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Micromagnetics of mesoscopic epitaxial (110) Fe elements
with nanoshaped ends
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The magnetization reversal and magnetic domain configurations gfr@-8+de 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 configurati

I. INTRODUCTION tization and thg001] easy magnetic axis. From this fit the

. : cubic and the uniaxial anisotropy constants have been deter-
Nanostructured magnetic elements and multilayers are a_.

. . N - mined to beK;=6.3x10° andK,=3.0Xx10° erg/cnr.
topic of great interest with important applications to mag- These(110) Fe films have been patterned into particle
netic memories, high density recording media, and magnetigrrays with a variety of shapes and sizes, using electron
field sensors. For applications the ability to control the mi-beam lithography and ion milling. The magr’1etic properties
cromagnetic properties of magnetic particles such as thgmd the magnetization reversaliprocess were studied via
magnetic switching behavior, the coercivity, and long rang

3 ~ .
interactions between individual particles, is essential. Epitaxei—vIOKE and MFM-" Here we report resuilts on O/zm-wide

: . L . articles. Figure 1 shows scanning electron microscopy
lal growth ‘and microfabrication techniques enables thé()SEM)images of these particles with rectangular and needle-

preparatlon of magnetic parnc_les with |nterest|r_19 compet! haped ends. The rectangular particles have a length-to-
tions between magnetocrystalline and shape anisotropy with. . . ; "
. : . .. width ratio of 3:1, while the other type have two additional
unique and tractable properties. Here we present the initial : . .
. . . needle-like ends. All the particles are separated by four times
results of such studies on submicron Fe elements which com

bine magnetic force microscopMFM), longitudinal Kerr their width and three times their length, so that dipolar inter-
hysteresis loop measuremeOKE), and micromagnetic action between neighboring particles are negligible. The long

k . . . . . axis of the particle is oriented parallel to the in-plane Fe
simulations to elucidate micromagnetic behavior. - . .
[1-10]direction, hence perpendicular to the in-plane magne-

tocrystalline easy axis.

Il. FABRICATION AND CHARACTERIZATION

(110) oriented 50-nm-thick Fe films are grown araxis ll. RESULTS

(11-20) sapphire substrate using ultrahigh vacugdHV) Figure 2 shows the hysteresis loops of rectangular and
e-beam evaporation techniques. The details of the depositiameedle-like end particles in longitudinal and transverse ge-
process are described in Ref. 1. An anisotropic in-plane@metry. H longitudinal refers to the applied magnetic field
strain in these films induces a strong in-plane uniaxial magparallel to the long axis of the particle whild transverse
netic anisotropy, with the easy axis along tfi601] refers to the field perpendicular to the long axise.,
direction? For an unpatterned10) Fe film the hysteresis
loop with an applied magnetic field parallel to the10]is
consistent with two and four fold components of the mag-
netic anisotropy. This loop has been fitted for a 50-nm-thick
(110) Fe film using the in-plane anisotropy energy

E=(K,;+K,)sir? ® —3K,/4sirf 0, (1)

whereK is the cubic anisotropy constag,, is the uniaxial
anisotropy constant, ané is the angle between the magne-
FIG. 1. SEM images of rectangular and needle-shapd0) Fe particles.
The[001]easy magnetocrystalline axis is oriented perpendicular to the long
2Electronic mail: adkl@is.nyu.edu wire axis.
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FIG. 2. Longitudinal MOKE hysteresis loop measurements on rectangulademagnetized state &t=0 are consistent with the small

and needle-shaped 10) e particles with the applied magnetic field per- o nanance seen in MOKE hysteresis loops. The most strik-

pendicular(H transversepnd parallel(H longitudinal) to the long axis of . . . . . .

the particles. ing feature is the smaller stripe domain width after longitu-
dinal saturation in comparison with the domain width after

transverse saturation. The magnetic domain configurations

HII[001]). In the transverse case the hysteresis loops of rec§h9wn in Figs. 8a) and 3(b)are the.medign domain configu—_
angular and needle-like end particles both exhibit almost &ations of a large number of particles in an array of nomi-
fully demagnetized state #1=0. For rectangular particles Nnally identical particles. The MFM image in Fig. 4 shows
the saturation fieldHs and the nucleation fielt are deter- ~that rectangular particles can have different domain configu-
mined to beHg= 1700 andH =400 G. For needle-like par- rations after longitudinal saturation.

ticles Hg is 2000 G andHy is 750 G. The particles with The needle-like particlésee Fig. 3(c)Jshows a fully
needle-shaped ends have higher nucleation and saturati§aturated state after longitudinal saturation which is in agree-
fields. ment with the corresponding MOKE hysteresis loop mea-

In the longitudinal case the rectangular particles show suremeni(Fig. 2)_. In contrast, after transverse saturation the
fully demagnetized state at zero applied field, a nucleatiofPServed domain pattern corresponds to a fully demagne-
field of only Hy=250 G, and the magnetic saturation occurstized state.
at onlyHg=450 G. In contrast, the needle-like end particles
show a square hysteresis loop with full remanence and p; piSCUSSION
saturation field of onlyHs=250G.

MFM imaging of these Fe particles has been done in ~ The interplay of exchange, shape, and magnetocrystal-
order to understand the influence of the particles shape arfthe anisotropy energies determines the micromagnetic struc-
the magnetic history on the magnetic domain configurationéuré and magnetization reversal process. With decreasing
at H=0. The CoCr coated MFM tips used are vertically particle size, the demagnetizing field arising from the mag-
magnetized highlighting the magnetic poles at the boundarieRetic charges formed at particle edges becomes important. It
of particles and the out-of-plane magnetization component ofitroduces a shape anisotropy with easy axis parallel to the
the domain walls. long axis of the particle, which is perpendicular to the mag-

In Fig. 3, the rectangular particle shows a multidomainnetocrystalline easy axis.
configuration where the size of the domains depends on the It is well known that for magnetic systems with an easy
magnetic history such as the previous saturation directioagnetocrystalline axis perpendicular to the long axis of the
The arrows in Fig. @) indicate the in-plane magnetization Structure a stripe domain configuration minimizes the free
direction of the stripe domains with the magnetization paral€nergy: Due to the small ratio of magnetocrystalline anisot-
lel or antiparallel to the easy magnetic axis and the flux clofopy to demagnetization energyQ=(K;+K,)/2mM?
sure domains where the magnetization is directed perper=0.05, stripe domains in conjunction with flux closure do-

dicular to the easy axis. These MFM images of themMains atH=0 are energetically favored. Such domain con-
figurations have been observed on wit@sgectangular par-

ticles, and partly needle-shaped particles.

However, nucleation barriers must be overcome to form
stripe domain states. In the transverse case, both for rectan-
gular and needle-shaped particles, domains nucleate near the
particle ends. The demagnetizing field at the end of needle-
shaped particles is much stronger than that at the corners of
the rectangular particles and, therefore, leads to higher nucle-
ation and saturation fields for needle-like end particles. After
nucleation of magnetic domains at the ends of the particle,
the domains move towards the particle center, thus forming a

FIG. 3. MFM images aH=0 on rectangular and needle-shaggé&d0) Fe flux closure mUIt.Idor.nam state #1=0. .
particles afte(a) and (c) longitudinal saturation and aftéb) and(d) trans- For the longitudinal case bo_th t_he shape anisotropy Qnd
verse magnetic saturation. Zeeman energy favor a magnetization parallel to the applied
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field. Therefore, the nucleation field is smaller compared to

the transverse case. When domains nucleate, the reduced E‘
nucleation field gives rise to a smaller volume of flux closure >
domains(due to the reduced Zeeman energnd thus a )

greater number of domains in comparison with the transverse

geometry. On further reduction of the applied field no new

domains are nucleated, so the stripe domain size is small@ig. 5. calculated magnetic domain pattertvat 0 after(a) transverse and
after longitudinal saturation in rectangular particqeﬁ«nr the  (b) longitudinal saturation. In comparison ¢b) in (c) the corner geometry
needle-like end particles the shape anisotropy overwhelmightly changed.

the magnetocrystalline anisotropy and suppresses the nucle-

ation of domains completely, resulting in a fully saturated. - _ . . .
state atH=0 pietely g y in the longitudinal case the width of the stripe domains dif-

There are clearly differences among nominally identicalfers from the experimental data. The difference between the

particles in an array such as roughness of the edges, shapee grimental and calculate_d _magnetic domai.” patt_ern could
the corners, and locations of imperfections. All of these in-Originate from both a deviation in the uniaxial anisotropy

fluence the amplitude of the nucleation field, as well as deponstant and the real geometry as well as crystalline imper-

tails of the magnetization reversal, which in turn ianuencefeCt'onS of the. Fe. particles, i.e., r.ounded edges and corners
the domain size ati=0. The MFM image of the magnetic due to the fgbrlcatlon process, Whlgh havegstrpng impact on
domain configurations of four identical rectangulai0) Fe the nucleation process of magnetic domains just below the
particles shown in Fig. 4 were performed after Iongitudinalsaturation field. The calculated equilibrium domain patterns

saturation. Three particles contain two stripe domaing1ave been found to depend sirongly on imperfections added
to the perfect square shape. Figue)Shows the magnetic

whereas one exhibits a domain configuration with only one . t fter lonaitudinal saturati ith sliahtlv dif
stripe domain. This MFM image has been repeated manZomaln pattern after longitudinal saturation with sightly dil-

times each after longitudinal saturation but no change of th prent corner geomet_ry as used for the calculapon of F'.g'
individually domain configuration of a given particle has .(b) which leads to significant change of the stripe domain
been observed. This suggests that the exact domain configﬁ'—ze'

ration of an individual particle is more strongly influenced by

the specific particle properties than the stochastic nature ofl. SUMMARY

the magnetization reversal.

In summary, the influence of the end shape and the mag-
netic history on the magnetic domain configuration of epi-
V. MICROMAGNETIC SIMULATIONS taxial (110) Fe particles has been studied. Nucleation of the

. . . magnetization reversal, which occurs at the particle ends, can

The magnetic domain patterns of a 50-nm-thick rectany, changed by varying particle end shape. However, less
gular Fe particle with lateral dimensions of _150_0 nm b_y 500¢ontrollable properties like crystalline imperfections,
nm has been computed at zero magnetic field with the,,,jeq eqges and comers, and edge roughness also play an

Landau-Lifschitz-Gilbe(LLG) micromagnetics simul_atc?r. important role and have been shown to lead to different mag-
The corners have been rounded to reproduce the imperfee i jomain configurations in an array of nominally identi-
tions of the actual shape of the particles. The equmbrlumCal particles

magnetization was found by solving the LLG equatfoim.
this equation, the effective field acting on the spins is deter-
mined from the total energy of the system, which incorpo-ACK'\'OWLEDGMEl\ITS
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