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Micromagnetic study of magnetic configurations in submicron permalloy disks
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We report a finite-element study of magnetic configurations in submicron permalloy disks using micromag-
netics principles. Depending on the disk size, mamgtastable magnetic states such as normal and twisted
onion, in-plane vortex, and various buckle states are observed. A diagram is constructed to bring out the
dependence of the different remanent states on the disk diameter and thickness. It shows that the disk thickness
is the decisive factor in determining whether a vortex state is energetically more favorable than an onion state,
and that the disk diameter determines whether some in-plane buckling can be sustainable.
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[. INTRODUCTION diagram. The magnetization processes of these disks have
been presented in Ref. 16.
The continuing quest for miniaturation of magnetic ele-
ments, which in part is driven by the desire for ever denser || SAMPLE SPECIFICATIONS AND NUMERICAL
data storage media and the promise of faster and more sen- METHOD
sitive sensor devices, is made possible by the recent ad- o )
vances in optical® and electron-beam lithography The sample material is taken to be permalloy with the

technologied:# But as their lateral dimensions shrink to sub- Magnitude of the saturation magnetic polarization vedtor

micron regime, instead of the aggregate of magnetic domains + T Put without any intrinsic anisotropy. The exchange

H —11
commonly seen in bulk samples or unpatterned thin filmsCONStaNtA is assumed to be 1:310 * J/m. These param-

the magnetization can arrange iisiagle highly nonuniform eters give the exch.ange I_ength of 5.7 nm. In this paper, the
pattern, examples of which are vortex? flower!! S, and exczhange length is defined dse,=VA/Ky where Kq
C- statest®'2 Apart from the interesting spin arrangements,:‘]slzfuo' Although real permalloy material usually pos-

their existence has a significant impact on technological apgesdseds_at;/]veakl ur:la;_xml banlsotropy, its ctotntrllbutlotr;] IS ﬁx'
plications, both desirable and undesirable, depending on th%g Oef nlgnur?ifg?n?usaifr;rr:ﬁagsrfe\r,]vti v;gnsirr? Ieeeaps gs@iglz-
particular design of the device. For example, the onset of a P g P P '

vortex state in the active elements of a giant maanetoresi while still maintain its essential character. As such, the cal-
. . ag 1ag Tulated remanent magnetic configuration is simply the result
tive read head would be detrimental to its operation, even f

i : bt the competition between the stray field and exchange en-
a simple reason that it Wo'uld'take too large of a m""gne“(\ergy, the former favoring a closed flux arrangement which

field to switch the magnetization. On the other hand, therg,g essitates a highly nonuniform spin arrangement due to the
have been proposals in the literature about the usage of agample geometry, the latter favoring uniform magnetization

rays of submicron ring magnets for ultrahigh density\yhich inevitably generates magnetic poles at the sample sur-
memory storagé®!* because such a design naturally pro-face.

motes a flux closure arrangemeamong other advantages Disks of various diameters and thicknesses are examined.
the result of which allows more elements to be closelyThe largest disk diameter in this study is 500 nm, the small-

packed with minimum interference between neighboringest 50 nm, with different diameter-to-thickness ratét

rings due to stray field. Hence, as the miniaturation processanging between 1 and 100. The notation used to specify the
continues, it is imperative to have a good understanding oflisk size goes as follows: For example, D200R10 means a
the spin arrangement physics, if the current magnetic devicedisk with a diameter of 200 nm and a diameter-to-thickness

are to continue to operate effectively. ratio d/t of 10.

Particularly in the past few years, there has been much A finite-element (as opposed to a finite-difference
discussion on the magnetic states of submicron soft ferromethod is employed to investigate the nonuniformity in the
magnetic diskqe.g., Refs. 5,6, and 15, and the referencesnagnetization because of its flexibility in adopting to practi-
therein), but the attention has been almost exclusively on thecally any sample geometry with a high accuracy. The sample
“single-domain” and vortex states. Our numerical simula-is mathematically partitioned into many conformal tetrahe-
tions show that othefmetastablé’ magnetic configurations drons, the magnetization in each of which is interpolated
are possible, including the onion, in-plane vortex, and stateknearly based on the values on the four corner points of the
of various degrees of in-plane buckling. These states can betrahedron. An example of the mesh at the surface of a disk
accessible by a simple procedure to be described below. & shown in Fig. 1. The distance between two nodes of a
detailed description of each of these magnetic states is a@etrahedron is generally kept between 0.5 to 2 times the ma-
important part of this paper. Insight into peculiar features ofterial exchange lengt#. Obviously, the decision as to which
a spin arrangement is noted. The effect of disk size on thenesh size to use hinges on the balance between how fine we
remanent state is made clear by the construction of a phaseant to resolve the magnetic structure and how much com-
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shown in Fig. 2a)], some curling is observed. The deviation
from the uniform arrangement is driven by the need to mini-
mize the amount of poles created at the perimeter of the disk.
The nonuniform characteristics is made more obvious in Fig.
2(b) by plotting the y-component of the magnetization,
which shows a substantial variation, with, ranging be-

= S s tween=*=0.47.
SN % AN pNA : Interestingly, there is a sizable out-of-plane component of
J A e the magnetization near the “head” and “tail” of the onion

. axis, as shown in Fig. (2). In this particular pattern, the
FIG. 1. An example of a finite-element mesh. Only the Surface\/alue of m, peaks around 0.07, which corresponds to the
mesh is shown. This particular one is that used to model D100RlOCanting of fhe magnetization at :about 4° with respect to the
L - - . disk surface. In some thicker disks, a much more pronounced
putation time we are willing to spend. Energy minimum prin- magnetization canting can be seér example, to about 13°

ciple is invoked in determining the equilibrium structure. . : - -
The minimization is achieved by a self-consistent procedurel'n D200R10 at 11 mT field The opening/closing of the

The strav field is first calculated f d t.magnetization or the flowering effect in ta@irection can be
€ stray Tield Is first calculated Irom an assumed magnetigy, o 1404 by noting that the system, in so doing, can have a
structure and is subsequently treated as an external magne,

. ; . ~bétter flux closur tside th mple. Remarkably, th tw
field. The total energy of the system is then minimized via Etter flux closure outside the sa ple. Remarkably, these two

th ‘ugat dient path lting | “rel d,,mechanisms, namely the “flowering” and “onionization”

e COT.JUQ? e tgra lien pah_ ’hrf:u ltng |rf1_ ‘"’l‘dm"fe rle aIX? dprocesses, which are ways to reduce stray field, do not com-
magneuc structure from which the stray Tield 1s recalculated,, oo \yith each other, not because the former affects strictly
The process repeats until the energy difference between th

before and after the minimization is within som ified e out-plane-plane components of the magnetization, the
elore and after the ation 1s SOme SPECINed ,yar the in-plane, but because the two processes are most

tolerance. In our computer program code, the stray field iIStective in di ; : :
) LG X i ective in different regions of the magnetic pattern. For this
calculated using the hybrid finite element—boundary inte- 9 9 b

. ; . reason, it is often the case that both characteristics are
gral method, first employed by Fredkin and Koehler in solv-

. . . i ; o present in an onion state.
ing micromagnetic problems.A more detailed description The onion state is often referred to as a “single-domain”
of our method can be found elsewhéfe.

state in the literature. We feel that such a negligence of its
onionic character is too crude. This is particularly evident in
ll. MAGNETIC CONFIGURATIONS the study of magnetization process in which even the pres-

Different magnetic states are observed, depending on th%nce of some degree of onionicity can significantly enhance

disk diameter and thickness, and the external field strengtr
and direction. Unless stated otherwise, the magnetic state 6%‘
prepared by first saturating the magnetization in a large in-

o . state only if the disk diameter is less than the exchange
plane magnetic field. The field strength then decreases gradfi- L :
ally, typically in 1 mT step size. The naming of a magneticHangth (which is about 5.7 nm for permaligy otherwise,

configuration(e.g., onion, vortex, ettis based on thén- some degree of nonuniformity would be inevitable in an ef-

plane arrangement of the magnetization, simply because thfgoerrzttg"re?#eci;;ees,‘téﬁ?ozflig Sg:égt% egéi(?rlibpé ﬁ?r:;mhetic
pattern is strongly influenced by the circular in-plane geom- Y 9

. ) state because of its resemblance to a cross-sectional view of
etry, particularly for disks whose aspect radit<1. Also, an onion that is sliced through the center from top to
to facilitate the discussion below, a Cartesian coordinate Sy%ottomgg
tem is introduced with the axis pointing in the disk normal '
direction, and the-axis along the external field. The origin
of the coordinates is positioned at the center of the disk.
Lastly, the notationsn,, my, andm, are used to denote the

vectorial components of the normalized magnetization vector [N @ vortex state, the magnetization essentially aligns with
along thex, y, andz axes, respectively. the disk geometry as much as possible in an effort to achieve

a zero flux leakage condition. This results in a spiral arrange-
ment of the spins or a vortex, with the magnetization wind-
ing either out of or in the disk plane at the vortex core. If the
Figure 2 shows an example of what we call a normalcore axis lies in the disk plane, it is an in-plane vortex; if it
onion state(as opposed to a twisted one to be describecoints perpendicular to the disk plane, it is a out-of-plane
laten. In particular, it is the magnetic state observed invortex, for the obvious reason. Needless to say, the zero-flux
D200R20 at 10-mT field. This magnetic configuration has astate is achieved at the hefty expense of the exchange energy.
clear mirror axis of symmetry about the axis, which is Figure 3a) shows a top view of the out-of-plane vortex
selected out by the external magnetic field. About the symstate observed in D400R10 in zero field. The core of the
metry or onion axis, the in-plane magnetization is quite uni-vortex is clearly seen to lie perpendicular to the disk plane. A
form. But in the regions at about 45° away from the direc- cross-sectional view of the plane, cutting normal to the disk
tion of the symmetry axifthese are the four blue “corners” plane and through the vortex core, is depicted in Fidp).3

e switching field of the particle via the so-called configu-
tional anisotropy or configurational stability® As a rule
thumb, a single-domain state is more stable than an onion

B. Vortex states

A. Normal onion states
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0 100 200 300 400
Line Scan from Ato B [nm]

z-Component of Magnetization

FIG. 2. (Color) Normal onion state observed in D200R20 at )

10-mT field. Both(a) and (b) are top views of the disk, with the FIG. 3.. (Color) Out-of-plang vortex state observed in D400R10
color coatings reflecting the variation in tkeandy components of ~ at zero_flel.d. The color C_:0at|ng reflects tIzgcomponent of the
the magnetization, respectively. The arrows are the projection of thE'agnetization.(a) A top view of the magnetic stateb) Only a
magnetization onto the disk surface. P@itis a perspective view portion of the cross-sectional plane C.uttll’.]g normal to the disk sur-
of the disk with the color reflecting the variation in theomponent ~ face and through the center of the disk is shown; the dashed lines
of the magnetization. near the core are the contour lines, that is, lines of constarh

this case.(c) The out-of-plane component of the magnetization

) ) ) along the lineAB, as indicated irb), is plotted. The inset shows the

Note that the size of the core region decreases as it proceeglgriex state in perspective with the same color spectrum used in
toward the disk surface, and this is made particularly obviougart (a) to map the variation ofn, between=0.04. The two bend-
by the contour lines. The bottle-neck effect is simply a con-ing arrows are to indicate schematically the field lines between the
sequence of the need to reduce surface charges. The magpesitive charge at the core and the concentric band of negative
tization profile along the line through center of the disk, ascharge encircling it.
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FIG. 4. (Color) In-plane vortex state observed in D100R1 at
zero field. (a) A perspective view of the vortex state; the color
coating reflects the variation of thecomponent of the magnetiza-
tion. (b) Five cross-sectional planes of the disk at differeposi-
tions: 50, 25, 0, -25, and -50 nm. The color coating corresponds t
the variation of thez component of the magnetizatioft) The z
component of the magnetization along the B, as indicated in
(b), is plotted. By fitting a linear line using the slope of the wall
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a) A perspective view z

Mx

'1.0

Bottom Plane

Central Plane

FIG. 5. (Color) Twisted onion state observed in D200R2 at
162-mT field; the color reflects the variation in theomponent of
the magnetization(a) a perspective view(b) three cross-sectional
views of the planes at=50, 0, and -50 nm.

indicated by the dashed lin&B in the cross-sectional plane
[part (b) of the figurd, is plotted in Fig. &). If the core
region is taken to be that in which the magnetization cants
less than 45° away from the disk normal axis, its radius is
found to be about 15 nm for this particular magnetic struc-
ture. Lastly, it is interesting to observe a “dip” in the mag-
netization near the core area in the line scan. This dip is part
of a concentric band of negative charge surrounding the posi-
tive charge at the core, as it is shown in the inset of Fg). 3
The charged band provides a closed flux path to the core
magnetic field, and has also been reported by Raal:°
It should be mentioned that this type of vortices, the type
with the vortex axis pointing out of the disk plane, has been
observed experimentally and theoretically in cobalt and per-
malloy disks(e.g., Refs. 15 and 21and recently in Fe is-
lands using a spin-polarized scanning tunneling techriue.
Figure 4a) also shows a perspective view of the in-plane
vortex state observed in D100R1 in zero field. Contrary to
the out-of-plane vortex state, the core axis lies in the disk
plane. Figure &) shows a series of cross-sectional views of
planes parallel to the disk surface. Starting from the center of
the disk, the magnetic arrangement is that of a Bloch-wall
pattern, with two domains pointing out of the disk plane but
in opposite direction and a Bloch wall separating them. The
width of the Bloch wall can be calculated by monitoring the
z component of the magnetization along the liAB indi-
cated by the dashed line shown in the figure. The result is
plotted in Fig. 4c). Using the Lilley method(Ref. 19, p.

219, which linearizes the wall profile with the slope taken

from that at its inflection point, the Bloch wall width is found
to be about 31 nm. Incidentally, if it were a true Bloch wall,
its width would have beed= 7 A/Ky=18 nm. Toward the

profile at the disk center, the wall width is estimated to be about 31isk surface, the magnetization becomes more in plane, but

nm.

with a sizable out-of-plane component retaining even at the
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FIG. 8. (Color Three cross-sectional views of the spin arrange-

Plane B: x =90 nm ment of D200R2 at 162-mT field.

V Z
ﬂ y
l-()_7 ¥/ '

FIG. 6. (Color) Two cross-sectional views of the spin arrange-
ment of D200R2 at 162-mT field. The two planes cut normal to the
disk surface, one at=0, the other 90 nm. The color reflects the
variation of a component of the magnetization. The arrows are the
projection of the magnetization on tlye plane.

T o =

M035 X = 90 nm

0 35
FIG. 9. (Color) Perspective views of & state observed in
FIG. 7. (Colon A head-on domain pattern observed in in D200R20 at O-mT field. The color i@ shows the variation in the

D200R2 at 202-mT field. x component of the magnetization, (b) that in thez-component.
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surface of the disk, as much as0.6] in some parts of the soidal axes must be opposite to the sense of the vortex on the

configuration. The in-plane component of the magnetizatiorcentral plane, in order for preserve the sense of the vortex.
at the surface also arranges in a nonuniform pattern, similabn planes to the tail of the oniof.g., planed), the ellip-

to that of an onion state, in that the spins curl to adopt thesoidal axes must rotate in the same direction as the sense of
circular disk geometry as much as possible to minimize theéhe vortex on the central plane. This opposite canting char-
stray field energy generated by surface poles. acteristic is the resolution of otherwise head- and tail- on
domain patterns on the head- and tail- sides of a normal
onion state, respectively. Coincidentally, this doing also pro-

C. Twisted onion states vides the best flux closure between poles at the top surface
Figure §a) shows a perspective view of what we call a @nd those at bottom of the disk within the constraint of the

twisted onion state. It is the magnetic state observed igonfiguration.
D200R2 at 162 mT field. This is a complex structure which,
like other complicated entities, requires some analytical in-
cisions to make some sense of it. Perhaps the first logical cut All of the patterns presented so far can be fitted into two
is to examine the projected magnetization on the cutplangroad categories, namely onion and vortex. They are the two
parallel to the disk surface through the disk center as showsxtremes of the spectrum of all possible spin arrangements in
in Fig. 5b). This magnetic pattern on the central plane isthese submicron disks. On the one side is the onion pattern
unmistakably that of an onion state. The magnetization onwhich is heavily dictated by the exchange interaction that
other planes, those parallel to this central plane, stays moifavors uniformity in the spin distribution. The twisted onion
or less an onion pattern but with its onion axis progressivelystate also belongs to this broad category, for its average mag-
“twisted” in the opposite direction as it moves toward the netization remains overwhelmingly in thedirection (e.g.,
top and bottom surfaces of the digee Fig. 8)]. To see the  (m,)=0.86 in the configuration discussed earlier in Fig. 5
reason for the twisting of the onion axis, Fig. 6 shows theOn the other side is the vortex pattern which is heavily dic-
projected magnetization on two planes cutting normal to theated by the need to save the stray field energy, to have as
disk surface, one at=0 (planeA), the other ak=90 nm |ittle flux leakage as possible. However, there are intermedi-
(planeB). Some flux closure is clearly seen in both patternsate states, ones that are neither highly uniform nor highly
suggesting the collapse from a normal to a twisted oniorspread, as the result of a compromise between the exchange
state is derived, at least in part, by the saving of the straynd stray field energies. Buckle states, that is, states in which
field energy. The flux closure results in an elliptical vortexthe in-plane magnetization buckles, are good examples of
pattern on these planes. Its being elliptical, as opposed tthis class of spin arrangement.
circular, is simply because the aspect ratid is less than Many degrees of buckling, based on the number of “os-
one in this particular disk. cillations” in the in-plane magnetization, can be identified.

It is interesting to note the tendency of the major axis ofThe first-order buckling, as shown in Fig. 9, is what we call
the ellipsoidal pattern on planes parallelApto cant away a C state, because of its resemblance to the l&itaf the
from they-axis toward its diagonal. Why is there a need for Latin alphabet. From the view point of the stray field energy,
such a canting? One possible explanation is that the systethis pattern has the advantage over the onion in that the
does it to avoid an otherwise head-on domain configuratiomagnetic poles of both polarity are situated near the opening
in they component of the magnetization. Figure 7 shows arends of theC pattern, resulting in the stray field quite com-
example of such a pattern observed in the same disk but atgactly confined to a rather limited area outside the sample.
higher magnetic fielde.g., 202 m7, as part of a normal Further examination, as shown in Fig. 9, reveals some degree
onion structuré” They component near the wall region cre- of flowering also present in the vicinity of these surface
ates like charges which repel one another, the existence @bles, for the same reason as that in the onion state, namely
which is energetically unfavorable. But such a costly ar-to provide a better flux closure outside the sample. It is in-
rangement can be avoided if the two domains of the head-ottiguing, though not surprising, to see in Figb that the
domain pattern are to rotate away oppositely from each othespening and closing of the magnetization are coordinated in
and out-of-plane, as that done in plaBeof Fig. 6b). This  such a way that gives rise to poles of opposite polarity as
may indeed be the leading force that drives the transformaelose as possible, and those of same polarity as far as pos-
tion from a normal to a twisted onion state. Along the samesible, within the constraint of th€-state pattern.
line of reasoning, we can expect to see more canting of the An example of second-order buckling is shown in Fig. 10.
ellipsoidal axes in regions that favor largecomponent by  The pattern is called th&state, for the obvious reason like
the disk geometry, and this is in fact what is observed in thehat of theC state. A third-order buckle state—we can call it
simulation. the W state—is shown in Fig. 11. Detailed discussion of

Equally interesting to observe, as shown in Fig. 8, is thathese patterns will be presented elsewhere. Incidentally, it
the vortex major axis cants oppositely as it approaches thshould be mentioned that no out-of-plane buckling is ob-
head and tail of the onion state. This occurs because thserved in any of the disks discussed in this paper simply
sense of the vortex dictates the direction in which the ellipbecause it is too thifless than 100 nirto support it. Lastly,
soidal axes of the vortex should cant. Take the vortex on theve would like to acknowledge that bucklings of first and
central plane(plane B) as the reference. On planes to the second ordefthough not so namechave recently been re-
head of the oniorfe.g., planeC), the rotation of the ellip- ported by Guslienket al?*

D. In-plane buckle states
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0.0
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L.

FIG. 11. (Color) Third-order buckle state observed in D400R5

X at 89-mT field.(a) A top view. (b) A perspective view.

® Onion
S-State
FIG. 10. (Color) Second-order buckle state observed in B O Perp Vortex
D500R30 at 3-mT field(a) A top view of thex=0 plane with the ) 1 o o InP Vortex
color reflecting the variation in the-component of the magnetiza- = 2 @ C-State
tion. (b) A perspective view showing the variation in taeompo- 100- « o ’ ol
nent of the magnetization. = 5 o
‘,', /,/ ‘__O—"’
IV. DIAGRAM OF REMANENT STATES % 5 0 S O___1_9.<—-——O'
Thus far, different magnetic configurations observed in 2 @ 20 o
these submicron disks have been presented. But it would be<§ O3
instructive to have a diagram that brings out the evolution of E O

the different magnetic states as functions of disk diameter 10 4
and thickness. Figure 12 is such a diagram, constructed for
the remanent states which are obtained by the procedure
stated before, that is, start with the magnetization in satura- ‘

tion by a large external field, and then the field gradually 50 100 200 300 400 500
decreases to zero strength. However, there is a caveat which :

should be made clear before we proceed. The red-coated data Diameter [mm]
in the diagram are not really remanent states—not quite. FiG. 12. (Color A diagram showing the remanent states of dif-
Their true remanent patterns are onions, but these oniofrent disk diameters and thicknesses. The red-coated data points
states collapse into the indicated states as soon as the fielge not true remanent states, as it is explained in the text. The
reverses its polarityless than 1-mT field strengthBecause dashed lines are the iso-ratio lines; that is, lines of constant aspect
the simulation results assume zero thermal fluctuation anehtio. The solid lines are the boundaries separating the different
that the sample is always perfectly aligned, both of whichmagnetic phases. They are drawn with the guide of the eye.
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conditions are typically not satisfied in experimental settingsclearly not so. It is the thickness of the disk that plays a
these indicated states might as well be those observed utecisive role in determining whether a vortex state is ener-
remanence due to these non-ideal conditions. Besides, thyetically more favorable than an onion state, and the disk
phase diagram would not have been as instructive if thegliameter that determines whether some buckling is sustain-
were replaced with that of an onion. able.

With the caveat aside, three broad regimes are clearly It may strike the reader as being peculiar that only
demarcated on the phase diagram: disks whose diameter abd 00R1 is reported to have a stable in-plane vortex state at
thickness fall into the green region have the onion pattern iiits remanence. However, this does not mean that the in-plane
remanence; those in the yellow have the vortex pattern; andortex state can not be stabilized in other disks. Indeed, it
those in the blue area show in-plane buckling. Although thecan be if an external field is present, as in D200R1 at
exact boundary between the different regimes cannot b&25-mT field.
marked precisely due to the limited number of the data
points shown on the figure, its trend and general look are
clear and would only be refined, not altered, with more data
points. Note that disks of aspect ratio less than @hat is, In this paper, we have presented variogmsetgstable
pillars and nanowirgshave not been studied in this paper but magnetic patterns in Permalloy disks, including normal and
been explored by Rosst al. as reported in Ref. 23. twisted onion states, in-plane vortex state, and states with

The remanent-state diagram also shows clearly that thearious degrees of in-plane buckling. The study of the mag-
aspect ratial/t is certainly not the major factor in determin- netic pattern of these states is interesting in itself. Their iden-
ing the remanent states of the system. If it were, the states dification is crucial in understanding the magnetization pro-
the same isoratio line—line of constant aspect rdfig the  cesses in these submicron disks. A diagram of remanent
dashed lines shown on the figure—should have a same magtates has been constructed to show the dependence of the
netic pattern(e.g., onion, or vortex, and so fojthwhich is  different remanent states on the disk diameter and thickness.

V. SUMMARY
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