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Configurational stability and magnetization processes in submicron permalloy disks

Jonathan Kin Ha,* Riccardo Hertel, and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, 06120 Halle, Germany

~Received 8 August 2002; published 27 February 2003!

A finite-element micromagnetic approach is employed to study magnetization reversal processes in submi-
cron permalloy disks of various sizes, with diameter between 50 and 500 nm and thickness between 5 and 200
nm. The reversal is accomplished by a fixed-directional in-plane magnetic field. Depending on which
~meta!stable states are accessible in the magnetization path, various types of hysteresis loops are observed. For
example, for thin disks (,5 nm), the magnetization remains in an ‘‘onion’’~almost a single-domain! state
throughout the process, resulting in a square loop. For thick disks (.50 nm), the magnetization collapses to a
vortex state, resulting in a dumbbell-looking loop. For disks whose diameters are larger than 200 nm, the
magnetization can pass through some intermediate buckle state before collapsing to either a vortex or an onion
state. In all cases, the reversal process is dictated by the stability of the magnetic configuration. For some disks,
a rotational field is used effectively to reverse the magnetization and hence avoid the so-called configurational
anisotropy effect. The spread function is introduced to quantify the degree of nonuniformity of a magnetic
configuration. This quantity is particularly helpful in studying the evolution of a magnetic pattern by the action
of an external field.

DOI: 10.1103/PhysRevB.67.064418 PACS number~s!: 75.40.Mg, 75.60.Ch, 75.60.Jk
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I. INTRODUCTION

The so-called configurational anisotropy was introduc
by Schabes and Bertram1 in 1988 to explain the enhance
switching field in their simulated magnetic cubes~it was
higher than that predicted by the Stoner-Wohlfarth mode2!.
It was argued that this larger field, the field needed to ind
an irreversible jump to the reversed state, was due to
inherent property of the nonuniform magnetic pattern a
could be thought of as that from an anisotropy insofar as
magnetization process was concerned. But the associatio
this effect to an anisotropy is problematic because it does
play a role in determining the spin arrangement of the fer
magnet~which is more a consequence of it!, as does any true
source, such as that of crystalline or shape. Perhaps it w
have been more accurate to call itconfigurational stability—
and is so named hereafter—because it is really about
stability of a magnetic configuration, the barrier which t
external magnetic field needs to overcome to reverse the
rection of the magnetization. It should be made clear that
above-mentioned stability refers to that against the exte
magnetic field, andnot that of, say, thermal disturbance, fo
example.

Undoubtedly, configurational stability is the key in unde
standing magnetization processes in submicron ferrom
netic elements. The spins in such a confined geometric st
ture arrange in asingle, nonuniform pattern, like that of a
flower,1 C,3 or vortex state,4 rather than in an aggregate o
uniform magnetization or domains commonly seen in bu
and unpatterned thin films,21 like that of the Landau pattern.5

The adoption of a nonuniform magnetic pattern can give
to stability against the external field, as this will be explain
and illustrated in detail later in the paper. The important m
sage here, as part of the Introduction, is this: Unlike that i
bulk sample in which the magnetization process is do
nated by either wall motion or spin rotation or a combinati
of these two mechanisms,2,6 it is the stability of the configu-
0163-1829/2003/67~6!/064418~10!/$20.00 67 0644
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ration that dictates the magnetization process in a submic
element.

More specifically, this paper is about magnetization rev
sal processes in submicron permalloy disks using Brow
static micromagnetic approach.7 The circular shape is opte
to eliminate any in-plane shape anisotropy effect. This a
the exclusion of any intrinsic anisotropy in the permalloy a
efforts to show the effect of the configurational stability
simply and clearly as possible. The reversal process be
with the magnetization in saturation along the external m
netic field applied in the disk plane. The field direction r
mains fixed throughout the magnetization process, but
magnitude decreases and then increases in the directio
opposite polarity, typically in a step size of a few milli-tes
field or less. Depending on the sample size, different type
hysteresis loops are observed due to the presence of diffe
magnetic configurations in the magnetization process.
some disks, a rotational field of constant amplitude is u
instead for the reversal, and it has been proved successf
avoiding a certain magnetic configuration which would
undesirable for certain applications, even for the simple r
son that it would otherwise take too large of a field to ov
come the stability of the configuration. To quantitative
measure the degree of nonuniformity of a magnetic confi
ration, the spread function~SF! is introduced and is particu
larly useful in tracking the evolution of a magnetic pattern
the action of the external field.

Another point worth mentioning here is that the study
the magnetization processes in submicron elements is
rently a hot research topic. It has received much attent
particularly in the past few years from both experimentali
and theoreticians, and rightly so for many reasons, am
which are that~i! these magnetization processes represe
new genre of magnetization process for the reason m
tioned above and hence are interesting in themselves,~ii ! the
precise control of the magnetization process is crucial in
operation of a spin-electronic device such as magnetic r
©2003 The American Physical Society18-1
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FIG. 1. ~Color! Magnetic configurations observed in submicron permalloy disks. The notation such as D200R20 is used to spe
disk size. For example, D200R20 means that the disk diameter is 200 nm and its diameter-to-thickness ratiod/t is 20. On the bottom
right-hand corner of each configuration is the corresponding spread function SF value.~a! Onion state seen in D200R20 at 10 mT,~b!
out-of-plane vortex state in D400R10 at zero field,~c! in-plane vortex state in D100R1 at zero field,~d! twisted onion state in D200R2 at 16
mT, ~e! C state in D200R20 at zero field, and~f! S state in D500R30 at 4 mT field.
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head or magnetic random memory access~MRAM !, and~iii !
submicron elements are potential candidates for ultrah
density data storage.3,8,9

II. NUMERICAL METHOD AND SAMPLE
SPECIFICATIONS

The numerical approach, based on the hybrid fin
element–boundary-integral method~FEM-BIM!,10 is em-
ployed to study the nonuniform arrangement of the mag
tization. The energy of the system is modeled to include
exchange, stray field, and Zeeman terms. An equilibri
magnetic configuration is obtained by seeking a minimum
the total energy of the system. The minimization is achiev
self-consistently; that is, the stray field is first calculated
ing an assumed magnetic configuration and is subseque
treated as an external field source. The assumed mag
structure is then allowed to relax, via a conjugate gradi
path, to a new minimum-energy configuration from whi
the stray field is recalculated. The process is repeated
the energy difference between that before and after the m
mization is within some specified tolerance. Further disc
sion of the numerical method can be found in Ref. 11.

The disk material properties are taken to be those of
tropic permalloy, as mentioned in the Introduction. Mo
specifically, the saturation magnetization value of 1 T a
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exchange stiffness constant of 1.3310211 J/m are used in
the calculation. These parameters give the exchange le
of 5.7 nm. In this paper, the exchange length is defined
Lex[AA/kd where kd5Js

2/2m0 is the stray field constan
with Js5uJsu being the magnitude of the magnetization ve
tor. The disk diameter is varied from 50 to 500 nm and t
thickness from 5 to 200 nm. The notation used to specify
disk size is best illustrated by an example: D200R10 mea
disk with a diameter of 200 nm and diameter-to-thickne
ratio d/t of 10. Also, to facilitate the discussion below,
Cartesian coordinate system is introduced with thex axis
oriented along the applied field direction; thez axis is the
disk normal.

III. MAGNETIC CONFIGURATIONS

Before the numerical results are presented, it is import
to introduce each of the different magnetic configuratio
encountered during the magnetization processes, for
knowledge is needed to understand the stability of the s
arrangement against the applied external field and for
simple reason of giving a visual link between the pattern a
its name. In this section, a brief discussion of the magn
structures is presented. A more detailed description can
found in another paper.12

Figure 1 shows a representative of each of the differ
8-2
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CONFIGURATIONAL STABILITY AND MAGNETIZATION . . . PHYSICAL REVIEW B 67, 064418 ~2003!
magnetic configurations observed in various disks. The n
mal onion state22 has a clear in-plane magnetic axis of sym
metry, which we call the onion axis. Along this axis, th
magnetization is quite uniform, but some curling is observ
in the regions@marked by blue color in Fig. 1~a!# located
near the perimeter at about645° from this onion axis. This
tendency for the magnetization to lie along the disk ed
stems from the need to minimize the amount of surfa
poles, which is defined by the dot productMW •n̂ wheren̂ is
the normal unit vector. Although not shown in the figur
there is some opening and closing~i.e., flowering! of the
magnetization at the two ends of the symmetry axis near
top and bottom surfaces of the disk. This provides a fl
closure path for the stray field outside the sample. In thic
disks, instead of flowering, it is energetically more favora
for the perpendicular component of the magnetization
have some flux closure arrangement, resulting in what
call a twisted onion state@Fig. 1~d!#. In this state, the direc
tion of the onion axis is being twisted as it proceeds aw
from the central plane of the disk, and hence the na
twisted onion state is used to describe the magnetic patt

In a vortex state, the magnetization aligns with the geo
etry of the disk as much as possible to achieve a flux clos
condition. This is done at great expense of the excha
energy. Two types of vortices are observed. They are out
plane and in-plane vortices@see Figs. 1~b! and 1~c!, respec-
tively#, depending on whether the axis of the vortex co
points out of or in the disk plane, respectively. The out-
plane vortex state is the more common of the two and
been reported in many publications in the literature~e.g.,
Refs. 4 and 13!. However, as far as we know, there ha
been no reports on the observation of an in-plane vortex s
in cylindrical disks, neither experimental nor theoretical.

While the structure of an onion state~normal or twisted!
is dominated by the minimization of the exchange ene
and that of a vortex state~out of plane or in plane! by the
stray field energy minimization, a buckle state is a result
the compromise between the two driving forces. Con
quently, the magnetic pattern is neither as uniform as tha
the onion state nor as spread as in that of a vortex s
Various degrees of buckling can be identified based on
number of ‘‘oscillation’’ it exhibits in the pattern. Buckle
states of first and second order are shown in Figs. 1~e! and
1~f!, and they are, respectively, calledC andSstates, becaus
of their resemblance to the letters of the Latin alphab
Higher-order buckle states can be observed in larger d
~disks whose diameter is larger than 500 nm!, but they will
not be discussed in this paper.

IV. SPREAD FUNCTION

Still another digression is needed before the results on
magnetization processes can be effectively shown. While
self-evident that the magnetization in an onion state is
least spread or most uniform among the magnetic config
tions illustrated in Fig. 1, it is difficult to judge which
among configurationally identical states~such as onions!, has
the most nonuniform spin arrangement. Hence, it is desira
to have a scalar quantity that would aid us in this effort. A
06441
r-

d

e
e

,

e
x
r

o
e

y
e
n.
-
re
e
f-

e
-
s

te

y

f
-

in
te.
e

t.
ks

e
is
e
a-

le

such a quantity would be helpful in tracking the evolution
a magnetic configuration under the action of an exter
magnetic field. For this reason, the spread function SF
introduced and defined as

SF512^mx&
22^my&

22^mz&
2, ~1!

where^mx&
2, ^my&

2, and^mx&
2 are the square of the averag

magnetization components along thex, y, and z directions,
respectively. It is not difficult to prove that SF is a rea
valued function whose range lies in theclosed interval @0,
11# ~see the Appendix!; that is, it maps the information on
the nonuniformity of a domain pattern to a real number ra
ing between 0 and 1, inclusively. If the magnetization is p
fectly uniform, SF50. If the magnetization is evenly distrib
uted in all directions, SF51.

To give the reader a good sense of the spread funct
Fig. 1 also shows its value for each of the magnetic confi
rations. As expected, the onion state gives an almost z
spread value, while that for the two vortices is essentially
The two buckle states show intermediate spread values.

The so-called vorticity function has also been used in
literature1,14,15 to measure the degree of curling of a vort
state in cube-shaped elements. It is defined as the line
gral of the tangential magnetization on the edges of the c
normalized to the length of the path. Note that the vorticity
path dependent. On the contrary, the spread function
global quantity that gives an average spreading of the sam
magnetization. Further, it is more versatile in that it can
used to measure the spreading in any magnetic configura
not just in that of a vortex state.

V. MAGNETIC HYSTERESIS LOOPS

In this section, the discussion is restricted to the mag
tization reversal processes achieved by a bidirectional
plane magnetic field~as opposed to that of a rotational fie
to be discussed in the next section!. The average magnetiza
tion vector is computed by taking the vectorial sum of t
magnetization at each node, the contribution of which is p
portionally weighted by the assigned nodal volume in t
finite-element partition. Its projection onto the applied fie
direction is plotted for a number of representative disks a
function of the external field. Also shown are the correspo
ing spread value and relevant energy terms, to shed s
respective insight into the evolution and the driving force
the spin rearrangement induced by the external field.

Since it is only necessary to discuss one branch of
hysteresis, we choose the branch that goes from positiv
negative field for all the discussions below. For example, i
is said that the magnetization switches at210 mT field, it is
meant that the field starts from a positive field and th
changes its polarity to210 mT, at which the magnetizatio
of the disk switches.

A. Onion-to-onion transition

The simplest of all the hysteresis loops observed in th
submicron disks is that of a square shape, an exampl
which, taken from D100R20, is shown in Fig. 2. The switc
8-3
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JONATHAN KIN HA, RICCARDO HERTEL, AND J. KIRSCHNER PHYSICAL REVIEW B67, 064418 ~2003!
ing occurs at about218 mT. This might strike a dissonan
chord in the reader’s intuition as being large, considering t
the ferromagnetic disk possesses neither intrinsic nor
in-plane shape anisotropies. But in light of what was d
cussed earlier about the configurational stability effect, thi
not so strange after all: the 18 mT field strength is wha
takes to destabilize the onion configuration with the m
netic field applied directly opposite to the onion axis.
gather evidence supporting this interpretation, a similar c

FIG. 2. ~a! The average magnetization,~b! spread function, and
~c! the relevant energy terms are all plotted as a function of
in-plane magnetic field for D100R20 (diameter5100 nm,
diameter-to-thickness ratiod/t520). All the energy terms are nor
malized to the stray field energy coefficientKd5Js

2/2m0, whereJs

is the saturation magnetization andm0 the vacuum permeability
constant. Note that only one branch of the hysteresis is shown in
energy plot.
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culation is performed on the same disk except this time w
a 400 times stiffer exchange constant, namely,A55.2
31029 J/m. This value ofA gives the exchange length o
114 nm ~as opposed to 5.7 nm if using the true permall
exchange constant!, a length scale that is comparable to t
disk diameter. From this, it can be expected that the d
behaves essentially like a single-domain particle because
deviation from uniform magnetization would cause too mu
exchange energy. The simulation shows the magnetiza
reverses at about20.8 mT, a much smaller field than wha
was needed before, and the spread function reads less
231026 throughout the reversal process. Another expl
atory calculation is also undertaken, this time with the exc
sion of any stray field effect to ensure perfect uniformity
the magnetic pattern~with the exchange stiffness consta
A51.3310211 J/m). The result shows that the magnetiz
tion switches practically at zero field. This is expected b
cause the disk is modeled to possess no intrinsic magn
anisotropy. Also, the fact that the spread function is less t
3310210 at all field strengths~which is within numerical
errors of the code! is an attestation that the disk is indeed
single-domain particle. In short, the simulation results s
gest strongly that the stability of the onion configuration
responsible for the large switching field in this particul
sample. It should be kept in mind that the large switchi
field observed in the simulation may not be obtainable
experiments due to many factors including~i! the presence of
thermal fluctuation that can marginalize the stability of t
magnetic configuration and~ii ! structural defects such as th
the disk perimeter is a bit jagged and hence may prov
unintended nucleation sites from which the reversal proc
can originate.9,16

Onto the discussion of the magnetic states encounte
during the reversal process, examination of the magn
configuration shows that the disk remains in a normal on
state in the field range between640 mT. The irreversible
jump in the magnetization, which occurs at218.5 mT field,
corresponds to the transition from one onion state to ano
of opposite polarity—that is, into another onion state with
axis pointing in the opposite direction. Before the transitio
the spread function, as shown in Fig. 2~b!, shows that the

FIG. 3. Density plots of thex component of the average mag
netization of D100R20 (diameter5100 nm, diameter-to-thicknes
ratio d/t520) at 40, 0.5, and218.5 mT field. The lightest region
corresponds tomx51, the darkest tomx50.98. The contour lines
are lines of constantmx with mx50.995, 0.990, and 0.985. Th
arrows on the disk are sketches of the direction of the magnetiza
in the area. Note that the canting of the magnetization illustrated
the arrows is exaggerated in the figure.
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CONFIGURATIONAL STABILITY AND MAGNETIZATION . . . PHYSICAL REVIEW B 67, 064418 ~2003!
magnetization becomes more nonuniform as the field
proaches the switching field. But in what manner does
magnetic pattern become more dispersed? This question
be answered by examining the configuration at differ
magnetic fields. Figure 3 shows three snapshots of thx
component of the configuration at saturation~40 mT!, near
remanence ~0.5 mT!, and just before the reversal
(218.5 mT). Clearly, as the external field decreases,
magnetization becomes more closing up or ‘‘onionated’’
the disk plane, as it is evident by the growing of the region
about645° away from the direction of the symmetry ax

FIG. 4. D100R2 (diameter5100 nm, diameter-to-thickness ra
tio d/t52): ~a! in-plane hysteresis loop;~b! and~c! are the respec-
tive spread function and energy terms plotted as a function of
applied field. The magnetization process involves transitions
tween a normal onion and an out-of-plane vortex states.
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~the dark areas shown in Fig. 3!. The magnetization reverse
when the barrier separating the two onion states is reduce
zero by the action of the external field. The onion-to-oni
transition occurs so as to save both the Zeeman and
change energies as clearly shown in Fig. 2~c!.

B. Transition between normal onion and out-of-plane
vortex states

Another commonly observed type of hysteresis loops
that involving transitions between onion and out-of-pla
vortex states. Figure 4~a! shows such a hysteresis loop tak
from D100R2. The reversal process goes as follows:
magnetization begins in saturation by a large external fi
applied in the disk plane. As the field strength decreases,
magnetic pattern evolves continuously to onion states of
creasing onionicity—that is, states whose magnetization
comes more closing up toward the onion axis, as that
cussed earlier in D100R20. However, at 51 mT field, t
onion state collapses, quite abruptly, to a vortex state, res
ing in a significant drop in the magnetization compone
along the field direction and an almost full-scaled jump
the spread function from 0 to 1. The transition is driv
purely by the saving of the stray field energy at the expe
of both the exchange and Zeeman energies, as shown in
4~c!. Further decrease in the field moves the vortex core
direction perpendicular to the field, in the manner as su
domains aligned with the field grow, those opposed to
shrink, until the field reaches2128 mT at which the vortex
is annihilated and transformed into another onion st
whose axis points along the field direction. This transition
driven by the saving of the Zeeman and exchange energie
the expense of the stray field. Clearly, a much larger field
needed to reverse the magnetization in this disk than
D100R20. This reflects the fact that the vortex state is m
stable against the in-plane magnetic field than that of
onion state. The large switching field is yet another exam
of the configurational stability effect discussed earlier, a
this time the configuration is of a vortex state. It should
mentioned that this type of hysteresis has already been
served by many research groups~e.g., Refs. 4, 13, and 17!.

C. Transition involving twisted onion states

In thicker disks, the twisted onion configuration may
more stable than the normal onion in some field range.
example, the reversal process in D200R2 passes throug
transition from a normal to twisted onion state at about 1
mT, leading to an abrupt change in both the projected m
netization and the spread function value. As shown in Fig
the transition saves stray field energy, but it is done at
cost of both exchange and Zeeman energies, though the
change in the total energy is negligible in this transformati
Further decrease in the field leads to another configuratio
transition from the twisted onion to an out-of-plane vort
state at 132 mT field. The vortex state is eventually ann
lated at 2158 mT field to a twisted onion configuration
which thencontinuouslyevolves to that of a normal onion
state. It is interesting to note that the transition from norm
to twisted onion state occurs abruptly, while the reverse p

e
e-
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JONATHAN KIN HA, RICCARDO HERTEL, AND J. KIRSCHNER PHYSICAL REVIEW B67, 064418 ~2003!
cess, that is, transition from twisted to normal onion sta
happens smoothly. This could be a numerical artifact. O
piece of evidence supporting this interpretation is the to
energy of the system showing a rather smooth transit
suggesting that the difference in the total energy between
two states is negligible. And the computer algorithm is p
grammed to always keep thestatus quoconfiguration, unless
the energy difference is larger than that specified in the
erance parameter.

D. Transitions between twisted and in-plane vortex states

Instead of going from a twisted onion to an out-of-pla
vortex state, the magnetization reversal in D100R1, as sh
in Fig. 6, evolvescontinuouslyto an in-plane vortex state
with decreasing magnetic field. The continuity of the tran
tion is evident by the smoothness in both the magnetiza
and spread function curves. Naturally, the core axis lies

FIG. 5. The magnetization process, observed in D200
(diameter5200 nm, diameter-to-thickness ratiod/t52), involves
twisted onion states. A detailed description of the figures can
found in the caption of Fig. 2.
06441
,
e
l

n,
he
-

l-

n

-
n
n

the field direction because of the Zeeman energy term.
like an out-of-plane vortex state, the core of the in-pla
vortex remains stationary but its core area shrinks, as
magnetic field decreases in strength. The reason for
shrinkage is simple: the smaller the core area is, the fe
surface magnetic poles are present and hence the lowe
stray field energy is. At27 mT, the vortex switches its po
larity to align with the magnetic field, as driven by the low
ering of the Zeeman energy. Further decrease in the fi
results in the vortex transforming back to a twisted oni
which then eventually leads to a normal onion state at ab
2240 mT, all of which occur in a continuous manner wi
no visible diskontinuity in the magnetization, spread fun
tion, and energy curves. In agreement with that discusse
the previous paragraph, the transition from a normal
twisted onion state also occurs abruptly, this time at ab
198 mT, but that from a twisted to normal is continuous,
the same reason as that discussed before. Snap shots

2

e

FIG. 6. The magnetization process involves in-plane vor
states. It is observed in D100R1 (diameter5100 nm, diameter-to-
thickness ratiod/t51). A detailed description of the figures can b
found in the caption of Fig. 2.
8-6
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FIG. 7. ~Color! Stable magnetic configurations at different magnetic fields during the magnetization process in D100R1 (d
5100 nm, diameter-to-thickness ratiod/t51).
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magnetic configurations at various different field streng
are shown in Fig. 7 to give the reader a more visual pict
of the magnetization process. Last, as far as we know, th
have been no reports on magnetization processes invol
in-plane vortex states in the literature.

E. Reversal involving buckle states

For larger disks~with diameter larger than 200 nm!, inter-
mediate buckle states are~meta!stable, and transitions be
tween an onion to a buckle state often occur. For exam
Fig. 8 shows the hysteresis loop of D500A50, which pas
the transition from a normal onion to aC state at 1.6 mT. As
the field decreases to22.8 mT, theC state switches its ‘‘po-
larity’’ by rotating the whole configuration by 180° while it
rotation sense of the magnetization stays intact. Eventu
the C state is annihilated back to a normal onion state
28.2 mT. It is interesting to note that theC state in this
particular disk does not evolve into a vortex state althou
their structures are arguably similar: AC state can be viewed
as that of a virtual vortex with its core sitting slightly outsid
the disk perimeter.

Figure 9 shows the magnetization loop of D500R30.
this disk, the normal onion state drops instead to anSstate at
6.5 mT, which then collapses to an out-of-plane vortex s
at 2 mT. Transitions to higher-order buckle states~e.g., W
state12! can also be observed in thicker disks of the sa
diameter such as D500R5, but they are not discussed he
this paper.
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VI. EVOLUTION OF MAGNETIZATION LOOPS
ON DISK SIZE

So far, hysteresis loops of different shapes~e.g., square-
and dumbbell-looking loops! have been presented. Their di
ferences are due to the degree of stability of the differ
magnetic configurations against the external magnetic fi
But no words have yet been uttered about the evolution
the various loops. How does one evolve to another as a fu
tion of disk size, for example? In this section, we focus o
attention on this issue and restrict our investigation to o
the D200R series, namely, a series of disks of different thi
nesses but of the same diameter fixed at 200 nm. The D2
series is singled out for the discussion because it is sim
and at the same time provides some insight into the thickn
dependence of the different hysteresis loops.

Figure 10 shows the dependence of the magnetization
spread value on the disk aspect ratiod/t at zero field. The
plot is divided into three subregions. In region I, that is,
the regime of very thin disks or larged/t ratio, the hysteresis
loop is square looking like that shown in Fig. 2, with esse
tially unity remanence and zero remanent spread value. T
is expected, because there is not much of a driving force
have a closed flux configuration. In region III, that is, in th
regime of low aspect ratio or of thick disks, the onion sta
transforms to a vortex state before it is emerged to ano
onion state of opposite polarity. This passage is expec
because the need to avoid surface poles at the perimet
more pressing. An example of such a hysteresis loop
8-7
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dumbbell-looking loop—can be seen in Fig. 4. For disks
intermediate thickness or aspect ratio, that is, those belo
ing to regime II as marked in the diagram, the onion st
typically goes through some buckle state before it switch
The buckle state is of theC configuration in this particular
series.

VII. IN-PLANE ROTATIONAL FIELD

Our discussion on magnetization reversal has thus
been restricted to that with a fixed-directional magnetic fie

FIG. 8. D500R50 (diameter5500 nm, diameter-to-thickness ra
tio d/t550). The magnetization process involves theC state. The
two insets are the density plots of thex component of the magneti
zation at 0 and26.5 mT field. A detailed description of the figure
can be found in the caption of Fig. 2.
06441
f
g-
e
s.

ar
.

There, it is found that a sizable field is often needed to swi
the magnetization of an isotropic permalloy disk due to
configurational stability effect. But a magnetic configurati
that is stable against a fixed-directional field may not be
against a rotational field. For example, if an external field
applied at an infinitesimal angle away from the symme
axis of an onion state, it seems reasonable to suppose tha
magnetization would simply undergo a slight rearrangem
to arrive at a new onion state whose onion axis lies para

FIG. 9. The magnetization process, observed in D500R
(diameter5500 nm, diameter-to-thickness ratiod/t530), involves
the S state. The inset is the density plot of thex component of the
magnetization at 3 mT field. The white color corresponds tomx

51, the black colormx521. A detailed description of the othe
plots can be found in the caption of Fig. 2.
8-8
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to the field direction. The transition between these two on
states has essentially no barrier in the limit that the an
between the field and onion axis approaches zero. From
realization, it can be expected that an onion state can
reversed quite effortlessly with an in-plane rotational field,
long as the rotation is smooth~by having small step size! and
the rotational frequency is sufficiently low to allow the onio
axis to follow closely. Using a field of the form

HW 5H0~ x̂ cosf1 ŷ sinf!, ~2!

wheref is the angle between the external field direction a
x axis, andH0 its amplitude, simulations of the reversal pr
cesses for D100R20 and D100R2 have been performed,
the results are shown in Fig. 11. The precise procedure o
simulations is as follows: the magnetization is first satura
by a sufficiently large in-plane field. It then decreases gra
ally to 5 mT for D100R20 and to 80 mT for D100R2, from
which the field begins to rotate in the manner as prescri
by the above equation with the step sizeDf55°. The onion
state is stable in these two disks at the respective fi
strengths mentioned above. The facts that the magnetiza
along the field direction stays constant and itsx component
follows a cosine curve asf increases from 0 to 180° sugge
that the onion axis practically follows the field. Needless
say, the onion state is reversed when the anglef reaches
180°. Note that there is negligible hysteresis present in
loop, as can be expected from a barrierless process.
fixed-directional field were used instead, much larger fie
~18 mT for D100R200 and 120 mT for D100R2, as discus
earlier! would have been needed to reverse the magne
tion. For D100R20, a much smaller field strength~less than 1
mT! can also be used because the onion configuratio
stable or metstable even at remanence. But for D100
there is a minimum field strength below which this rotation
field method cannot be used for the magnetization rever
The reason is simply that the onion state is unstable below
mT field and collapses into a vortex state.

FIG. 10. Remanent magnetization and spread function at
field are plotted as a function of the aspect ratio of the D200R se
~disks whose diameter is 200 nm!. Region I has a squarelike loo
~see Fig. 2!; the magnetization loop in region II passes through aC
state~see Fig. 8!; that in region III passes through a vortex state~see
Fig. 4!.
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VIII. DISCUSSION AND SUMMARY

Perhaps the discussion should begin by emphasizing
the simulations performed in this study are based on a s
approach. No words have been and can be said about the
and the speed at which the magnetization evolves from
~meta!stable configuration to another. Such information c
only be obtained or theorized using a dynamical approa
such as that uses the Gilbert equation.18 Recently, some as
pect of the transient states during the switching process
been addressed by Fidler et al. in Ref. 19.

The present investigation makes it clear that the magn
zation processes in these submicron disks are driven so
by the stability of the magnetic configuration in whic
the disk finds itself in, and not by wall displacement
unison rotation of the magnetization, as is often the cas
bulk samples. And for this reason, we feel that the so-ca
configurational anisotropy would have been more accura
named configurational stability, for this effect is not
anisotropy in origin. If it were, a simple rotational field
such as that discussed in the previous section, would
have been successful in avoiding its effect in the reve
process.

We are pleasantly surprised by the sensitivity of t
spread function in tracking the degree of nonuniformity in
magnetic configuration. This is evident by the fact that it h
a rather smooth dependence on the field strength in all of

FIG. 11. Thex component of the magnetization and that alo
the field direction are plotted as a function of the field anglef in
degrees for D100R20 and D100R2~i.e., disks whose diameter i
100 nm, diameter-to-thickness ratiod/t520 and 2, respectively!.
H0 is the amplitude of the rotational field.
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reversal processes studied in this paper. Further, it prov
useful information about the evolution of a magnetic co
figuration, as that illustrated in the case of an onion st
becoming more or less onionated by the action of the m
netic field.

Although no vortex state is observed in many thinn
disks such as D100R20, it does not mean that a vortex s
is not stable in these elements. Indeed, our numerical si
lation shows that most of these elements would have favo
a vortex state, provided such a state is accessible in the
versal path.

In summary, the magnetization processes of perma
disks of different sizes have been studied. It is found t
these processes are governed by the stability of the mag
states. Many different types of hysteresis loops have b
observed due to the many different metastable and st
states the disk finds itself in. In some cases, an in-plane
tational field has been successfully employed to reverse
magnetization and avoid the configurational stability of t
magnetic state.

APPENDIX: THE SPREAD FUNCTION

It is the intention of this appendix to show that the spre
function is inclusively bounded in the interval@0,1#. The
function can be formally defined as follows:

SF512U1

V (
i 51

N

mW iv iU2

512^mx&
22^my&

22^mz&
2,

~A1!

whereN is the number of nodes used in the simulation,mW i
the normalized magnetization vector in thei th node, andv i
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its corresponding volume. Here, we assign a volume to e
node in such a way that the sum of the nodal volumes is
total volume of the sample; that is,V5( i

Nv i the volume of
the sample. From Eq.~A1!, it is clear that SF must be les
than 1 becausêmx&

2, ^my&
2, and ^mz&

2 are positive num-
bers. The first question is, does it include 1? To prove this
is sufficient to show a magnetic configuration in which S
51. One such a configuration can be as simple as that
particle with two domains of equal size but pointing in o
posite directions, say, in thex direction. Then,^mx&50,
which implies that ^mx&

250. Therefore, SF51 in this
simple example.

To show that SF>0, we rewrite Eq.~A1! as follows:

SF512S 1

V (
i 51

N

mW iv i D S 1

V (
j 51

N

mW jv j D
512

1

V2 (
i 51

N

(
j 51

N

v iv jcosu i j , ~A2!

whereu i j is the angle between the moment vectors at nodi
and j. Because

1

V2 (
i 51

N

(
j 51

N

v iv jcosu i j <
1

V2 (
i 51

N

(
j 51

N

v iv j ucosu i j u

<
1

V2 (
i 51

N

(
j 51

N

v iv j51,

it follows that SF>0. The fact that SF includes zero can b
seen by examining its value for a single-domain particle.
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