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The magnetization reversal and magnetic domain configurations of 0.5-mm-wide epitaxial~110!Fe
particles with rectangular and needle-shaped ends and competing magnetic anisotropies have been
investigated. Magnetic force microscopy imaging and longitudinal Kerr hysteresis loop
measurements in conjunction with micromagnetic simulations have been used to elucidate the basic
micromagnetic behavior. End shape is shown to be a determining factor for the nucleation of
magnetization reversal and the resulting magnetic domain configurations.
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I. INTRODUCTION

Nanostructured magnetic elements and multilayers a
topic of great interest with important applications to ma
netic memories, high density recording media, and magn
field sensors. For applications the ability to control the m
cromagnetic properties of magnetic particles such as
magnetic switching behavior, the coercivity, and long ran
interactions between individual particles, is essential. Epit
ial growth and microfabrication techniques enables
preparation of magnetic particles with interesting comp
tions between magnetocrystalline and shape anisotropy
unique and tractable properties. Here we present the in
results of such studies on submicron Fe elements which c
bine magnetic force microscopy~MFM!, longitudinal Kerr
hysteresis loop measurements~MOKE!, and micromagnetic
simulations to elucidate micromagnetic behavior.

II. FABRICATION AND CHARACTERIZATION

~110!oriented 50-nm-thick Fe films are grown ona-axis
~11-20! sapphire substrate using ultrahigh vacuum~UHV!
e-beam evaporation techniques. The details of the depos
process are described in Ref. 1. An anisotropic in-pla
strain in these films induces a strong in-plane uniaxial m
netic anisotropy, with the easy axis along the@001#
direction.2 For an unpatterned~110! Fe film the hysteresis
loop with an applied magnetic field parallel to the@1-10# is
consistent with two and four fold components of the ma
netic anisotropy. This loop has been fitted for a 50-nm-th
~110! Fe film using the in-plane anisotropy energy

E5~K11Ku!sin2 Q23K1/4 sin4 Q, ~1!

whereK1 is the cubic anisotropy constant,Ku is the uniaxial
anisotropy constant, andQ is the angle between the magn
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tization and the@001# easy magnetic axis. From this fit th
cubic and the uniaxial anisotropy constants have been de
mined to beK156.33105 andKu53.03105 erg/cm3.

These~110! Fe films have been patterned into partic
arrays with a variety of shapes and sizes, using elec
beam lithography and ion milling. The magnetic propert
and the magnetization reversal process were studied
MOKE and MFM.3 Here we report results on 0.5-mm-wide
particles. Figure 1 shows scanning electron microsco
~SEM! images of these particles with rectangular and nee
shaped ends. The rectangular particles have a length
width ratio of 3:1, while the other type have two addition
needle-like ends. All the particles are separated by four tim
their width and three times their length, so that dipolar int
action between neighboring particles are negligible. The lo
axis of the particle is oriented parallel to the in-plane
@1-10# direction, hence perpendicular to the in-plane mag
tocrystalline easy axis.

III. RESULTS

Figure 2 shows the hysteresis loops of rectangular
needle-like end particles in longitudinal and transverse
ometry. H longitudinal refers to the applied magnetic fie
parallel to the long axis of the particle whileH transverse
refers to the field perpendicular to the long axis~i.e.,

FIG. 1. SEM images of rectangular and needle-shaped~110! Fe particles.
The @001#easy magnetocrystalline axis is oriented perpendicular to the l
wire axis.

http://jap.aip.org/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-53292
http://www.ub.uni-konstanz.de/kops/volltexte/2008/5329/
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Hi@001#!. In the transverse case the hysteresis loops of r
angular and needle-like end particles both exhibit almos
fully demagnetized state atH50. For rectangular particle
the saturation fieldHS and the nucleation fieldHN are deter-
mined to beHS51700 andHN5400 G. For needle-like par
ticles HS is 2000 G andHN is 750 G. The particles with
needle-shaped ends have higher nucleation and satur
fields.

In the longitudinal case the rectangular particles sho
fully demagnetized state at zero applied field, a nuclea
field of only HN5250 G, and the magnetic saturation occu
at only HS5450 G. In contrast, the needle-like end partic
show a square hysteresis loop with full remanence an
saturation field of onlyHS5250 G.

MFM imaging of these Fe particles has been done
order to understand the influence of the particles shape
the magnetic history on the magnetic domain configurati
at H50. The CoCr coated MFM tips used are vertica
magnetized highlighting the magnetic poles at the bounda
of particles and the out-of-plane magnetization componen
the domain walls.

In Fig. 3, the rectangular particle shows a multidoma
configuration where the size of the domains depends on
magnetic history such as the previous saturation direct
The arrows in Fig. 3~a! indicate the in-plane magnetizatio
direction of the stripe domains with the magnetization pa
lel or antiparallel to the easy magnetic axis and the flux c
sure domains where the magnetization is directed perp
dicular to the easy axis. These MFM images of t

FIG. 2. Longitudinal MOKE hysteresis loop measurements on rectang
and needle-shaped~110! Fe particles with the applied magnetic field pe
pendicular~H transverse!and parallel~H longitudinal! to the long axis of
the particles.

FIG. 3. MFM images atH50 on rectangular and needle-shaped~110! Fe
particles after~a! and~c! longitudinal saturation and after~b! and~d! trans-
verse magnetic saturation.
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demagnetized state atH50 are consistent with the sma
remanence seen in MOKE hysteresis loops. The most s
ing feature is the smaller stripe domain width after longi
dinal saturation in comparison with the domain width af
transverse saturation. The magnetic domain configurat
shown in Figs. 3~a! and 3~b!are the median domain configu
rations of a large number of particles in an array of nom
nally identical particles. The MFM image in Fig. 4 show
that rectangular particles can have different domain confi
rations after longitudinal saturation.

The needle-like particle@see Fig. 3~c!#shows a fully
saturated state after longitudinal saturation which is in agr
ment with the corresponding MOKE hysteresis loop me
surement~Fig. 2!. In contrast, after transverse saturation
observed domain pattern corresponds to a fully demag
tized state.

IV. DISCUSSION

The interplay of exchange, shape, and magnetocrys
line anisotropy energies determines the micromagnetic st
ture and magnetization reversal process. With decrea
particle size, the demagnetizing field arising from the ma
netic charges formed at particle edges becomes importan
introduces a shape anisotropy with easy axis parallel to
long axis of the particle, which is perpendicular to the ma
netocrystalline easy axis.

It is well known that for magnetic systems with an ea
magnetocrystalline axis perpendicular to the long axis of
structure a stripe domain configuration minimizes the f
energy.4 Due to the small ratio of magnetocrystalline aniso
ropy to demagnetization energyQ5(K11Ku)/2pM2

'0.05, stripe domains in conjunction with flux closure d
mains atH50 are energetically favored. Such domain co
figurations have been observed on wires,1,5 rectangular par-
ticles, and partly needle-shaped particles.

However, nucleation barriers must be overcome to fo
stripe domain states. In the transverse case, both for rec
gular and needle-shaped particles, domains nucleate nea
particle ends.3 The demagnetizing field at the end of need
shaped particles is much stronger than that at the corne
the rectangular particles and, therefore, leads to higher nu
ation and saturation fields for needle-like end particles. Af
nucleation of magnetic domains at the ends of the parti
the domains move towards the particle center, thus formin
flux closure multidomain state atH50.

For the longitudinal case both the shape anisotropy
Zeeman energy favor a magnetization parallel to the app

ar

FIG. 4. MFM image atH50 of an array of rectangular~110! Fe particles
after longitudinal magnetic saturation.
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field. Therefore, the nucleation field is smaller compared
the transverse case. When domains nucleate, the red
nucleation field gives rise to a smaller volume of flux closu
domains ~due to the reduced Zeeman energy! and thus a
greater number of domains in comparison with the transve
geometry. On further reduction of the applied field no n
domains are nucleated, so the stripe domain size is sm
after longitudinal saturation in rectangular particles.5 For the
needle-like end particles the shape anisotropy overwhe
the magnetocrystalline anisotropy and suppresses the n
ation of domains completely, resulting in a fully saturat
state atH50.

There are clearly differences among nominally identi
particles in an array such as roughness of the edges, sha
the corners, and locations of imperfections. All of these
fluence the amplitude of the nucleation field, as well as
tails of the magnetization reversal, which in turn influen
the domain size atH50. The MFM image of the magneti
domain configurations of four identical rectangular~110! Fe
particles shown in Fig. 4 were performed after longitudin
saturation. Three particles contain two stripe doma
whereas one exhibits a domain configuration with only o
stripe domain. This MFM image has been repeated m
times each after longitudinal saturation but no change of
individually domain configuration of a given particle ha
been observed. This suggests that the exact domain con
ration of an individual particle is more strongly influenced
the specific particle properties than the stochastic natur
the magnetization reversal.

V. MICROMAGNETIC SIMULATIONS

The magnetic domain patterns of a 50-nm-thick rect
gular Fe particle with lateral dimensions of 1500 nm by 5
nm has been computed at zero magnetic field with
Landau–Lifschitz–Gilber~LLG! micromagnetics simulator.6

The corners have been rounded to reproduce the impe
tions of the actual shape of the particles. The equilibri
magnetization was found by solving the LLG equation.7 In
this equation, the effective field acting on the spins is de
mined from the total energy of the system, which incorp
rates the effect of exchange, magnetocrystalline anisotr
magnetostatic, and Zeeman terms. The continuous mag
zation distribution was approximated by a discrete cu
mesh, with a cell volume of 1000 nm3. Tests performed us
ing a finer grid have shown similar results.

Figure 5 shows the simulated magnetic domain confi
ration at zero magnetic field starting from a saturated stat
~a! transverse and~b! longitudinal direction assumingK1

56.33105 and Ku533105 erg/cm3. Note that this proce-
dure corresponds to a fast removal of the saturation field
is not the same as in the experiment. The arrows indicate
in-plane magnetization direction of the stripe and flux c
sure domains. In comparison to the experimentally obser
magnetic domain pattern shown in Figs. 3~a! and 3~b! the
presence of stripe and flux closure domains is reproduced
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in the longitudinal case the width of the stripe domains d
fers from the experimental data. The difference between
experimental and calculated magnetic domain pattern co
originate from both a deviation in the uniaxial anisotro
constant and the real geometry as well as crystalline imp
fections of the Fe particles, i.e., rounded edges and cor
due to the fabrication process, which have a strong impac
the nucleation process of magnetic domains just below
saturation field. The calculated equilibrium domain patte
have been found to depend strongly on imperfections ad
to the perfect square shape. Figure 5~c! shows the magnetic
domain pattern after longitudinal saturation with slightly d
ferent corner geometry as used for the calculation of F
5~b! which leads to significant change of the stripe dom
size.

VI. SUMMARY

In summary, the influence of the end shape and the m
netic history on the magnetic domain configuration of e
taxial ~110! Fe particles has been studied. Nucleation of
magnetization reversal, which occurs at the particle ends,
be changed by varying particle end shape. However,
controllable properties like crystalline imperfection
rounded edges and corners, and edge roughness also pl
important role and have been shown to lead to different m
netic domain configurations in an array of nominally iden
cal particles.
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FIG. 5. Calculated magnetic domain pattern atH50 after~a! transverse and
~b! longitudinal saturation. In comparison to~b! in ~c! the corner geometry
slightly changed.
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