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The magnetic nanostructure of epitaxial fcc Cof@l) circular elements1.7um in diametey has been
imaged with scanning electron microscopy with polarization analysis. The disks are obtained by ultrahigh
vacuum deposition of the metal films onto a prepattern€@03) substrate. The Si structures are 700 nm high,
ensuring that the continuous background film and that of the circular structures are not physically connected.
A closed flux configurationa quadrant configurationis observed for some of the disks, characteristic of
systems with cubic anisotropy. The measured width of the 90° domain wall varies frar2576m close to the
vortex core, up to 15025 nm at a normalized distancér 4=~0.625 from the vortex coréwherer, is the
domain wall length from the vortex core to the disk peripheng., significantly exceeding the bulk domain
wall width, and increasing further with increasing distance from the vortex core. Such a wide domain wall is
a consequence of the geometrical constraints imposed by the element, thus defining a geometrically constrained
domain wall. This view is supported by detailed micromagnetic simulations that also show that the domain
wall width increases dramatically with radial position from the disk center.
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Small magnetic elements have received considerable agnisotropy is to restrict the states with flux closure to those
tention recently in large measure due to their potential forompatible with local domains pointing along the easy direc-
memory elements in high-density storage media or as miniaion axis. In disks, materials with cubic anisotropy form
turized sensor elementdyut also because they have openedquadrant structures, and materials with uniaxial anisotropy
a new field of research with its specific problems and dedihave a multidomain state with parallel magnetic domatns.
cated experimental techniques. Of particular interest is th®ing structures, in contrast, show local domainlike features
study of the equilibrium magnetic states and magnetizationvhen a cubic anisotropy is preséft.ess clear, however, is
reversal mechanisms in small elements, which are strongliiow the magnetocrystalline anisotropy and the dipolar inter-
determined by the interplay of the different anisotropy termsactions(i.e., shape of the elementogether determine the
with the physical shape of the element. In fact, the shape diorm and extent of the effective transition at a magnetic do-
the element so fundamentally influences the switching bemain boundary in small elements. More generally, there is
havior of the magnetization that a large effort has been sperstrong current interest in the concept of a geometrically con-
with the purpose of finding the geometry that provides thestrained domain walff>1*
simplest, fastest, and most reproducible switching mecha- In this paper, we use scanning electron microscopy with
nism, which are essential prerequisites for devicepolarization analysi$SSEMPA) to study the remanent states
applications:=® As a striking example of the influence of the in micrometer size fcc Q001) disks epitaxially grown on
shape in the equilibrium magnetic state, it is observed thathe CY001) surface. In particular, we look into the details of
micrometer sized NiFe circular elements show a circulathe domain wall between the observed magnetic domains to
magnetization statévortex statg’ while square elements show that it is strongly constrained by both the shape of the
show a domain state that resembles the Landau-Lifshitelement and the magnetic anisotropy. The SEMPA technique
(quadrant domain structuré.In both cases, the magneto- has the advantage of not influencing the magnetic state of the
static energy is minimized by flux closure commensuratesample, unlike more invasive techniques such as magnetic
with the element geometry. No extra cost arrives from theforce microscopy? In addition, Co thin films deposited on
anisotropy term, which in NiFe is negligible compared with the C{001) surface have been extensively studfed® and
the magnetostatic energy term, but for other materials therovide a well characterized system, ideal for the study of
effect of the anisotropy is expected to play an important rolenagnetic elements.
in determining the equilibrium magnetic states and ulti- The elements studied here were fabricated by deposition
mately the reversal of the magnetization process. In fact, thento a prepatterned @01) substrate. A mask consisting of
role of the magnetic anisotropy has not been so extensivelgn array of disks and rings was first defined on the resist
investigated, although some studies have used epitaxial sylyer by electron-beam lithography and the unprotected Si
tems such as fcc @001),%° hcp Cq0001),2° bec F€001),  was etched down by reactive ion etching. In this paper, we
and bcc Fe(110).1 In general, the effect of the magnetic consider only the magnetic characterization of the disk
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FIG. 1. (Color) SEMPA images of four diskga) topography of
the disks showing the Si pillars rising well above the background 5 3 (Colon Domain wall magnetization profile between two
(the bright spots have been identified as Au clusters remaining aﬁ%omains.
the sputtering off of the capping layers and have negligible influ-

ence over the magnetic sighalb) Magnetization direction. Be- . . .
cause of the measurement geometry, the magnetization data just §@'S€d onto the sample surface and the intensity and spin

the left of the disk is in the shadow of the detector and should béolarization of the emitted secondary electrons are measured,
ignored. Superimposed circles and arrows are guides to the eye. T&abling simultaneous imaging of the topography and the
inset shows the key to the orientation of the magnetization. magnetization. Both orthogonal magnetization components

within the plane of the sample are measured, so that the
elements? The disk diameter was fixed at1.7 um and the magnitude and dir.ection of the ip—plane magnetization are
separation between the elements was set tan6 This as- completely determined. The probing depth of the secondary

sures that the disks do not interact with each other. Befor&!€ctrons is limited to=1 nm, making this technique a sen-
film deposition, the Si prepatterned substrate was etched in $tive surface magnetometer. _ _

10% HF solution and loaded into the MBE chamifkase The SEMPA images for four of the diskeepresentative
pressure ~3x 107 1% mbaj. A 100-nm-Cu001-template of the total of the disks imagéd@re shown in Fig. 1. Three of
layer was first deposited onto the(®1) substrate onto the disks present a nearly closed flux, four-quadrant configu-

which a 34-nm-Co layer was deposite€o grows epitaxially ration typical of a system with cubic anisotropy. The magne-
in the fcc phase on the @@01) surfacé’]. A thin 2-nm-cu  tization inside each quadrant domain is oriented along one of

layer was then deposited and this trilayer was finally capped® (110 directions, the easy magnetization axis of fcc

with a 4-nm-Au layer to prevent oxidation of the structure, €0(001). This is the prevalent state observed for the disks,
The height of the Si structure&00 nnj is such that the but other magnetic configurations are also observed. In par-
continuous background film and that of the circular struc-ficular, the top right disk exhibits a magnetic state composed

tures are not physically connect®d top view scanning of two vortex cores with opposite circulations. As will be
electron microscopy image of some of the disks is shown isnown below, this can be understood in terms of the relax-
Fig. 1(a). This method was previously shown to yield suc- ation mechanism from saturation to remanence, where the

cessful results for ring elemerft&2! where a stable bido- two vortex cores become pinned, therefore inhibiting relax-
main state was observed at reménence. ation towards the equilibrium state. All of the disks have

The magnetic domain structure of the elements was imSCMe Net magnetic moment, since one of the domains is
aged at remanence with SEMBAThe sample is introduced usually larger than the othet& particular, the vortex core
into a ultrahigh-vacuum chamber and the sample cappingoes not sit exactly in the center of the diskhe magneti-

layers are sputtered off. A high-energy electron beam is fo_zation direction in this domain is the same as in the back-
ground film and in the direction along which the field was

applied.
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FIG. 2. (Color) SEMPA image of a disk with a quadrant state at
higher magnification showinga) topography, andb) magnetiza-
tion direction. The magnetization direction is given both by color,  FIG. 4. (Color) Micromagnetic simulation for the remanent state
keyed to the inset color wheel, and the superimposed arrow field.after saturation.
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A higher magnification image of one of the disks, shown ‘ ‘
in Fig. 2, allows a closer look into the details of the four- Vi

. : : 1000 —o— ~ /

guadrant domain structure. In particular, an estimate of the & Calculation o
width of the 90° domain wall can be obtained at this resolu- o Iﬁ?f;?fnfzgere /
tion. A domain wall profile between two domains is shown in £ l """""
Fig. 3. This line scan corresponds to the line drawn across'g | §}A
the disk inset in the figure. We determine the domain wall £ % §§'§§§ /o'
(DW) width from the slope of the magnetization line scan at « 100 (] ¢ L) °
the middle of the domain wal[5=(77/2)((90/ax)51], as & ! —
shown in Fig. 3. For this wall, the measured width is 150 I i s
+25 nm. This is much wider than the value expected in bulk [ 8. = (A/K)2 =22 nm ~—
or continuous film systems. / ex

In order to understand both the remanent magnetic states /
observed and the width of the domain wall, we performed 102
micromagnetic simulations to first calculate the equilibrium 0.0 0.2 0.4 0.6 0.8 1.0
state at remanendstarting from the saturated state along the Normalized Distance from Vortex Core

magnetocrystalline easy axis directiand second, to model
the dynamics of the domain formation. The micromagneti
simulations were based on theommF micromagnetic
package® The Co parameters used werkl=1.424
X 10° A/m for the saturation magnetization amdi=3.3  radius of the cavitydisk). At a height of 0.7.m, we obtain
X 10t J/m for the exchange constant. The value of the anH,~80 Oe (at the center of the digkThis assumes a uni-
isotropy constant is crucial in determining the equilibrium form magnetization throughout, while the magnetization will
state of the system. For fcc Co/@01), the anisotropy con- likely twist at the edges of the cavity in order to reduce the
stant has been estimated ag 5x10* J/n?,*"% not too  stray field. From micromagnetic simulations, we obtain a
dissimilar from the bulk value 8 10* J/m?.?* In our simu-  displacement of the vortex core with applied magnetic field
lations, we used the experimental valle5x 10* J/n? and  of 3.7 nm/Oe, which would correspond to a displacement of
the thickness was set to 34 nm. The magnetization is a€3.3 um under a magnetic field of 80 Oe. The displacement
sumed to be uniform in the vertical direction and a cell sizeobserved for the disk shown in Fig. 2 is half of this value,
of (4 nm)? is considered in the plane of the particle. For the0.15 um. If the displacement were due to the stray field
present study, the magnetization was first saturated along ommly, its magnitude should be closer to 40 Oe. This value is,
magnetic easy axis and then was allowed to relax under nbowever, comparable to that corresponding to the strength of
applied field. The equilibrium state at remanence as obtainethe pinning sites, which for a 34-nm-thick continuous Co
from the micromagnetic simulations is shown in Fig. 4. film is of the order of 40—100 Oe¢ralue of the coercive field
The simulations show that, after saturation in an in-planealong the easy axis directipnso that either or both effects
magnetic field, the dominant remanent equilibrium state isould be responsible for the displacement of the vortex core
the quadrant state, as observed experimentally. The domaihat is observed. We note, however, that this does not change
formation occurs by nucleation of two vortex cores on twothe domain wall width, as seen from our micromagnetic
opposite edges of the disk where the magnetostatic energy s$smulations of disks subjected to small magnetic fields.
maximum(i.e., at the ends of the dipole defined by the satu- The width of the domain wall is the result of the energetic
rated state The vortices need not occur simultaneously, andcompromise between the exchange, anisotropy and dipolar
one may have a smaller nucleation energy and propagaiateraction terms: while close to the perimeter of the disk, the
throughout the disk, thus creating the quadrant state. Whemagnetization minimizes the free magnetic poles by remain-
two vortices are creatg@s observed in our simulation®ne  ing parallel to the perimeter, in the center of the disk, the
of the vortices moves to the center of the disk and pushes thepins try to orient along the magnetocrystalline easy axes.
other outwards until it vanishes. In few instances, it mayThis results in a rather wide geometrically constrained do-
happen that these vortices are pinned by defects, and are stilain wall, whose width decreases from the outside towards
present in the remanent state as observed in some of thke center of the disk. The domain wall widéhas a function
disks (top right disk of Fig. 1. As noted before, the disks of the normalized distance from the center of the disk is
imaged have a net magnetic moment. Two mechanisms mashown in Fig. 5.(The experimental data suggest that the
be responsible for this behavidi) due to the stray field that variation of the domain wall width scales with the distance
results from the cavity in the background fildipolar inter-  between the vortex core and the disk radidr small dis-
action and (ii) pinning of the vortex core at film defects tances from the vortex core the DW width assumes a value
during the magnetic relaxation process. An expression for thelose to ¢r/2)(A/K)*? while at the periphery of the disk it
upper limit of the stray field along the film magnetization ( assumes a value close to the geometrical paramgtet2
direction at a heightz above the center of the cavitprigin  corresponding to a circular magnetization configuration. The
of the coordinate systemis readily calculated abl,(0,02) situation in this case is analogous to the case of edge curling
=mMtra/(z2+r3)%2 Oe for film thicknesst<r,, where walls in patterned elemerifs?’ and resembles also the
M, is the saturation magnetization ang=0.85um is the equivalent in thick films of domain walls in closure

c FIG. 5. Domain wall width as a function of the normalized
distance from the vortex core.
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domains?® where minimization of the magnetic energy is sites for the domain wall during the transition from satura-
achieved by extended domain walls that may reach the peion to remanence. We show how the shape of the element
riphery of the element or the surface of the film, respectivelycombined with the cubic anisotropy energy term determines
The experimental values show the same trend as the calchot only the equilibrium domain structuguadrant state
lations, a plateau followed by an upturn in the domain widthpyt also gives rise to a geometrically constrained domain
with increasing distance from the vortex core, although theya|| whose width increases with the distance from the vortex
value of the domain wall at the plateau is a factor of 2 largercore. Both the observed remanent states and the measured
than that predicted by the simulations. This discrepancy mayigth of the domain wall agree well with micromagnetic
be either due to a smaller magnetocrystalline anisotropy Consy|cjations, showing, therefore, that the observed domain

stant than that measured in continuous films or due 10 g, gyrycture is characteristic of small elements where the
larger exchange constant than that assumed in the calculﬁ,]

. L agnetocrystalline anisotropy strength is significant as com-
o Gonclusion, we.have stuclied he.femanent magneqB3red 10 the cipolar nteraction

, gneti
configuration in fcc Co small disk elements. The prevalent This work was supported in part by the Office of Naval
state corresponds to a nearly closed flux, four-quadrant corResearch, the Gottlieb Daimler and Karl Benz Foundation
figuration typical of systems with cubic anisotropy. Less fre-(M.K.), the EPSRQUnited Kingdom, and the E. C(Mass-
quently, other magnetic states may be stabilized by pinninglots EP32464
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