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Configurational stability and magnetization processes in submicron permalloy disks
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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
(metgstable 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 “oniofélmost a single-domajrstate
throughout the process, resulting in a square loop. For thick disk®(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.
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[. INTRODUCTION ration that dictates the magnetization process in a submicron
element.

The so-called configurational anisotropy was introduced More specifically, this paper is about magnetization rever-
by Schabes and Bertranin 1988 to explain the enhanced sal processes in submicron permalloy disks using Brown’s
switching field in their simulated magnetic cubés was  static micromagnetic approachThe circular shape is opted
higher than that predicted by the Stoner-Wohlfarth mtydel to eliminate any in-plane shape anisotropy effect. This and
It was argued that this larger field, the field needed to induc¢he exclusion of any intrinsic anisotropy in the permalloy are
an irreversible jump to the reversed state, was due to thefforts to show the effect of the configurational stability as
inherent property of the nonuniform magnetic pattern andsimply and clearly as possible. The reversal process begins
could be thought of as that from an anisotropy insofar as thevith the magnetization in saturation along the external mag-
magnetization process was concerned. But the association pétic field applied in the disk plane. The field direction re-
this effect to an anisotropy is problematic because it does nanains fixed throughout the magnetization process, but its
play a role in determining the spin arrangement of the ferrosmagnitude decreases and then increases in the direction of
magnet(which is more a consequence of ias does any true opposite polarity, typically in a step size of a few milli-tesla
source, such as that of crystalline or shape. Perhaps it woulield or less. Depending on the sample size, different types of
have been more accurate to caltitnfigurational stability—  hysteresis loops are observed due to the presence of different
and is so named hereafter—because it is really about theagnetic configurations in the magnetization process. In
stability of a magnetic configuration, the barrier which thesome disks, a rotational field of constant amplitude is used
external magnetic field needs to overcome to reverse the dinstead for the reversal, and it has been proved successful in
rection of the magnetization. It should be made clear that thavoiding a certain magnetic configuration which would be
above-mentioned stability refers to that against the externalndesirable for certain applications, even for the simple rea-
magnetic field, andhot that of, say, thermal disturbance, for son that it would otherwise take too large of a field to over-
example. come the stability of the configuration. To quantitatively

Undoubtedly, configurational stability is the key in under- measure the degree of nonuniformity of a magnetic configu-
standing magnetization processes in submicron ferromagation, the spread functiof8F) is introduced and is particu-
netic elements. The spins in such a confined geometric strudarly useful in tracking the evolution of a magnetic pattern by
ture arrange in aingle nonuniform pattern, like that of a the action of the external field.
flower! C2 or vortex staté, rather than in an aggregate of ~ Another point worth mentioning here is that the study of
uniform magnetization or domains commonly seen in bulkshe magnetization processes in submicron elements is cur-
and unpatterned thin filnfs,like that of the Landau patterh. rently a hot research topic. It has received much attention,
The adoption of a nonuniform magnetic pattern can give risgoarticularly in the past few years from both experimentalists
to stability against the external field, as this will be explainedand theoreticians, and rightly so for many reasons, among
and illustrated in detail later in the paper. The important meswhich are that(i) these magnetization processes represent a
sage here, as part of the Introduction, is this: Unlike that in aaew genre of magnetization process for the reason men-
bulk sample in which the magnetization process is domitioned above and hence are interesting in themse(ii¢she
nated by either wall motion or spin rotation or a combinationprecise control of the magnetization process is crucial in the
of these two mechanisniS,it is the stability of the configu- operation of a spin-electronic device such as magnetic read
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a) Normal Onion State b) Out-of-Plane Vortex State ¢) In-Plane Vortex State

e) C-State

Mx

SF=0.24

FIG. 1. (Colorn Magnetic configurations observed in submicron permalloy disks. The notation such as D200R20 is used to specify the
disk size. For example, D200R20 means that the disk diameter is 200 nm and its diameter-to-thickness$ istk®). On the bottom
right-hand corner of each configuration is the corresponding spread function SF (@&l@nion state seen in D200R20 at 10 n{)
out-of-plane vortex state in D400R10 at zero figld,in-plane vortex state in D100R1 at zero field) twisted onion state in D200R2 at 162
mT, (e) C state in D200R20 at zero field, aifj S state in D500R30 at 4 mT field.

head or magnetic random memory acc®8RAM), and(iii)  exchange stiffness constant of .30 ** J/m are used in
submicron elements are potential candidates for ultrahighthe calculation. These parameters give the exchange length

density data storage’’ of 5.7 nm. In this paper, the exchange length is defined as
Ley=VAlky where kd=J§/2,u0 is the stray field constant
II. NUMERICAL METHOD AND SAMPLE with Js=|J4 being the magnitude of the magnetization vec-
SPECIFICATIONS tor. The disk diameter is varied from 50 to 500 nm and the

thickness from 5 to 200 nm. The notation used to specify the
The numerical approach, based on the hybrid finitedisk size is best illustrated by an example: D200R10 means a
element—boundary-integral methd@EM-BIM),** is em-  disk with a diameter of 200 nm and diameter-to-thickness
ployed to study the nonuniform arrangement of the magneratio d/t of 10. Also, to facilitate the discussion below, a
tization. The energy of the system is modeled to include thecartesian coordinate system is introduced with thaxis

exchange, stray field, and Zeeman terms. An equilibriunpriented along the applied field direction; tkeaxis is the
magnetic configuration is obtained by seeking a minimum indgisk normal.

the total energy of the system. The minimization is achieved
self-consistently; that is, the stray field is first calculated us-
ing an assumed magnetic configuration and is subsequently
treated as an external field source. The assumed magnetic Before the numerical results are presented, it is important
structure is then allowed to relax, via a conjugate gradiento introduce each of the different magnetic configurations
path, to a new minimum-energy configuration from whichencountered during the magnetization processes, for this
the stray field is recalculated. The process is repeated untdnowledge is needed to understand the stability of the spin
the energy difference between that before and after the minarrangement against the applied external field and for the
mization is within some specified tolerance. Further discussimple reason of giving a visual link between the pattern and
sion of the numerical method can be found in Ref. 11. its name. In this section, a brief discussion of the magnetic
The disk material properties are taken to be those of isostructures is presented. A more detailed description can be
tropic permalloy, as mentioned in the Introduction. Morefound in another papéf.
specifically, the saturation magnetization value of 1 T and Figure 1 shows a representative of each of the different

IIl. MAGNETIC CONFIGURATIONS

064418-2



CONFIGURATIONAL STABILITY AND MAGNETIZATION . .. PHYSICAL REVIEW B 67, 064418 (2003

magnetic configurations observed in various disks. The norsuch a quantity would be helpful in tracking the evolution of
mal onion stat& has a clear in-plane magnetic axis of sym-a magnetic configuration under the action of an external
metry, which we call the onion axis. Along this axis, the magnetic field. For this reason, the spread function SF is
magnetization is quite uniform, but some curling is observedntroduced and defined as

in the regiong marked by blue color in Fig. (&)] located

near the perimeter at abottt45° from this onion axis. This SF=1—(m,)?—(my)?—(m,)?, (1)

tendency for the magnetization to lie along the disk edge

2 2 2
stems from the need to minimize the amount of surfacéxgeféﬁn;ﬁtibﬁmggrﬁ agr?ér:rt];>aﬁ)rr? tr;; ;qu:r:g;]:jﬁ?gc‘;\éir:ge
poles, which is defined by the dot produdt-n wheren is 9 b g ey, ’

th | unit tor. Althouah not sh i the fi respectively. It is not difficult to prove that SF is a real-
€ normal unit vector. ougn not shown In the NGure, 5 eq function whose range lies in tiesedinterval [0,
there is some opening and closifiige., flowering of the

o : +1] (see the Appendix that is, it maps the information on
magnetization at the two ends of the symmetry axis near th{'ahe nonuniformity of a domain pattern to a real number rang-

top and bottom surfaces of the disk. This provides a flu)ﬁng between 0 and 1, inclusively. If the magnetization is per-

closure path for the stray field outside the sample. In thiCkefectly uniform, SF=0. If the magnetization is evenly distrib-
disks, instead of flowering, it is energetically more favorableuteol in all dir,ections. SE1

for the perpendicular component of the magnetization to To give the reader a good sense of the spread function,

have some flux closure arrangement, resulting in what W?—ig. 1 also shows its value for each of the magnetic configu-

'ﬁglrL ?):\;V;]z[eodn% rrzlogxisstail?i)lgi.nl(dt)\l]\/.isl?eéh:ssit'[at(-:l",()f:zeeglsrea(\;/;la rations. As expected, the onion state gives an almost zero
g twi P yspread value, while that for the two vortices is essentially 1.
from the central plane of the disk, and hence the nam

twisted onion state is used to describe the magnetic attenj-he two buckle states show intermediate spread values.
9 P " The so-called vorticity function has also been used in the

In a vortex state, the magnetization aligns with the geomp, ., 114151 neacure the degree of curling of a vortex

etry of the disk as much as possible to achieve a flux closurgtate in cube-shaped elements. It is defined as the line inte-

ggzﬁ't'o?\,\/—g?s éss g?cgrt?éeng?tat (?t;(g)eerr\]/?e?j (;fht:eafgcgﬁ?g_ral of the tangential magnetization on the edges of the cube
gy. Two typ . ; : y normalized to the length of the path. Note that the vorticity is
plane and in-plane vorticdsee Figs. (b) and 1c), respec-

tively], depending on whether the axis of the vortex coregfgg aﬁgﬁgggti/ nttr.] a(t)givtgse azogf/r:gé éhsepr?ar;rdeiig ;lfj?ﬁgosr;rﬁpé
points out of or in the disk plane, respectively. The out-of-

lane vortex state is the more common of the two and hamagnetization. Further, it is more versatile in that it can be
P . s ) . Tsed to measure the spreading in any magnetic configuration,
been reported in many publications in the literatgeeg., Lo
not just in that of a vortex state.
Refs. 4 and 18 However, as far as we know, there have
been no reports on the observation of an in-plane vortex state
in cylindrical disks, neither experimental nor theoretical. V. MAGNETIC HYSTERESIS LOOPS

While the structure of an onion statsormal or twisted In this section, the discussion is restricted to the magne-

d that of £ ol in planeby th Mization reversal processes achieved by a bidirectional in-
and that of a vortex statéout of plane or in planeby the .10 magnetic fieldas opposed to that of a rotational field
stray field energy minimization, a buck!e_ state is a result ok, po discussed in the next sectiofihe average magnetiza-
the compromise bgtween thg tWC.’ driving f_orces. ConS‘?fion vector is computed by taking the vectorial sum of the
quently, the magnetic pattern is neither as uniform as that i netization at each node, the contribution of which is pro-
i?e_omog state n(?rbas ksl_pread asb m_dthat_f_of dabvortgx Start] ortionally weighted by the assigned nodal volume in the
anobus (?g“rees.”o . uc Ing ﬁ%n el ﬁnt' led base okr; NBnite-element partition. Its projection onto the applied field
num erfof_ osmdauon 'g exd| Its in the pattern. Bucd € direction is plotted for a number of representative disks as a
states of first and second order are shown in Fige. dnd ¢, tion of the external field. Also shown are the correspond-
1), and they are, respectively, call%ndSstates_, because ing spread value and relevant energy terms, to shed some
Of. their resemblance to the letters of the Lf?‘“” alphab_etrespective insight into the evolution and the driving force of
H|gher-order bL.’Ckle states can be observed in 'afgeF diskipe spin rearrangement induced by the external field.
(disks whose diameter is larger than 500)nbut they will Since it is only necessary to discuss one branch of the
not be discussed in this paper. hysteresis, we choose the branch that goes from positive to
negative field for all the discussions below. For example, if it
IV. SPREAD FUNCTION is said that the magnetization switches-at0 mT field, it is
meant that the field starts from a positive field and then

Still another digression is needed before the results on th@hanges its polarity te- 10 mT, at which the magnetization
magnetization processes can be effectively shown. While it ig¢ ihe disk switches. '

self-evident that the magnetization in an onion state is the
least spread or most uniform among the magnetic configura-
tions illustrated in Fig. 1, it is difficult to judge which,
among configurationally identical statesich as onionshas The simplest of all the hysteresis loops observed in these
the most nonuniform spin arrangement. Hence, it is desirablsubmicron disks is that of a square shape, an example of
to have a scalar quantity that would aid us in this effort. Andwhich, taken from D100R20, is shown in Fig. 2. The switch-

A. Onion-to-onion transition
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£ 1.0
.E a)
43 0.5 D100R20
g N %
<
= 00
3
% -0.51 T 40 mT 0.5mT -184.5:1T
= >
S
Z -10 FIG. 3. Density plots of thex component of the average mag-
0.014 netization of D100R20 (diameterl00 nm, diameter-to-thickness
b) ratio d/t=20) at 40, 0.5, and-18.5 mT field. The lightest region
g corresponds tan,=1, the darkest tan,=0.98. The contour lines
= 0.012 are lines of constant, with m,=0.995, 0.990, and 0.985. The
g % arrows on the disk are sketches of the direction of the magnetization
LE \ in the area. Note that the canting of the magnetization illustrated by
2 0.010 the arrows is exaggerated in the figure.
&)
g, culation is performed on the same disk except this time with
w2 . .
0.008! \ a 400 times stiffer exchange constant, namehs5.2
%10 ° J/m. This value ofA gives the exchange length of
=2 10 114 nm(as opposed to 5.7 nm if using the true permalloy
o c) Total exchange constanta length scale that is comparable to the
e disk diameter. From this, it can be expected that the disk
= 0 . behaves essentially like a single-domain particle because any
é" : deviation from uniform magnetization would cause too much
5 015 \ Exchange exchange energy. The simulation shows th_e magnetization
g reverses at about 0.8 mT, a much smaller field than what
=¥ 0.10- : \\ was needed before, and the spread function reads less than
E ¥ — T T———— 2% 10 ® throughout the reversal process. Another explor-
:%“ 5 08-\: € Trans, a_tory calculation is also undertaken, this time W|th_the e_zxc!u-
g sion of any stray field effect to ensure perfect uniformity in
o 50 V Stray Field the magnetic patterfwith the exchange stiffness constant
Z A=1.3x10 ! J/m). The result shows that the magnetiza-
5 o] Zeerman tion switches practically at zero field. This is expected be-
s cause the disk is modeled to possess no intrinsic magnetic
g -5 : anisotropy. Also, the fact that the spread function is less than
g 3x1071% at all field strengthgwhich is within numerical
<>

40 -20 0 20 40 errors of the codeis an attestation that the disk is indeed a
Magnetic Field [mT] single-domain particle. In short, the simulation results sug-
gest strongly that the stability of the onion configuration is
FIG. 2. (a) The average magnetizatiof) spread function, and  responsible for the large switching field in this particular
.(c) the relevant energy terms are all plotted as a function of thesamme_ It should be kept in mind that the large switching
in-plane  magnetic field for D100R20 (diametef00 nm,  fia|q opserved in the simulation may not be obtainable in
dlar_neter-to-thlckness_ ratid/'t=20). All _th_e energy terms are nor- experiments due to many factors includifigthe presence of
malized to the stray field energy coefficietg= J/2u, Where‘].f. thermal fluctuation that can marginalize the stability of the
e e s haun AT confguration ard)sructuralcefects such as tht
energy pllot. §1e_ disk perimeter is a'blt jagged qnd hence may provide
unintended nucleation sites from which the reversal process
can originaté:®
ing occurs at about-18 mT. This might strike a dissonant ~ Onto the discussion of the magnetic states encountered
chord in the reader’s intuition as being large, considering thatluring the reversal process, examination of the magnetic
the ferromagnetic disk possesses neither intrinsic nor angonfiguration shows that the disk remains in a normal onion
in-plane shape anisotropies. But in light of what was dis-state in the field range between40 mT. The irreversible
cussed earlier about the configurational stability effect, this ijump in the magnetization, which occurs-atl8.5 mT field,
not so strange after all: the 18 mT field strength is what itcorresponds to the transition from one onion state to another
takes to destabilize the onion configuration with the mag-of opposite polarity—that is, into another onion state with its
netic field applied directly opposite to the onion axis. Toaxis pointing in the opposite direction. Before the transition,
gather evidence supporting this interpretation, a similar calthe spread function, as shown in FigbR shows that the
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230 . . | .
-150 100 50 0 50 100 150 mentioned that this type of hysteresis has already been ob-
served by many research groufsg., Refs. 4, 13, and L7

g 1.0 (the dark areas shown in Fig).3'he magnetization reverses
g a) when the barrier separating the two onion states is reduced to
B 05 zero by the action of the external field. The onion-to-onion
o Y] transition occurs so as to save both the Zeeman and ex-
& change energies as clearly shown in Fi)2
= 00
E B. Transition between normal onion and out-of-plane
= -0.54 D100R2 vortex states
g Another commonly observed type of hysteresis loops is
Z 1.0 that involving transitions between onion and out-of-plane
1.04 vortex states. Figure(d) shows such a hysteresis loop taken
1 b) /—j from D100R2. The reversal process goes as follows: the
£ 0.8l magnetization begins in saturation by a large external field
g applied in the disk plane. As the field strength decreases, the
S 0.6 magnetic pattern evolves continuously to onion states of in-
= creasing onionicity—that is, states whose magnetization be-
=2 0.4 comes more closing up toward the onion axis, as that dis-
g cussed earlier in D100R20. However, at 51 mT field, the
ZI W) onion state collapses, quite abruptly, to a vortex state, result-
ing in a significant drop in the magnetization component
0.0 along the field direction and an almost full-scaled jump in
=3 © e vortex-onion trams, the spread function from O to 1. The transition is driven
S 101 Total purely by the saving of the stray field energy at the expense
Q 0 : of both the exchange and Zeeman energies, as shown in Fig.
. ¢) 4(c). Further decrease in the field moves the vortex core in a
= : direction perpendicular to the field, in the manner as such
‘g 6, domains aligned with the field grow, those opposed to it
S 3] Exchange N shrink, until the field reaches 128 mT at which the vortex
& is annihilated and transformed into another onion state
R 0= . whose axis points along the field direction. This transition is
2 201 driven by the saving of the Zeeman and exchange energies at
g 10 Stray Field Y the expense of the stray field. Clearly, a much larger field is
é’ needed to reverse the magnetization in this disk than in
>, D100R20. This reflects the fact that the vortex state is more
%" stable against the in-plane magnetic field than that of an
Lf] _ onion state. The large switching field is yet another example
o 201 onion-vortex trans. —> of the configurational stability effect discussed earlier, and
%D . this time the configuration is of a vortex state. It should be
(]
Z

Magnetic Field [mT]

FIG. 4. D100R2 (diameter100 nm, diameter-to-thickness ra- C. Transition involving twisted onion states

io d/t=2): (a) in-plane hysteresis loogh) and(c) are the respec- In thicker disks, the twisted onion configuration may be

tive spread function and energy terms plotted as a function of th?nore stable than the normal onion in some field range. For

lied field. The magnetization pr involv ransition - .
applied field. The magnetization process involves transitions IDeexample, the reversal process in D200R2 passes through the
tween a normal onion and an out-of-plane vortex states.

transition from a normal to twisted onion state at about 176
mT, leading to an abrupt change in both the projected mag-
magnetization becomes more nonuniform as the field apnetization and the spread function value. As shown in Fig. 5,
proaches the switching field. But in what manner does thehe transition saves stray field energy, but it is done at the
magnetic pattern become more dispersed? This question caost of both exchange and Zeeman energies, though the net
be answered by examining the configuration at differentthange in the total energy is negligible in this transformation.
magnetic fields. Figure 3 shows three snapshots ofxthe Further decrease in the field leads to another configurational
component of the configuration at saturati@® mT), near transition from the twisted onion to an out-of-plane vortex
remanence (0.5 mT), and just before the reversal state at 132 mT field. The vortex state is eventually annihi-
(—18.5 mT). Clearly, as the external field decreases, théated at —158 mT field to a twisted onion configuration,
magnetization becomes more closing up or “onionated” inwhich thencontinuouslyevolves to that of a normal onion
the disk plane, as it is evident by the growing of the region astate. It is interesting to note that the transition from normal
about+45° away from the direction of the symmetry axis to twisted onion state occurs abruptly, while the reverse pro-
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g 21 c) . Exchalnge 5 Exchange :
& 1] - : 54 ' :
|5} 4 vortex-twisted (=W /
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. onion trans,
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Magnetic Field [mT] Magnetic Field [mT]

FIG. 5. The magnetization process, observed in D200R2 F|G. 6. The magnetization process involves in-plane vortex
(diameter-200 nm, diameter-to-thickness ratiit=2), involves  states. It is observed in D100R1 (diametdi00 nm, diameter-to-
twisted onion states. A detailed description of the figures can bghickness ratial/t=1). A detailed description of the figures can be
found in the caption of Fig. 2. found in the caption of Fig. 2.

cess, that is, transition from twisted to normal onion statethe field direction because of the Zeeman energy term. Un-
happens smoothly. This could be a numerical artifact. Ondike an out-of-plane vortex state, the core of the in-plane
piece of evidence supporting this interpretation is the totaVortex remains stationary but its core area shrinks, as the
energy of the system showing a rather smooth transitionnagnetic field decreases in strength. The reason for the
suggesting that the difference in the total energy between thghrinkage is simple: the smaller the core area is, the fewer
two states is negligible. And the computer algorithm is pro-surface magnetic poles are present and hence the lower the
grammed to always keep tiséatus quaconfiguration, unless stray field energy is. At-7 mT, the vortex switches its po-

the energy difference is larger than that specified in the tollarity to align with the magnetic field, as driven by the low-
erance parameter. ering of the Zeeman energy. Further decrease in the field

results in the vortex transforming back to a twisted onion
which then eventually leads to a normal onion state at about
—240 mT, all of which occur in a continuous manner with
Instead of going from a twisted onion to an out-of-planeno visible diskontinuity in the magnetization, spread func-
vortex state, the magnetization reversal in D100R1, as showtion, and energy curves. In agreement with that discussed in
in Fig. 6, evolvescontinuouslyto an in-plane vortex state the previous paragraph, the transition from a normal to
with decreasing magnetic field. The continuity of the transi-twisted onion state also occurs abruptly, this time at about
tion is evident by the smoothness in both the magnetization98 mT, but that from a twisted to normal is continuous, for
and spread function curves. Naturally, the core axis lies irthe same reason as that discussed before. Snap shots of the

D. Transitions between twisted and in-plane vortex states
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FIG. 7. (Color) Stable magnetic configurations at different magnetic fields during the magnetization process in D100R1 (diameter
=100 nm, diameter-to-thickness ratiégt=1).

magnetic configurations at various different field strengths VI. EVOLUTION OF MAGNETIZATION LOOPS
are shown in Fig. 7 to give the reader a more visual picture ON DISK SIZE

of the magnetization process. Last, as far as we know, there
have been no reports on magnetization processes involvin
in-plane vortex states in the literature.

So far, hysteresis loops of different shages., square-

nd dumbbell-looking loopshave been presented. Their dif-
ferences are due to the degree of stability of the different
magnetic configurations against the external magnetic field.
E. Reversal involving buckle states But no words have yet been uttered about the evolution of

For larger diskgwith diameter larger than 200 npinter- the various loops. How does one evolve to another as a func-

mediate buckle states afenetastable, and transitions be- tion of disk size, for example? In this section, we focus our
tween an onion to a buckle state often occur. For exammeattentlon on this issue and restrict our investigation to only
Fig. 8 shows the hysteresis loop of D500A50, which passeElﬂe D200R series, namely, a series of disks of different thick-
the transition from a normal onion to@Qstate at 1.6 mT. As NESses but of the same diameter fixed at 200 nm. The D200R
the field decreases t62.8 mT, theC state switches its “po-  Series is singled out for the discussion because it is simple
larity” by rotating the whole configuration by 180° while its and at the same time provides some insight into the thickness
rotation sense of the magnetization stays intact. Eventuallydependence of the different hysteresis loops.
the C state is annihilated back to a normal onion state at Figure 10 shows the dependence of the magnetization and
—8.2 mT. It is interesting to note that the state in this spread value on the disk aspect radid at zero field. The
particular disk does not evolve into a vortex state althougtplot is divided into three subregions. In region I, that is, in
their structures are arguably similar:@\state can be viewed the regime of very thin disks or larg#t ratio, the hysteresis
as that of a virtual vortex with its core sitting slightly outside loop is square looking like that shown in Fig. 2, with essen-
the disk perimeter. tially unity remanence and zero remanent spread value. This
Figure 9 shows the magnetization loop of DSO0R30. Inis expected, because there is not much of a driving force to
this disk, the normal onion state drops instead t&atate at  have a closed flux configuration. In region Ill, that is, in the
6.5 mT, which then collapses to an out-of-plane vortex stateegime of low aspect ratio or of thick disks, the onion state
at 2 mT. Transitions to higher-order buckle stategy., W  transforms to a vortex state before it is emerged to another
staté?) can also be observed in thicker disks of the samenion state of opposite polarity. This passage is expected
diameter such as D500RS5, but they are not discussed here loecause the need to avoid surface poles at the perimeter is
this paper. more pressing. An example of such a hysteresis loop—a
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FIG. 8. D500R50 (diameter500 nm, diameter-to-thickness ra-
tio d/t=50). The magnetization process involves atate. The FIG. 9. The magnetization process, observed in D500R30
two insets are the density plots of tkeomponent of the magneti- (diameter-500 nm, diameter-to-thickness ratiét=30), involves
zation at 0 and-6.5 mT field. A detailed description of the figures the S state. The inset is the density plot of tkeomponent of the
can be found in the caption of Fig. 2. magnetization at 3 mT field. The white color correspondsnto
=1, the black colom,=—1. A detailed description of the other
dumbbell-looking loop—can be seen in Fig. 4. For disks ofplots can be found in the caption of Fig. 2.
intermediate thickness or aspect ratio, that is, those belong-
ing to regime Il as marked in the diagram, the onion staterhere, it is found that a sizable field is often needed to switch
typically goes through some buckle state before it switchesthe magnetization of an isotropic permalloy disk due to the
The buckle state is of th€ configuration in this particular  configurational stability effect. But a magnetic configuration
Series. that is stable against a fixed-directional field may not be so
against a rotational field. For example, if an external field is
applied at an infinitesimal angle away from the symmetry
axis of an onion state, it seems reasonable to suppose that the
Our discussion on magnetization reversal has thus famagnetization would simply undergo a slight rearrangement
been restricted to that with a fixed-directional magnetic fieldto arrive at a new onion state whose onion axis lies parallel

VII. IN-PLANE ROTATIONAL FIELD
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FIG. 10. Remanent magnetization and spread function at zero
field are plotted as a function of the aspect ratio of the D200R series c 1.0 == - - - F - - - - - -1
(disks whose diameter is 200 nnRegion | has a squarelike loop 2 '
(see Fig. 2, the magnetization loop in region Il passes throudb a _ﬁ 0.5
state(see Fig. & that in region Il passes through a vortex statee 2 ™~ M
Fig. 4). § D100R2
- 0.0

to the field direction. The transition between these two onion ﬁ
states has essentially no barrier in the limit that the angle g -0.5 -— Mx
between the field and onion axis approaches zero. From this 5 H,=80mT
realization, it can be expected that an onion state can be < 1.0
reversed quite effortlessly with an in-plane rotational field, as ) -

tort . : 0 45 90 135 180
long as the rotation is smoothy having small step sizend
the rotational frequency is sufficiently low to allow the onion ¢ [degree]

axis to follow closely. Using a field of the form FIG. 11. Thex component of the magnetization and that along

the field direction are plotted as a function of the field anglan
degrees for D100R20 and D100Ri2e., disks whose diameter is
100 nm, diameter-to-thickness ratiit=20 and 2, respectively
Hg is the amplitude of the rotational field.

Whe_reqs is the_angle b_etween_ the e>_<terna| field direction and VIII. DISCUSSION AND SUMMARY
x axis, andH its amplitude, simulations of the reversal pro-

cesses for D100R20 and D100R2 have been performed, and Perhaps the discussion should begin by emphasizing that
the results are shown in Fig. 11. The precise procedure of thghe simulations performed in this study are based on a static
simulations is as follows: the magnetization is first saturatechpproach. No words have been and can be said about the way
by a sufficiently large in-plane field. It then decreases graduand the speed at which the magnetization evolves from one
ally to 5 mT for D100R20 and to 80 mT for D100R2, from (metgstable configuration to another. Such information can
which the field begins to rotate in the manner as prescribednly be obtained or theorized using a dynamical approach,
by the above equation with the step six¢=5°. The onion  such as that uses the Gilbert equatidiRecently, some as-
state is stable in these two disks at the respective fielghect of the transient states during the switching process has
strengths mentioned above. The facts that the magnetizatidseen addressed by Fidler et al. in Ref. 19.

along the field direction stays constant andxitsomponent The present investigation makes it clear that the magneti-
follows a cosine curve ag increases from 0 to 180° suggest zation processes in these submicron disks are driven solely
that the onion axis practically follows the field. Needless toby the stability of the magnetic configuration in which
say, the onion state is reversed when the anrfyleeaches the disk finds itself in, and not by wall displacement or
180°. Note that there is negligible hysteresis present in thenison rotation of the magnetization, as is often the case in
loop, as can be expected from a barrierless process. If laulk samples. And for this reason, we feel that the so-called
fixed-directional field were used instead, much larger fieldsonfigurational anisotropy would have been more accurately
(18 mT for D100R200 and 120 mT for D100R2, as discussethamed configurational stability, for this effect is not of
earlien would have been needed to reverse the magnetizaanisotropy in origin. If it were, a simple rotational field,
tion. For D100R20, a much smaller field strengss than 1  such as that discussed in the previous section, would not
mT) can also be used because the onion configuration isave been successful in avoiding its effect in the reversal
stable or metstable even at remanence. But for D100R%rocess.

there is a minimum field strength below which this rotational We are pleasantly surprised by the sensitivity of the
field method cannot be used for the magnetization reversaspread function in tracking the degree of nonuniformity in a
The reason is simply that the onion state is unstable below S@agnetic configuration. This is evident by the fact that it has
mT field and collapses into a vortex state. a rather smooth dependence on the field strength in all of the

H=Hq(x cos¢+y sin), 2
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reversal processes studied in this paper. Further, it providdss corresponding volume. Here, we assign a volume to each
useful information about the evolution of a magnetic con-node in such a way that the sum of the nodal volumes is the
figuration, as that illustrated in the case of an onion stateotal volume of the sample; that i¥,==v; the volume of
becoming more or less onionated by the action of the magthe sample. From EqAL), it is clear that SF must be less
netic field. than 1 becausém,)?, (m,)?, and(m,)? are positive num-
Although no vortex state is observed in many thinnerpers. The first question is, does it include 1? To prove this, it
disks such as D100R20, it does not mean that a vortex statg sufficient to show a magnetic configuration in which SF
is not stable in these elements. Indeed, our numerical simu=1. One such a configuration can be as simple as that of a
lation shows that most of these elements would have favoregarticle with two domains of equal size but pointing in op-
a vortex state, provided such a state is accessible in the rgosite directions, say, in the direction. Then,(m,)=0,
versal path. which implies that(m,)?=0. Therefore, SE1 in this
In summary, the magnetization processes of permallogimple example.
disks of different sizes have been studied. It is found that To show that SE0, we rewrite Eq(A1) as follows:
these processes are governed by the stability of the magnetic
states. Many different types of hysteresis loops have been N N
observed due to the many different metastable and stable Sle—(i > rﬁ-v-)(i > rﬁ-v-)
states the disk finds itself in. In some cases, an in-plane ro- vier U\ \ViE
tational field has been successfully employed to reverse the

N N
magnetization and avoid the configurational stability of the . i
magnetic state. =1 V2 ;1 121 viv;COSbij , (A2)
APPENDIX: THE SPREAD FUNCTION where#;; is the angle between the moment vectors at riode

It is the intention of this appendix to show that the spreaoandj' Because
function is inclusively bounded in the interv@D,1]. The

function can be formally defined as follows: 1 XX 1 32
v 21 ]2,1 viv{COSH;; < v Z,l ,Zl vivj|cosé;|
N 2
1 R N N
SF:l—‘vizl m;v; :1_<mx>2_<my>2_<mz>21 s% 2 E vivj=1,
i=1j=1

(A1)

whereN is the number of nodes used in the simulation, it follows that SE=0. The fact that SF includes zero can be
the normalized magnetization vector in tith node, and; seen by examining its value for a single-domain particle.
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