. This change is also due to the
weaker exchange on the patch borders. If there were no
such borders, the winding number would not have been
changed, since changing a winding number must create
antiparallel dipoles which corresponds to a higher exchange energy. In the present case of weak exchange coupling there is no such exchange energy barrier.
Now we investigate the coercivity of domain wall motion by applying a magnetic field HT in the - Z direction.
At first, we apply ?fz = - 1 kOe to the remnant state and
obtain the steady state shown in Fig. 2 (c). Now the lower
left domain expands to fill the whole patch, since both the
external field and the patch border of small A, help the
domain expand. However, when the domain reaches the
border, the weak exchange interaction prevents it from
crossing over. Thus the domain is confined within the
patch. At the next stage, we increase the field to ijz

= - 1.5 kOe. The new steady state is displayed in Fig.
2 (d). Since the domain in the lower left corner is more or
less disconnected from other patches, it does not have
much influence outside the patch. Therefore, for the domain wall to move beyond the patch, the external field
must overcome the nucleation coercivity, which is about
2(K,)/M,
- 47rM, = 13 kOe and is much higher than the
present field strength of 1.5 kOe. This picture also applies
to the patch whose borders have 20% exchange; see the
reversed domain in the lower right corner in Fig 2(d) . In
contrast to the cases of weak exchange, the domain in the
extreme right with borders of 50% exchange and that in
the upper central patch with borders of 40% exchange do
not expand much. The reason why the domain within a
patch of weaker exchange borders is easier to expand
(within the patch) is that, the dipoles outside the domain
but inside the patch are primarily influenced by the domain, which tends to reverse them. If the exchange on the
patch borders are strong, then the dipoles are not only influenced by the domain, but also by the region outside the
patch, which tends to hold them upward. In other words,
when the domain is near the patch border, the upward dipoles outside the patches exert an exchange force on the
dipoles inside the patch to prevent the reversal. Consequently, within a patch, the smaller the exchange on the
patch borders, the lower the wall motion coercivity.
The reverse domain in the upper left corner with 30%
exchange at the patch borders shows a compromise case, as
illustrated in Fig. 2 (d) . Here, the coercivity of domain wall
motion is below 1.5 kOe. When the domain touches the
borders, the exchange force of the reversed domain and the
external field together make the domain expand slightly
into the neighboring patches. It then stops inside the
patches, pinned by the low exchange patch border. Now we
increase the field to Hz = - 2 kOe. Figure 2(c) and (f)
are snapshots of the magnetization states after the system
evolves for 0.95 and 1.25 ns from the state shown in Fig.
2(d). Now Hz is strong enough to force the wall move
outward and the four domains with relatively stronger exchange interaction at the borders expand, until eventually
the whole film is reversed (the final state is not shown). In
the process the domain in the lower left corner does not
expand, because the applied field is still much weaker than
the nucleation field ( u - 13 kOe), as was mentioned bcfore.
The above simulations show that, in the vicinity of
pat.ch borders (within distance of the domain wall width),
the wall motion is much affected by the exchange strength
on the patch borders. The lower exchange borders (e.g.,
10% and 20% in the present film) make the domain easy to
expand within the patch, but prevent the domain wall from
crossing the patch border. The opposite is true for patches
with higher exchangestrengths (e.g., 40% and 50%). The
domain in a patch with borders of intermediate exchange
strength (e.g., 30% ) can expand most easily to the whole
film, because the exchange strength on the borders is low
enough to let the domain grow within the patch and high
enough to let the domain cross the patch borders.
II. DEMAGWETIZATION
IN A PATCHY FILM
Now we consider a patchy film which has a relative1 y high
saturation magnetization, but has zero exchange on all the
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patch borders. The main feature of such a patchy fdm is
that it can be easily demagnetized under an external tield
leading to irreversible M - Hcurves. The purpose of these
simulations is to understand the mechanism that leads to
demagnetization and irreversible processes observed in
several magneto-optical thin films, e.g., the Co/Pt superlattices.” The physics of the demagnetization process will
be explained later, following the presentations of the simulation results.
The fi’,m is specified as follows. The film thickness
h = 1000 A, saturation magnetization MS = 410 emu
cm-‘, anisotropy constant K, = 2 x IO6 erg cm ~..‘. The
easy axes are randomly distributed from site to site on the
original hexagon lattice, within a 45” cone about the -+ Z
direction, in the manner explained in Sec. I, The average
anisotropy constant is (K,) = 0.727K, = 1.5 x 10h erg
cmm3, where the factor 0.727 is derived in Appendix A.
The film contains 48 1 complete patches with random
shapes and sizes as shown in Fig. 3. The exchange stiffness

coefficient A, = 10 ’ erg cm - ’ within the patches and is
set to be zero at all the patch bocders. The average dimension of the patches is about 100 A. This dimension is comparable to the domain wall width ~vn.~/(K~) z-80 A.
Now we explain why the patchy film can be easily
demagnetized. When ah the patches are magnetized in the
+ 2 direction, each patch will experience a magnetic field
in the - Z direction produced by all the other patches due
to the magnetic dipole-dipole interaction, A dipole also
experiences the demagnetizing field produced by other dipoles in the same patch. However, this is an internal field
and does not affect the magnetic behavior of the patch,
provided that the patch is small (so that the shape effect in
the patch is negligible) and the dipoles move as a whole due
to the strong exchange coupling. In Appendix R we will
present analytical results for a circular patch (i.e., the volume covered by the patch is a cylinder) in a perpendicularly magnetized film. The demagnetizing field on the circular
patch is approximately

(a)

(d)

(bl

FIG. 3. Demagnetization under an in-plane applied tield for the patchy film described in Sec. II. (a1 The steady state under H, = 500 Oe. Two small
patches are reversed due to the applied field and the demagnetizing field. (b) The steady state under M, = 2 kOe has mom reversed patches (c) As the
tield is increased to H, = 6 kOe, almost half ofpatches are reversed. (d) The fully demagnetized state with zero magnetization is reached when the film is
firstly saturated in the + X direction under H, = 8.5 kOe and then ev*olvesunder zero field.
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H de111.g
= -4,~~~~[h/Cr+;r?+tz’)],

(2)

where Y is the radius of the cylinder. In calculating Hdemag
we have assumed that the dipoles outside the circular patch
are all in the + Z direction. If some regions are already
reversed, the demagnetizing field will become weaker. This
equation tells us that the demagnetizing field on a patch is
stronger if the patch is smaller, the film is thicker, and
saturation magnetization is larger. Using Y = 50 A,
h = 1000 A, and &fs = 410 emu cm ~~‘, we find for an atierys~ patch Hdcmag = 5 kOe, while the anisotropy field
Hani = 2 (K, )/M, 2 7.1 kOe.
We performed two series of simulations to obtain the
in-plane and perpendicular M - H curves. Figure 3 illustrates the magnetic states under in-plane external fields
along the -+ X direction. The dipoles are initially set in the
-l- Z direction. Then we let them evolve under zero external field to the remnant state. The remnant state has a magnetization of 99.2 emu cm - ’ in the + 2 direction. Figure
3 (a) shows the steady state under Hz = 500 Oe. The light
red color shows that the magnetization has, to some extent,
tilted from + Z to f- X direction. Here, two small patches
are already reversed. The in-plane applied field helps the
magnetization move away from the easy axis (the + Z
direction) and makes reversal easier. However, an in-plane
field alone will not cause reversal. The reversal is due to the
demagnetizing field produced by other patches and it is
made easier by the zero exchange on the patch borders.
Figure 3 (b) shows the steady state under H, = 1 kOe. The
patches with dark colors have been reversed and those with
light colors are between the + X and + Z directions. The
red in the background of both the light and dark patches
shows that all the patches have a + Xmagnetization component. Figure 3(c) shows the steady state under H, = 6
kOe, where about half of the patches are reversed. When
the externally applied in-plane field is removed, the film
will become fully demagnetized with zero magnetization;
see Fig. 3 Id). The M -.- H curves becomes irreversible once
the first reversal occurs.
In the simulations, we increased H, stepwise from 0 to
8.5 kOe with a step of 250 Oe. For each increase we let the
film evolve from the previous steady state to reach the new
this
paper
we let
steady state. Throughout
M = (&~,~,l%<~,llf~)be the magnetization vector averaged
over the whole film and M = /M 1 ( remember that MS is the
amplitude of the local magnetization). Obviously, we have
generally M<&fs, where the equality holds if and only if all
the dipoles are oriented in the same direction. The difference (M, - hflf) describes the extent of incoherence of the
dipole moment orientations. Since no field is applied in the
Y direction, bf~,,e-0 always holds. We are thus interested in
.&$,X,Iii,, and M as functions of external field. The M - H
curves for the simulations described above are plotted in
Fig. 4. It is interesting to notice that the M, - BOXcurve
here resembles that. observed in the Co/Pt superlattice
films.” That is, hf.X increases first with a steep slope. Then,
as mom and more patches are reversed, the slope becomes
flatter, until M is saturated in the + X direction. This slope
change is due to the demagnetizing field and the reversed
patches. At first glance, one may think that a reversed
patch should contribute the same amount of increase to M,
as the unreversed patches. If this were true, the .w,X - H,

0

I

01

I

I

I

I

I

I

I

2345678

H, (kOe)
FIG. 4. M, M,, and M z as functions of H, for the patchy film described in
Sec. II. The M S - H, curve is steep for weak Hq and flatter for strong H,,
rlsembling the observed behaviors in the Co/Pt superlattice.”

slope would not have changed at the field where the
patches begin to reverse. It turns out that there is a major
difference between a reversed and an unreversed patch, as
long as only a few isolated patches are reversed. That is, the
demagnetizing field which is produced mainly by the unreversed patches and is thus in the - Z direction, reduces the
effective anisotropy field for unreversed patches, but enhances it for reversed patches. Therefore, the reversed
patches are more tightly bound in the - Z direction and
make less contribution to &fX. This is why the slope of the
iw, - H, curve becomes smaller when more patches are
reversed.
Next we applied a field in the - Z direction (H, < 0).
The magnetization states are shown in Fig. 5. Again, 11* is
changed stepwise from zero to - 13.5 kOe in steps of 250
Oe. The film is initially saturated in the + Z direction. The
demagnetizing field at first helps the patches to reverse.
Then, as more patches are reversed, the demagnetizing
field changes to the + Z direction and becomes opposite to
the external field. Therefore, for the first patch to reverse
we need 1H, ] = HzLni - 1Hdrmag I, while for the last patch to
reverse we need IH, 1eH,,,i f IHdemagI. That is why the
first two small patches are reversed at only fi, = 750 Oe
[Fig. 5 (a) 1, and about one half of the patches are reversed
at Ei, = - 7 kOe [Fig. 5(b)], and even at H, = - 13.5
kOe there are still two patches remaining upward [Fig.
5 (c) 1. The M, - Hz curve is shown in Fig. 6. Since there is
no exchange on the patch borders, the reversed domain
cannot expand and the corresponding hysteresis loop is
sheared.
In summary, a patchy film will show the following
effects if the saturation magnetization is large, the patches
are small (compared to the film thickness), and the exchange on the patch borders is weak. When an in-plane
external field is applied to such a film, the reversed and
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-2

0

H, (kOe)
FIG. 6. &f= as a function offi, for the patchy film described in Sec. II. This
curve has a poor squareness because there is no exchange coupling on the
patch borders.

(b)

FIG. 5. Demagnetization under perpendicularly applied fields HI for the
patchy film described in Sec. 11. (a) Two smaI1 patches are reversed for Hz
= - 750 Oe. The demagnetizing field helps reverse when only a few
patches are reversed. (b) About half of the patches are reversed for
Hz = - 7 kOe. (c) Under H, = - 13.5 kOe there are still two unreversed patches, since the demagnetizing field is against the reverse.

616

COMPUTERS

IN PHYSICS,

VOL.

6, NO. 6,

NOV/DEC

1992

unreversed patches will respond differently, causing the
M, - H, curve to be steep at weak H, and flatter at strong
H., . When a perpendicular field is applied opposite to the
magnetization ( - 2 direction), the demagnetizing field
helps the external field to make the first few patches reverse, but will make it harder to fully saturate the film in
the - Z direction.
The demagnetizing effects may play a role in the
M, - Hvy and M, - H, behaviors of a multilayered Co/Pt
film studied by Hajjar, Mansuripur, and Shieh in magnetoresistance measurements.” The Co/Pt film has a saturation magnetization Iw, = 410 emu cm - ‘and is believed to
have polycrystalline structures. The observed M, -H,
has a steep slope for weak U, and it becomes flatter with
increasing lJX. The observed ~44~- Hx curve has a shoulder at H, N 3 kOe. Below this field the curve is repeatable
and has a shape which can be described by the StonerWohlfarth theory. Above that shoulder point, the curve is
not repeatable. These features agree qualitatively with the
simulation curves shown in Fig. 4. In contrast to Fig. 6, the
observed &fZ - Hz curve has a good squareness. This difference between the experiment and the simulation results
from the assumption that there is no exchange on the patch
borders. Comparing Sets. III and IV with Appendix C, we
will see that a weak exchange (e.g., 20%) on the patch
borders is enough to produce a perpendicular hysteresis
loop with sharp squareness, but it will not cause much
change in the in-plane LM - H curves. When we allow the
simulated patch borders to have a weak but nonzero exchange, both the in-plane and perpendicular magnetic behaviors agree qualitatively with the observed curves.
III. PATCHY FILM WITH RANDOM EASY AXES
In Sets. I and II the easy axes are oriented randomly from
site to site on the original hexagonal lattice. However, since

the exchange energy for each dipole is much stronger than
the anisotropy energy, the dipoles are tightly coupled in
one dir&ion and do not feel the individual easy axes. Specitically, the exchange energy of a dipole interacting with
its six nearest neighbors in the hexagonal lattice is equal to
2J%i,h, and the anisotropy energy is equal to $a’hK,/2.
For a = 10 A, A, = 10 ’ erg cm ~.’ and K, = 10” erg
c*n .- 3 ) the exchange energy is about 40 times the anisotropy energy. In this case, the dipoles only feel the average
easy axis of the patch, which is perpendicular to the film
plane. The site-by-site randomness is averaged out, causing
only a reduction of the average anisotropy constant.
In this section we investigate a patchy film in which
the easy axes are along the same direction in each patch but
are different from patch to patch. In the next paragraph we
will show that for this film the exchange coupling at
borders of a patch is comparable to the anisotropy energy
ofthe whole patch and it cannot bring the dipoles in different patches to align. Therefore, the random orientations of
the easy axes will not be averaged out. We want to study
how such a random anisotropy may affect the magnetic
properties.
The patchy film is specified as follows. The film thickness h = 500 A, the saturation magnetization M, = 100
emu cm- ’ , and the anisotropy constant K, = 10” erg
cm. ‘. The anisotropy axes are oriented in the same direction within each patch, but they are randomly oriented in
different patches in a 45” cone about the film’s normal direction. The film contains 441 complete patches with random shapes and sizes. The exchange stiffness coefficient
A A”= 10 ’ erg cm - ’ within a patch and A, = 0.2 x 10 - ’
erg cm ’ on the patch borders. The average dimension of
the patches is about 110 A, which is comparable to the
domain wall width rrXIAl/K, cy 100 A. Now we estimate
the ratio of the exchange energy at the patch borders to the
anisotropy energy for an average patch. Assume that the
patch is.,square in shape and its side has a length of L,
= 110 A. Then the exchange energy around the patch border if 4L,A,h /a (where A, is for the borders), while the
anisotropy energy of the patch is about LzhK,. Using the
values given above, the ratio of the exchange energy to the
anisotropy energy is close to one (0.73). This amount of
exchange energy cannot make the dipoles on different
patches to be parallel. The patches will thus move more or
less independently under given external field, leading to
incoherent and irreversible processes. In the following we
present the simulation results. Results based on a statistical
Stoner-Wohlfarth theory will be presented in Appendix C,
where we first apply the Stoner-Wohlfarth theory’“,‘” to
each individual patch and then find the average magnetization for all the patches.
To obtain various M - H curves, we applied, respectively, an in-plane field, a perpendicular field, and a rotating Geld to the film. In the former two cases the applied
field strength is increased from zero at a rate of 100 Oe
ns ’. In the third case we keep the amplit.ude of the field to
be constant and rotate the field vector at a rate of lo” ns - ’.
Except in the vicinity of the critical point, the rates are slow
enough to allow the magnetization state at any time to be
actually the steady state under the corresponding constant
field.

Figure 7 shows the magnetization states under the inplane applied fields H,. The film is initially saturated in the
+ 2 direction. Then we let it evolve under zero field to the
remnant state as shown in Fig. 7(a). Different colors indicate the magnetization vectors are along different directions, because the patches have different easy axes. The
average magnetization of the remnant state is equal to
M rem = 94.5emucm ’ , which is smaller than the nominal
value of the saturation magnetization MS = 100 emu
cm - ‘. The blue patches are of particular interest, because
their easy axes are near the vector (x,y,z) = ( - l,O, I),
which has a 135”angle with the applied field. According to
the Stoner-Wohlfarth theory,‘O*” the magnetization vectors of these patches will jump discontinously towards the
vector (x,y,z) = ( l,O, - 1) at H, = OSH,, where H,
stands for the effective anisotropy field. Since the magnetization vector will not return to its original state as the field
is decreased, the jump
is irreversible.
Using
H,+ -2K,/Ms
- 47rM, = 19 kOe (the approximation
comes from the fact that the local easy axis is not perpendicular to the film plane), the jump should occur at about
H, = 9.5 kOe, if there is no exchange between the patches.
For patches having easy axes in other orientations the jump
requires a higher H,. In the patchy film this field can be
reduced or increased, depending on the easy axes of the
neighboring patches. Figure 7 (b) shows the magnetization
state under H, = 5.9 kOe. Up to this tiled strength, all the
magnetization vectors move continuously toward the + X
direction. Figure 7(c) shows the magnetization state when
H, is increased to 7.4 kOe. Now several patches become
dark red, indicating that the magnetization vectors of the
patches have experienced the jump. These patches were
blue in the initial state. The jumps result in an abrupt increase in M, and a decrease in M,. At this point the rotation of the magnetization becomes irreversible; i.e., it will
not return to the initial state when H, is reduced to zero. As
H, is further increased, more jumps occur. Figure 7(d)
shows the state under H, = 8.7 kOe. Due to the exchange
coupling, a jumped patch will induce jumps in the neighboring patches, thus leading to nucleations around the initially blue patches.
We continuously increased H, from 0 to 12.5 kOe.
Figure 8 (a) shows M, M,, and M, as functions of H, . Here
we see that M, first increases linearly with increasing H,x.
In the linear regime all the magnetization vectors move
continuously toward the applied field. Figure 8 (b) shows
the magnified M and M, curves of Fig. 8 (a). Here we see
that, since the dipoles are better aligned when the field is
increased, the amplitude of the average magnetization increases with the increasing applied field. Neglecting this
increase will cause an error in the measurement of (K,).
We will come back to this point later. Then the M, - H,
curve shows steeper slope, corresponding to the jumps of
some patches. The jumps lead to an increase in M,, but a
decrease in M,. Now the demagnetization begins and the
process becomes irreversible. The drop in M indicates that
the movements of the magnetization vectors are highly incoherent. They align again in the -+ X direction when H, is
sufficiently high. It is interesting to notice the small cascades in the M, - Hz curve. These cascade plateaus occur
when the reversed and unreversed magnetization vectors
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(b)

(d)

FIG. 7. Magnetization state under in-plane applied field H, for the patchy film described in Sec. III. ia) The remnant state. (b) The state at I<% = 5.9
kOe. Up to now the magnetization vectors have moved continuously with increasing EZx. (c) As H, is increased to 7.4 kOe, some of the initially blue
patches become dark red, indicating that the discontinuous jump described in the Stoner-Wohlfarth theory occurs. (d) As IY, is increased to 8.7 kOe, all
the initially blue ydtches have passed the jump point and become dark red.

rotate toward the in-plane applied field. One increases MT
and the other decreases MZ, leading to the plateaus of the
cascades.
Since it behaves smoothly in the low field regime, the
observed Mz vs fi, has been suggested to be used to measure the anisotropy constant.‘” In this approach the magnetization in the remnant state Mre,n is treated as saturation
magnetization and the angle between the magnetization
and Z axis is calculated by the relation M, = M,,, cos O,, .
The best fit between the experimental data and the StonerWohlfarth theory (which ignores the nonuniformity of the
film) gives anisotropy constant (K,). However, the mea-
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surements of the multilayered Co/Pt and Co/Pd samples
showed that (K,) measured in this way is usually several
percent larger than that measured by using a rotating
field.” Now we take the simulated M= (H, ) curve as given
data, and use the Stoner-Wohlfarth theory”’ to match it.
The best tit between the simulation curve and the theory for
Km = 94.53 emu cm - ’ in the range of O< 8, < 15”, which
corresponds to O<H, g5 kOe, yields (K,) = 1.0~ 10’ erg
cm ,-.3 . Later we will compare this value with the simulations that usesa rotating field, and explain why (K, > found
by using an ion-plane field is higher than its actual value.
Now we discuss the case of applying a perpendicular
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FIG. 8. (a) In-phme M
Wcurves for the patchy film described in Sec.
III. The point at which &f,, increnses and &fz decreases at a steeper slope
marks the occurrence of the discontinuous jumps in some patches. The
.W=curveshows cascades. (K,) found by the best tit ofthe M, - H, curve
is equal to LOX 10” erg cm “. ’. (b) Enlarged M and h-f: curves shown in
(a) for 0 i: H, =ZZ
5 kOe, showing M increases with increasing H,,

field Hz. We start from the remnant state shown in Fig.
7(a). Since some easy axes are 45” away from Z axis, the
minimum field for the discontinuous jump to occur is again
about 10 kOe. Figure 9(a) shows the state at Hz
Liii
state has
10335
Oe. The magnetization
lc$: = 0.83Mr and is still close to the remnant state (where
~%-f~
= 0.95&&). As t,he field is increased slightly further to
Hz = - 10 360 Oe, a reversed domain centered at an initially blue patch occurs, see Fig. 9 (b) . The domain soon
expands to the whole film, so the hysteresis loop has a very
high squareness; see Fig. 10. This is expected because the

(bl
FIG. 9. Magnetization state under perpendicular applied field Ii, for the
patchy film described in Sec. III. Hi is changed from zero at a rate of
- 100 Oe ns - ’I (a) The magnetization vectors move continuously to the
tihn plane as Ii, is changed to - 10335 Oe. (b) As II, is increased to
- 10360 Oe, a domain is reversed. It will expand quickly to the whole
film, so that the hysteresis loop has a very sharp squareness.

wall motion coercivity is usually much lower than the nucleation coercivity (e.g., in the film discussed in Sec. I the
wall mot.ion coercivity is less than 2 kOe), unless severe
barriers exist to wall motion.
Another common situation in magneto-optical measurement is that an external field with constant amplitude
H,,, is rotated about the film. Recent measurements on the
multilayered Cd/Pt and Co/Pd films showed that in this
case the measured anisotropy constant (K,) is generally
smaller (by up to 10% ) than that measured by applying an
in-plane field. Now we simulate this situation. W7e start
from the remnant, state shown in Fig. 7(a). In the first run
we let He,, = 7 kOe and let the field rotate from the + 2 to
- Z direction in the X-Z plane. Figure 1 I (a) shows the
magnetization state for o = 98”, where CLis the angle between the field and the Z axis (a = 90” means that the tield
is along X). Here we see that several initially blue patches
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FIG. 10. Perpendicular hysteresis Ioop for the patchy film described in
Sec. III. The loop shows a sharp squareness even if the exchange on the
patch borders is 20% of the nominal value.

[see Fig. 7(a) ] become dark red, indicating that they have
a negative M, component. These patches have experienced
the discontinuous jump as described by the Stoner-Wohlfarth theory. Figure 11 (b) shows the state for cy = 118”,
where more patches are reversed around the dark red
patches shown in Fig. lO( a). Few changes take place in the
initially red patches, where the easy axes are near to or
along the vector (x,v,z) = ( l,O, 1 Y. This is expected from
the Stoner-Wohlfarth theory, because the angle between
the easy axes and the field are not large enough to cause the
jump. As the field is further rotated toward the - 2 direction all patches reverse, because the Z component of the
field exceeds the wall motion coercivity.
We also did the simulations for H,,, = 10, 15, and 20
kOe. M, M,, and MZ as functions of the field angle a for
different II,,, are plotted in Fig. 12. The different depths of
the dip in the function M( CT)show that the magnetization
vectors of the patches move more coherently for H,, = 15
and 20 kOe, but less uniformly for H,,, = 7 and 10 kOe.
The reason is that the randomness of the easy axes, which
tends to cause the incoherence, is suppressed in the cases of
strong external fields. Now we use the Stoner-Wohlfarth
theory to match the four M,(a) curves. Since there are
random easy axes, the magnetization M is not a constant,
but a function of the field amplitude and direction. As in
the experiment we use M(H,,,, LY= 0) as the saturation
magnetization, which is the average magnetization when
the applied field is along the + Z direction, and use
J,-fz= Mm,,, , a = 0)cos 0, to calculate 0,. Obviously,
due to the alignment of the dipole moments along the field,
M(H,,, , Q = 0) is larger than iw,, . But the magnetization
then does not change as the field rotates; see Fig. 12(e).
Therefore, the motion of the magnetization is more coherent and can be better described by the Stoner-Wohlfarth
theory than in the case of applying an increasing in-plane
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(b)
FIG. 11. Magnetization states for rotating field with H,,, = 7 kOe for the
patchy film described in Sec. III, (a) a = W, where u is the angle between the field and Zaais. The initially blue patches as shown in Fig. 7(a)
first become dark red. f b j u : 1184 The reversed patches serve as nucleation centers. The initially red patches are most difftcult to reverse.

field. For the four cases in Fig. 12 we have M (7 kOe,
00) = 96.75, M( 10 kOe, 0”) = 97.32, M( 15 kOe,
0”) = 98.00, and M(20 kOe, 0”) = 98.46 emu cm ‘,
which are about 2% to 4% larger than iw,,,,, = 94.53 emu
cm-‘. For 0~0,~ G 1Y, the four Mi (cy) curves in Fig. 12
(a)-(d)
are best fitted by (K,) = 0.89, 0.91, 0.92,
0.91 X 10” erg cm - ‘, respectively. These values differ
slightly from each other, but they are about 10% smaller
than the value (KY,) = 1.0~ 10”erg cm-; found from the
simulation curve under the in-plane applied field. This is
the same difference as observed in the measurements. Since
the motion of the dipoles is more coherent under rotating
field, K, measured in this case is more accurate. In contrast
to the case of rotating field, the average magnetization amplitude Min the case of in-plane applied field increases with
the increasing field; see Fig. S(b). If one neglects this in-
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crease and still uses M, = M,, cos 0, to calculate 0,)
one would get a 0, which is smaller than the real angle
between the magnetization vector and the + Z axis, and
hence, obtain a (K,) which is larger than the actual anisotropy constant.
In summary, the film with easy axes oriented differently from patch to patch and with weak exchange on the
patch borders has the following properties. In the case of an
in-plane applied field, M, first increases linearly with the
external field. In this linear regime every patch moves continuously with the external tield. As the field is increased to
a certain value, which can be estimated from the statistical
Stoner-Wohlfarth theory (see Appendix C!), the jump of
magnetization vector in some patches occurs and the film
begins to be demagnetized. The jump increases M, but decreases M2 discontinuously, leading to a steeper slope in
the M, -H,
and M, - H, curves. After the jump the
M - Hcurve becomes irreversible. For even larger f1&, the
jumped patches begin to align towards the applied field,
leading to cascades in M,. When an external field is applied
in the - Z direction, the patch with the anisotropy axis
farthest away from Z will reverse at first. It then serves as a
nucleation center and expands to the whole film, so that the
hysteresis loop has a very high squareness. Therefore, the
patch character can manifest itself stronglv in the in-plane
M - H curves, but weakly on the perpendicular hysteresis

pm,)

=

r arctan Km - K‘
[
r
- arctan

,.,niK,,l

loop, except that it reduces the critical nucleation field. In
the case of rotating field, the measured (K,) is a better
representative than that measured with an in-plane field,
especially when the rotating field has a large magnitude.
IV. PATCHY FlLM WITH RANDOMANISOTROPYCONSTANT
In this section we study a film where all the patches have
perpendicular easy axes, but the values of K, are different
from patch to patch. As will be seen, the M, - H, curve in
this film shows a steeper slope for small Ii, and the coercivity H, is smaller than the average anisotropy field, both are
common features of many magnetic materials.
The film has a thickness of h = 500 A and a saturation
magnetization of M, = 100 emu cm 3. It contains 9 1
patches of randomoshapes and sizes, with an average dimension of 250 A. The exchange stiffness constant
A, = lo-’
erg cm-’
within
the patches and
A, =0.4X 1O.e.7erg cm ’ on all the patch borders. The
easy axes are randomly oriented from site to site on the
original hexagonal lattice within a 45” cone, but the effective easy axis of each patch is still perpendicular to the film
plane, as was explained at the beginning of Sec. III. The
anisotropy constant is set randomly from patch to patch,
following a truncated Lorentzian distribution of probability given by
’

,l +(“I

,KcbJ21 y for L,,,~Kl~k’,,z,,.

(31

c
This Lorentzian is peaked at K,, truncated at K,,i,, and
Km,, [i.e., p(K,) = 0 for K, outside (K,,,, ,K,,, ) 1, and
has a half-height-width of r. In the present case we have
used Kc = 10” erg cm”‘,
Kn,it, = 2~ lo5 erg cm V-j,
K man = 1.8 X 10“ erg cm - ‘, and I’ = 10’ erg cm .- ‘. The
corresponding smallest Ii,,, = 2K,/M$ is 4 kOe and the
largest Hsni is 35 kOe.
We applied, respectively, an in-plane field, a perpendicular field, and a rotating field to the film. In the former
two cases the applied field strength is increased from zero
at a rate of 100 Oe ns ’. In the third case we keep the
amplitude of the field constant and rotate the field vector at
arateof 10”ns ‘.
Figure 13 shows the magnetization states under the
in-plane field I-i,. The remnant state has iM, =0.999M,,
indicating that each patch has a perpendicular easy axis. In
other words, the site-to-site randomness of easy axes is
averaged out due to the strong exchange coupling. Thus the
anisotropy of the patches differs only in values. The effective anisotropy field Hk in the patch of the lowest value of
Ha,,i = 4 kOe is equal to Hk = 0.727H,,, - 4mbf, = 1.7
kOe, where the factor 0.727 is derived in Appendix A. Similarly, in the patch of the strongest Ha,, = 35 kOE, we have
HA = 24.2 kOe. If the patches are totally disconnected, we
expect that each patch would move independently and the
one of the lowest Hk would lie entirely in the plane of the
film as H, is increased to about 1.7 kOe, according to the
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Stoner-Wohlfiarth theorv. However, from the snapshots of
the magnetization states-in the simulation, we see that this
happens at a tjeld strength of 4 kOe. Figure 13 (a) shows
the state for 11X = 4.4 kOe. This increase is caused by the
interaction with the neighboring patches of higher Hani.
Figure 13 (b) and(c) shows the magnetization state for [1.X
7 10.6 and 17.0 kOe, respectively. There we see that the
patches falling into the film plane in Fig. 13 (a) also bring
some neighboring patches moving toward the plane.
Therefore, the patches that at the earliest move toward the
film plane serve as a nucleation center, which grows with
the increasing field. At about E1.%= 20 l&e, ail the magnetization vectors fall in the film plane. The growth of an inplane domain did not occur in the patchy film with random
easy axes discussed in Sec. III. Apparently, the random
easy axes produce forces in different directions and make
the wall motion harder.
Figure 14 shows M, M%, and Mz as functions of R, . In
the weak field regime the magnetization vectors turn coherently from the + Z direction to + X direction, and the
M, - Ji, curve is a straight line, as predicted by the Stoner-Wohlfarth t.heory. The movements of the magnetization vectors become apparently incoherent at about
II, = 4 kOe, which exceeds the effective H, of some
patches as manifested in Fig. 13 (a). The incoherence is
also marked by the dip in &f. Sin&e the magnetization vectors that already fall in the film plane will not increase their
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FIG. 14. In-plane .M - H curves for the patchy film described in Sec. IV.
The M, - H, curve shows a common slope observed in many magnetooptical thin films. The best tit of the M, - H, curves with the StonerWohlfarth theory gives (K,) = 0.55 x lo6 erg cm -- 3.

(b)

FIG. 13. Magnetization state under in-plane applied field H, for the
patchy film described in Sec. IV. The film is initially saturated in the + 2
direction. (a) The magnetization state at H, = 4.4 kGe. The magnetization vectors in patches with smaller K, fall in the plane of the film; see the
deeper red patches. (b) The state at H, = 10.6 kOe. (c) The state at
Itx = 17.0 kOe. We see that the in-plane domains are connected to each
other.

X components, the slope of the Af, - H, curve becomes
smaller. This change of slope is a commonly observed feature of many M, - H, curves. The best fit of the M, - H,
curve in the range of O<H, ~3 kOe (the angle between the
magnetization vector M and + Z is smaller than 20“) with
the Stoner-Wohlfarth theory gives (K,) = 0.55 X lo6 erg
cmw3, which corresponds to an average Hk of 9.7 kOe.
When a perpendicular magnetic field is applied in
the - Z direction, the film shows a simple behavior. Nothing changes before the field reaches the critical value~of
about Hz = - 4.3 kOe. Figure 15(a) shows the magnetization state at Hz = - 4.4 kOe, at which a reversed domain appears. This domain expands quickly until the
whole film is reversed, see Fig. 15 (b). Therefore, the perpendicular hysteresis loop has a sharp squareness at the
critical field; see Fig. 16. Here we see that the nucleation
coercive field H, (i.e., the critical field of reversal) is determined by a patch of the smallest effective anisotropy field
[around 4.4 kOe), and is smaller than the average H,
= 9.7 kOe of the film.
Now we consider the case of rotating the external
field. We start from the saturated state. In the first run we
let He,, = 5 kOe and let the field rotate from + Z to the
- Z direction in the X-Z plane. Figure 17(a) is the magnetization state for a = 90” (i.e., the external field is along
+ X), in which several in-plane domains appear. Figure
17(b) shows the state for a = 1 lo”, where a lot of patches
which are connected to the in-plane patches in Fig. 17(a)
are reversed because the field has a large enough - Zcomponent. This domain expands quickly to the whole film as
the field is further rotated to a = 120” (not shown). This
expansion of domain causes a sharp drop in the M, (a)
curve, as can be seen in Fig. 18 (a). We also did the simulations for He,, = 10 and 15 kOe. The M, M, ) and A4, as
functions of the field angle a for H,,, = 5, 10, and 15 kOe
are plotted in Fig. 18. The different depths of the dip in the

COMPUTERS

IN PHYSICS,

VOL.

6, NO.

6,

NOV/DEC

1992

623

(a)

(b)

(b)
RG. 15. The magnetization state under perpendicular applied field Hz for
the patchy film described in Sec. IV. The lattice is initially saturated in the
+ 2 direction. (a) A domain is formed at Hz = - 4.4 kOe. (b) The domain expands quickly to the whole film, so that the hysteresis loop is very
sharp at the critical point.
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FIG. 16. Perpendicular hysteresis loop for the patchy film describcvi in
Sec. IV. The hysteresis loop shows a high squareness,
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FIG. 17. Magnetization states for the patchy film described in Sec. IV
under rotating tield with He,,, = 5 kOe. (a) Several patches follow the
rotating field and fail in the film plane at a = 90”. (b) Many patches are
reversed as the field is rotated to a = 1 lo”, most of which are connected
with the first reversed patch. The function ‘W, in) at this point shows a
sharp drop.
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function M(cx] show that the magnetization vectors move
more coherently for stronger field. The reason is that the
randomness of the anisotropy constants which tends to
cause the incoherence is suppressed by the strong field. The
best fit between the M, (a) curve shown in Fig. 18 and the
Stoner-Wohlfarth
theory
O<B,g15
for
gives
(K,) =0.56, 0.60,and0.62~10~ergcm-~
for Helt =5,
10, and 15 kOe, respectively.
En summary, the patchy film whose patches have perpendicular easy axes but different anisotropy constants has
the following properties. In the case of applying an in-plane
field, the M, - H,r and n-l, - H, curves change slopes
when H, exceeds the effective anisotropy fields of some
patches. For even larger Ii, the M, - H, curve becomes
flatter, since these patches can no longer contribute to M,,.
In the case of applying a perpendicular field, the film shows
a hysteresis loop of high squareness at the coercivity Ii,,
which corresponds to the smallest effective H,. of the
patches. (K,) obtained in the case of rotating field depends

on the field strength: The stronger the field, the bigger the
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amplitude &, for the patchy film desribed in Sec. IV. (a) ff,,, = 5 kOr.
ib) If,,, = 10 kOr. (c) ?fe;,,,-- 15 kOe. (K,) found by the best fit of
&&.(a) with the Stonep-Wohlbrth theory is equal to O.Sh, 0.60, and
0.62:i~lO”ergcm
’ for [a)-(c), respectively.

We have studied four different patchy films which show a
wide variety of magnetic phenomena. The shapes of
M - H curves and hysteresis loops depend on the assumed
patchy structures, for example, the drop in MI - H, curve
can be caused by the randomness in easy-axis orientations
and the slope change in M.X - H, curve by the dispersion
of the anisotropy constants. The details of the features of
each patchy film have been summarized at the end of the
sections. In addition to those features that are closely related to a particular patchy film, the following general conclusions may be drawn from these dynamic simulations. (i)
The spatial dimension of the inhomogeneities of anisotropy
must be large enough to cause incoherent and irreversible
magnetic processes. The critical dimension can be estimated as follows. Consider a circular patch of radius r and
height h (the film thickness). The anisotropy energy of the
The exchange energy on the
cylinder is equal to &hK,.
cylindrical surface is equal to the number of atoms on the
surface times the exchange energy per pair of atoms. The
number of atoms on the surface is approximately equal to
2nrh /d ‘, where d is the atomic diameter, and the exchange
energy per pair atoms is approximately equal to d-A,%.
Therefore, the exchange energy on the surface is about
2rrrhx4,/d. The patch can show its anisotropy only if the
anisotropy energy is comparable to or larger than the exchange energy. This requires that r>2A,/dK,.
For typical
values of A, = lo7 erg cm ’ , K, = 10’ erg cm ~..‘, and
d = 4 A, it requires r>500 A. In reality, the surface of the
patch (the cylindrical surface) could be the gap between
two columnar structures and the actual exchange stiffness
constant ii, could be well below its nominal value. Therefore, the critical patch size could be smaller. (ii) In the
presence of patches or inhomogeneities, where the patch
borders may even have weak (but nonzero) exchange stiffness constant, the perpendicular hysteresis loops still have
sharp squareness. In contrast to this, the in-plane M - H
curves are more sensitive to the patch structures. The reason is that the domain wall is hard to move under in-plane
applied fields. We may thus conclude that the in-plane
M - H curves contain more information about nanoscale
structures. (iii) The amplitude of the average magnetization is not always a constant. It can vary within a few percent with the applied field strength, even though the motion of the dipoles seems to be coherent. Neglecting this
change can introduce errors in measuring the anisotropy
constant.
Although there is little direct information available
about patches in magneto-optical thin films, the various
incoherent movements of magnetization, the different
kinds of irreversible magnetic reversals, and the deviations
of the observed M - Ii curves and hysteresis loops from
the Stoner-Wohlfarth theory strongly suggest that there
are certain inhomogeneities in magneto-optical thin films.
The idea of patchy film presents a model for describing the
inhomogeneities. At this stage, the large-scale computer
simulations become the only tool to single out each specific
mechanism for the observed discrepancies which are uuexpetted in the framework of uniform and homogeneous
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magnetic structure and the coherent rotation theory of
Stoner and Wohlfarth.
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APPENDIXA:

<K,>FOR LATTICEWITH RANOOMEASY AXES

In the following, we assume that all the sites of the lattice
have thesame anisotropy constant K,, but the easy axes are
oriented randomly. The probability density for an easy axis
to orient in the (S,,$, j direction is given by p( Q,,#, j,
where 0, and 4, have been defined in Sec. 1. The probability density satisfies the normalization condition
17 zr;
p(B,,$,)sin 0, &, dd, = 1 .
(Al)
ss0 I)
The problem we will solve is the following: If all the dipoles
are parallel aligned due to the exchange coupling, what is
the macroscopic anisotropy?
Denote the unit vector along the magnetization direce,,, = sin ~9,~cos Qlme, + sin 8, sin #,,,e,
tion
by
+ cos 6,e, (see Fig. 19) and the angle between the easy
axis at a given site and the magnetization vector by 8, __m.
The anisotropy energy density at this site is then given by
Ea,,i = K, sin’ 0, _ n,.

(A21
Since sin” 0, ,,, = 1 - (e;e, j’, where e, is the unit vector along the easy axis direction as introduced in Sec. I, the
average anisotropy energy density is
(Ea,,i) = K, *j ‘*[ 1 JS0 0

CA31

jsin 0, d0, .

Jo

Now we apply Eq. (A5j to the situation described in
Sec. I, where we assumed that S,, has an equal probability
in (O,O, j, where 0, is defmed as the cone angle, and, indepndcmt~v, 4. has an equal probability in (0,2nj. This
probability density distribution is given by
pCB,,,4, j = (2n0, sin 0,)

,
(A61
and outside (O,O, ) the probability density is equal to zero.
It is easy to check that EZq.(A6 j satisfies the normalization
condition Eq. (A 1j and leads to equal probability for each
equal interval of 0,. Inserting Eq. (A6) in Eq. (A5), we
fmd

‘,

for

6),~(0,0,)

1 jctu,

f +3
sin(20,)
.
PJi
m,,
[
1
This equation shows that the average anisotropy axis is
perpendicular to the film plane. For 0,. = 45”, we have
=k’,

(K,)

= 0.727K,.

It should be emphasized that Eq. (A7j is valid when
all the dipoles are perfectly aligned in the same direction.
This assumption holds very well for lattice with site to site
randomness, as is the case in Sets. I, II, and IV, because for
each sit.e the exchange energy usually is much stronger
than the anisotropy energy. However, in the case of Sec.
III, this assumption does not hold, because each patch has
a different anisotropy axis and theexchange coupling is not
strong enough to align the magnetization vectors in different patches. Therefore, we cannot use Eqs. (A3) or (.47 j
to calculate the average anisotropy in that case.

FIG. 19. Definitionsofthesphrrical
angles (O,,qS,),wheree, withi;
a, ITI
denotes the unit vector along the easy axis and the magnetization direction, respectively. The A’-I’plane is the tilm’s plane.
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Now we assume that p( 0, ,4, j does not depend on the azimuthal angle +,, i.e., we assume that the local anisotropy
axes are oriented symmetrically about the film’s normal
direction. But, to remind thatp is a probability density with
respect to the solid angle, we stil1 symbolically write $a as a
variable. Under this assumption, the integration over 4,
can be carried out and we obtain
IT
(3 co?? Qa - 1)
(Em, > = ,nK, sin” 8,
s0
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APPENDIXB: DEMAGNETIZINGFIELDON A CIRCULARPATCH
To find out how the demagnetizing field on a patch is related to the size of the patch and the film thickness, we consider a circular patch of radius r and height h, where h is the
film thickness. We assume that the magnetization outside
the circular path is saturated in the + 2 direction. Under
this assumption the demagnetizing field on the circular
patch can be completely attributed to the bound current
circulating on the cylindrical surface of the patch. Accord-

ing to Ref. 17, the surface current density J, in the Gaussian unit system is given by
J, = CM> ,

(Bl)

where c is the velocity of light and iw, is the saturation
magnetization. The current is rotating around the - Z direction. For any point on the axis of the cylinder, which can
be specified by 8, or O2as defined in Fig. 20, the magnetic
field produced by the surface current is”
B =
=

_ (21~J,/‘c) (cos 8, + cos 02)
_ 25-M, (cos 8, -+ cos &)ez

.

(B2)

The average field over the axis of the cylinder (i.e., over the
thickness of the film) is thus given by
(B) = _ 2n-Mv iIh(cos
19,+ cos 8,)dzeZ . (B3)
,
This integration can be easily carried out and the final result is
(B) = - [4&f~tr/(Y+,~2)]e,.

(B4)
This is the average field along the cylinder axis. We take it
as an approximation for the average field over all the cylinder. Pt is easy to check that in the limit h 9 r, the field goes to
- Qmbfv and in the limit h&r, the field goes to zero. Therefore, the smaller the patch and the thicker the film, the
stronger the demagnetizing field. Since we have assumed
that all the part outside the patch is magnetized in the + Z
direction, the result is valid in the case where only a few
patches are reversed.
For the patch iattic? discussed in Sec. II, where the
film thickness is 1000 A, the saturation magnetization
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APPENDIX C: STATISTICAL STONER-WOHLFARTHTHEORY
Now we want to see how far we can go with the StonerWohlfarth theory if the film is made of patches. We assume
that the patches have equal dimensions and are independent from each other; i.e.? there is no demagnetizing field
and there is no exchange coupling among the patches. For
each individual patch, let (6, ,$,, ) be the direction of the
anisotropy axis, (8, ,$, ) the magnetization direction of
the patch and (8, ,4/t ) the direction of the external field;
i.e., let
e, = sin 8, cos cPie, + sin 19~sin $b;e,,+ cos oieZ ,
i = a, m, k.

(Cl)

Then the magnetic energy density for a patch with given
e ,,,, e,,, and eh is
E= -HextJJ3(eh*e,)
-K,(e,;e,)‘,
where Hext is the strength of the external field. Numerically, it is easy to find out the local equilibrium direction e,,, by
finding out the local energy minimum. This equilibrium
orientation depends on e,,, eh, K,, He,,, and the initial direction of the magnetization vector e!,(j); i.e.
1.
CC3)
em = e,,, (e,,eh,e!‘~‘,K,&,
Now we consider two kinds of random anisotropies,
corresponding to the patchy films discussed in Sets, III and
IV. In the first case we assume that the easy axes are oriented randomly, following a probability distribution density
p (8, ,$(, ) as given by Eq. (A6) with 0,. = 45”. Thus, for the
ensemble of the patches, the average magnetization is given
by
277
M=M,
r
e,, (e, ,e,,eC’,K, Jf,,, 1
IsI, 0
?+J (O,, ,4,, ) sin 8, de, ddu .

h

I ’
I
’
I
I
I
I

f

J.f, =410emucrn3,
using 50 A as the average radius of
the patch, then, according to Eq. (B4), the demagnetizing
field on an average patch is approximately equal to 4.9 kOe.
This field makes the film easily demagnetized and changes
the shape of the M - N curves.

\
\
\
1

+=I+FIG. 20. Definitions offl, and 0,. The demagnetizing Aeld on the circular
patch produced by the rest part of the tilm which is perpendicularly magnetized in the t Z direction is equivalent to the field produced by a surface current density J, : CM< rotating about the
2 direction.

cc41

In calculating Eq. (C4) we let e,,,
(“) be initially in its corresponding easy axis direction and have a positive Z component. Then? as the field H,,, is increased, we let the equilibrium state for one value of H,,, to be the initiat state for
next value of&.,, . Figure 2 1 (a) and (b) shows the in-plane
and perpendicular M - Ii curves calculated from Eq.
(C4). In comparison with the simulation result Fig. 8, we
find that the Stoner-Wohlfarth theory produces the main
features of the in-plane M - Hcurve, e.g., the similar slope
changes in Jf.< - If., and in &f, - Ei, curves. Figure 2 1 (a)
does not show any cascades in the &fZ - EJ.Kcurve, because
in Eq. (C4) P(B,,#~ ) is acontinuous function, while in the
patchy lattice it is actually a step function due to lack of
sufficient number of patches. The similarities between the
simulation result and the present statistical Stoner-Wohlfarth theory shows that, for the lattice with the random
easy axes on the patches and with 20% exchange on the
patch borders, there is no domain wall motion when an inplane field is applied to the film. That is, each patch is not
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ropy energy density constant K, ). Figure 22 (a) and (b)
shows the in-plane and perpendicular M - W curve, respectively, where H,,,i is the maximum anisotropy field
strength. The anisotropy field strengths are distributed homogeneously from 0.5 Ei,,i to N,,,, . This distribution is not
the same as we discussed in Sec. IV. In comparison with
Fig. 14, we find that the slope change in the M, - 17, curve
is similar; i.e., it is steep for weak field and becomes flatter
for stronger field. The reason is that when the magnetization vector of a patch falls in the plane of the film, this patch
will not contribute to the increase of the Xcomponent any
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FIG. 21. :M- Hcurves calculated from the statistical Stoner-Wohlfarth
theory for an ensemble of independent patches having different easy axes.
(a) The in-plane M - H curves. These curves are similar to those shown
in Fig. 8. (b) The perpendicular hysteresis loop. This loop is different
from Fig. IO. The similarity between (a) and Fig. 8 and the dissimiIarity
between (b) and Fig. lOshow that thecxchangeon thepatchbordersdoes
not cause coherent motion under the in-plane applied field, but it does
under the perpendicularly applied field.

too much influenced by other patches. However, the 20%
exchange on the patch borders has a strong effect on the
perpendicular hysteresis loop, as the difference between
Fig. 10 and Fig. 21 (b) shows. The dynamic simulation
result shows that the exchange on the patch borders is
strong enough to let the domain wall move under a perpendicularly applied field. Therefore, Fig. 10 shows a square
hysteresis loop.
In the second case we assume that the anisotropy axes
ofall the patches are in the + 2 direction, but with different value of the anisotropy field strength Halli (i.e., anisot-
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FIG. 22. The M - Hlcurves calculated from the Stoner-Wohltkrth theory for an ensemble of independent patches having different anisotropy
constants. (a) The in-plane M - H curves. These curves are similar to
those shown in Fig. 14, except that the M, _- Hs curve does not show a
sharp drop as in Fig. 14, which is caused by the expansion of the domain of
in-plane magnetization vectors. (b) The perpendicular M
H curve.
This curve is different from Fig. 16. The 20% exchange on the patch
borders in the case of Fig. 16 is strong enough to cause the reversed domain expand to the whole lattice.

more as the in-plane applied field is further increased. Figures 14 and 16 show that there are nucleations for both inplane applied field and perpendicularly applied field.
Therefore, for patches with perpendicular anisotropy axes,
the weak exchange on the patch borders may have strong
effects, so that the magnetic behavior can neither be described by the Stoner-Wohlfarth theory for a single patch
nor by that for an ensemble of independent patches. In this
case only the dynamic simulations provide correct results.
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