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Magnetic force microscop@viFM) imaging in conjunction with longitudinal Kerr hysteresis loop measure-
ments have been used to investigate the micromagnetic behavior of micron scale efitéQiabcc Fe
thin-film elementg50-nm thick with rectangular, triangular, and needle-shaped ends and competing magnetic
anisotropies. Thin-film elements of 2m width and 6m length and greater have been fabricated with their
long axis oriented either parallel or perpendicular to ff@1] in-plane magnetocrystalline easy axis. For
elements with their long axis perpendicular to {f#®1] direction, the end shape is critical in determining
domain nucleation, domain configurations, and magnetic hysteresis. The magnetization reversal mechanisms
are revealed by direct field dependent MFM imaging. Magnetic vortex configurations within elements during
reversal are seen to be affected by small changes in element corner shape. Similarly, small trapped domains
and domain walls are observed to applied fields significantly larger than the coercive field and apparent
magnetic saturation field, as determined by hysteresis loop measurements of arrays of elements. These are
shown to have a dramatic effect on the character of the low-field magnetic hysteresis. Particles with long axis
parallel to thg001] direction have large remanence and switching fields which also depend sensitively on end
shape. The angular dependence of the switching field observed in these elements is contrasted to that of
magnetization reversal by coherent rotatif$0163-182099)10533-2

I. INTRODUCTION range by studying model thin-film microstructures. Epitaxial
growth and advanced microfabrication techniques have been
Micron scale patterned thin-film ferromagnetic elementsused to produce elements with controlled magnetocrystalline
are a topic of great interést with important applications to  anisotropy and shape. Magnetization reversal and domain
magnetic information storage technoldtyMagnetic behav-  configurations are studied in individual magnetic elements
ior such as hysteresis, magnetization reversal, and domapy direct imaging of domains in applied magnetic fields with
configurations change significantly from that in extendedy magnetic force microscog®FM). Magnetic hysteresis is
thin films due to the presence of lithographically definedstdied in arrays of nominally identical elements using lon-
boundaries3 For in-plane magnetized films, these bound-gitydinal Kerr hysteresis loop measuremefMEOKE). This
aries increase the importance of dipolar or shape anisotropy.,mpination enables an understanding of the connection be-
as a normal component of the magne‘u;aﬂon at the bounqart)éveen local magnetic domain configurations within elements
leads to magnetic charg&sThe magnetic properties are in and magnetic hysteresis of an array of such elerenth as

general a consequence of the interplay between magnetfse ¢qercivity, remanent magnetization, and switching char-
static, exchange, magnetocrystalline, and Zeeman energ'ei‘cteristic$

Thermal fluctuations may also play an important role in the In this paper, we present results of a studyif0) bcc Fe
magnetization reversal, and bepome particularly' importgnt IBhin-film pattern,ed elements with different end shapes and in
nanometer scale ferromagnetic structures. While at microg) piep, the elements’ long axis has been oriented with respect
scale _5|ze_§ individual el_ements hav_e onl_y a small numbe_r the in-plane crystallographic directions. Film demagneti-
domains,™” the magnetic behavior is still in general quite i actors confine the magnetization to 440 plane.
complex and challenging to model using either analytic orrpis hjane has a strong uniaxial component to the magnetic

numer|cal_m|cromagnet|g teqhmqubé. An understgndmg anisotropy, with 001] magnetic easy axis, and a smaller cu-
of magnetic phenomena in micron scale elements is nonethe- —

less essential to applications of these materials in magnet®iC_magnetic anisotropy, with in-plangl11] hard and
electronics and experiment can also guide micromagnetic110] medium magnetic axis. Elements with two different
modeling. As we show, micron scale materials with well- orientations have been studigd; with the element long axis
characterized magnetic interactions can provide importarperpendicular to the in-plane magnetocrystalline d&8/4]
insight into the control of magnetic characteristics by shapexis direction andii) with the long axis parallel to the easy
and the effects of magnetic topology on magnetization revermagnetic axis. In the former case a competition between
sal. magnetic energies results, whereas in the latter case the mag-
We have examined the physical consequences of elemenetocrystalline energy reinforces the element shape anisot-
shape and anisotropy on magnetic phenomena in this sizepy. In both cases, particles of different end shape have
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FIG. 1. Longitudinal Kerr hysteresis loop measurements on a
50-nm-thick epitaxia(110) Fe film with the applied field parallel to
the[001] direction(easy magnetocrystalline axisnd parallel to the

[110] direction(hard axi3. Also included is the fitdashed lingof FIG. 2. SEM images of(@ rectangular,(b) triangular, and
the hard axis hysteresis |00pl needle-shaped 2Lm wide (110) Fe particles.

been studied, consisting of square efdisrectangular par- ration. This is likely due to small variations in magnetic an-
ticles), triangular and needle-shaped ends. While studies dsotropy in the film, and particularly the presence of regions
(100) Fe thin-film elements with fourfold in-plane anisotropy Of enhanced anisotropy.

have been reportedwe know of no studies of micron scale ~ These Fe films have been patterned into particle arrays
(110 plane Fe structures in which the role of end shape ha%ith rectangular, triangular, and needle-shaped ends, using
been systematically examined. electron-beam lithography and Argon ion milling. The mag-
netic properties and the magnetization reversal process of
arrays of particles were studied via magneto-optic Kerr effect
(MOKE) hysteresis loops and individual particles were stud-

(110 oriented 50-nm-thick Fe films were grown araxis  ied with a MFM which incorporated aim situ electromag-

(1120) sapphire substrates using UHvbeam evaporation net. The latter enabled fields up to 1500 Oe to be applied

techniques. First, a 10-nm-thick Mo seed layer was depositeguring i_maging. experiments. Here we report results on
at 900 K followed by a 50-nm-thick Fe layer at 510° -um-wide particles. Figure 2 shows scanning electron mi-

The deposition rates for the Mo seed layer and the Fe |ayiroscope(SEM) images of these particles witl) rectangu-

Il. FABRICATION AND CHARACTERIZATION

were 0.2 nm/s and 0.5 nm/s, respectively. The films wer ar, (b) triangular, andc) needle-shaped ends. The rectangu-

protected against corrosion with a 5-nm-thick Mo capping'®f particles have a length-to-width ratio of 3:1, while the
other two particle types have two additional triangular or

layer. X-ray 6/26 scans reveal a complet@10 film orien- . g ; .

] ) ) — needlelike ends, which makes these particles greater in net
tation and x-ray pole figures show that the Fe in-pleh&l]  «jp_to-tip” length. For example, the overall length of the
axis is parallel t40001] direction of the sapphire substrates. needle is nine times its width. All particles are separated by
An anisotropic in-plane strain in these films induces an in{qyr times their width and three times their length, so that

plane uniaxial magnetic anisotropy with the easy axis alongjino|ar interactions between neighboring particles within the
the [001] direction in addition to the cubic anisotropy, char- array are negligiblé!

acteristic of bulk bcc F&° Longitudinal hysteresis loop mea-
surements on an unpattern€dl0 Fe film with the applied

magnetic field parallel to thE110] are consistent with two
and fourfold in-plane components of the magnetic anisot- A. Magnetic easy axis perpendicular to the long particle axis

ropy. Both the easyH||[001]) and the hardKl|[ 110]) axis First we consider the case in which the magnetic easy axis
Kerr loop are shown in Fig. 1. The hard axis lo@olid line)  is perpendicular to the long axis of the particle, for which a
of a 50-nm-thick(110 Fe film has been modeled using the competition between magnetic energies occurs. Figure 3
in-plane anisotropy energy density: shows the hysteresis loops of rectangular and needlelike end
particles in longitudinal and transverse field geometries.
H-longitudinal refers to the applied magnetic field parallel to
the long axis of the particle while H-transverse refers to the
field perpendicular to the long axige., H||[001]).

whereK is the cubic anisotropy constai, is the uniaxial In the longitudinal casgFig. 3(@)] the hysteresis loops of
anisotropy constant, anél is the angle between the magne- rectangular and needlelike end particles both exhibit a small
tization and thg/001] axis. From this fit the cubic and the remanence £0.09M¢) at H=0. For the rectangular par-
uniaxial anisotropy constants have been determined to bicles the saturation fieltl s and the nucleation fieldh are
K,=6.3x10° erg/cnt andK,=3.0x10° erg/cnt. Thereis Hg=400 Oe andHy=300 Oe, respectively. For needlelike
some deviation of this fit from the data near magnetic satuparticlesHg is 300 Oe andHy is 200 Oe.

IIl. RESULTS AND DISCUSSION

E=(K,+ Ku)sinza—;Kl sirt*g (1)
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Pt A larger on the top edge of the particle, which implies that the
/ H,=700 O magnetization at the left and right edges are in o_pposite di-
[ i / ] rections. This is sometimes called a “C” magnetic stite.
neede — Other particles have shown edge domains with long edges on
<—H,=100 Ce opposite sides of the particles, ‘N’ states. On reduction of the
= e longitudinal applied fieldFig. 4(b)] a vortex is formed and
-500 0 500 domains move towards the center of the particles. The ar-
H (Oe) rows in Fig. 4e) indicate the in-plane magnetization direc-

o , tion of the stripe domains with the magnetization parallel or
FIG. 3. Longitudinal MOKE hysteresis loop measurements on,inarallel to the easy magnetocrystalline axis and the flux
rectangular and needle-shap@d ) Fe particles with the applied | ,q,re gomains where the magnetization is directed perpen-
Ea?rgﬁts'f,efr'gedéa)thpeaﬂe'g;'{slogfgt'ﬂfma’t- a}nd (b) perpendicular dicular to the easy axis. The MFM image of the demagne-
i 9 particies. tized state aH=0 [Fig. 4e)] is consistent with the small
remanence seen in MOKE hysteresis lofgee Fig. 83)]. In
In the transverse cagsee Fig. 8)] the rectangular par- contrast, for the needle-shaped particles the nucleation of
ticles show nearly full remanence, a nucleation field of ap-magnetic domains occurs at lower magnetic field
proximately Hy=0 Oe, and magnetic saturation field of (=195 Oe) and closer to the particle center. In the demag-
Hs=400 Oe. In contrast, the needle-shaped particles showetized state atl =0 the widthd of the stripe domains in the
smaller remanence and a nucleation fieldHi§=100 Oe center of the needle-shaped partidee Fig. 4), right sidg
and a saturation field dfig=700 Oe. is significantly smaller than that observed in the rectangular
MFM imaging has been performed in order to correlateparticle[Fig. 4(e)]. The value of the domain width near the
these magnetic hysteresis loops with the magnetization resenter of the elements is determined todae=0.7 xwm and
versal processes and magnetic domain patterns of individualz=1.0 wm for the needle-shaped and the rectangular par-
particles. The influence of the particles shape and the madicle, respectively.
netic history on the nucleation process of magnetic domains The MFM images in Figs. 5 and 6 give an overview of the
and on the magnetic domain configurationsiat O has been nucleation and motion of magnetic domains in the presence
studied. A majority (-80%) of the particles within an array of a transverse applied magnetic field. For both shapes, im-
show the same domain structure in zero fiéld\ few par-  ages are shown on decreasing the magnetic field from the
ticles within this majority are selected for detailed field de-magnetic saturation field. Figure 5 shows the evolution of
pendent studies of magnetization reversal. The NiFe coatethagnetic domains for a rectangular particle in the transverse
MFM tips used are magnetized vertically prior to imaging field geometry. Starting from a positive magnetic field do-
studies™® Images typically highlight magnetic poles at the mains first appear close to the particle corners but, as dis-
boundaries of the particles and magnetic charges associatedssed in detail in a following section, the location of these
with domains walls. domains also depends strongly on the magnetic history. The
Figure 4 presents MFM images of the magnetic domairhysteresis loop in the transverse field geometry in Fif) 3
configurations of rectangular and needle-shaped particles aidicates that the particle is almost fully saturated above 400
selected magnetic fields in the longitudinal field geometry. InOe, while the MFM images in Figs.(& and (j) show very
the case of the rectangular partifiégs. 4a)—(e)], domains  small domains along the long edges of the particle. For in-
are visible first at the element corners at an applied field otreasing negative fields, where two domain walls approach
approximately 420 Oe. Figure(@ reveals a magnetization each othefsee Figs. &) to (j)], a field much larger than the
pattern with domain walls at the particles ends and edgeoercive field is necessary to annihilate the domain walls and
domains. In this particular element, both edge domains areeversed magnetic domains near the center of the particle.



PRB 60 MICROMAGNETISM AND MAGNETIZATION REVERSAL ... 7355

The interplay between exchange, Zeeman, shape, and
magnetocrystalline anisotropy energies determines the mi-
cromagnetic structure and magnetization reversal process.
With decreasing particle size, the demagnetizing field arising
from the magnetic charges formed at particle edges becomes
important. This introduces a shape anisotropy with the easy
axis parallel to the long axis of the particle, and perpendicu-
lar to the magnetocrystalline easy axis. In such a case, it is
well known that for large enough magnetocrystalline anisot-
ropy, a stripe domain configuration minimizes the free
energy’® If this magnetic anisotropy energy is sufficiently
large to favor such a state, yet still much smaller than the
demagnetization energy, stripe domains in conjunction with
flux closure domains atl=0 are favored. This is the case
_ _ ) _for our Fe microstructures for which the ratio of magneto-

F_IG. 5._ Fle_ld dependent MFM images of the magnetlc domamcrysta"ine anisotropy to magnetostatic energy is small
configuration in a rectangular particle in transverse field geometry(K< Mz). Such stripe domain configurations with flux clo-

sure domains have also been observed in microfabricated Fe
For saturation fields higher than approximately 500 Oe thevires’*® and submicron Fe thin-film elemenits.
nucleation occurs at fields of only 40—-60 (®e Figs. &) In the transverse field geometry, both for rectangular and
and (d)]. This is not consistent with the magnetic hysteresisneedle-shaped particles, domains nucleate near the particle
measurements, as the hysteresis 1¢Bjg. 3(b)] indicates ends on reducing the applied field from its saturation value.
almost full remanence while the MFM image in Fig. 5 showsThe demagnetizing fields generated when the magnetization
a more or less demagnetized state. The stray field of this rotated away from the long axis of the particle are much
MFM tip may be influencing the nucleation process. Likely larger at the outermost end of the needle-shaped particles
the stray field has initiated the nucleation of domains andhan at the corners of the rectangular particles. Therefore
therefore shifted the nucleation field to higher values in comhigher nucleation and saturation fields are observed for the
parison with that determined via MOKE measurements. Thereedlelike particles. After nucleation of magnetic domains at
domain structure observed in zero field does not appear to dbe ends of the particle, on further reduction of the applied
affected by the MFM tip, as the images are both stable irfield, the domains move towards the particle center forming
time and observed on a number of different particles after tha flux closure multidomain state &t=0.
same magnetic preparation. Note that in this geometry the For the longitudinal field geometry both the shape anisot-
stripe domain width isdg=2.8 um in zero field and is ropy and Zeeman energy favor a magnetization parallel to
larger than that in the longitudinal field geometry. the applied field. The enhanced shape anisotropy at the out-

For the needle-shaped parti¢leee Fig. 6 the nucleation ermost part of the needles now favors an alignment of the
of domains takes place first at the outermost part of thenagnetization parallel to the particles long axis. Hence the
needle which is in clear contrast to the longitudinal fieldnucleation and saturation fields for the needlelike particles
geometry and occurs in a field range of 100-200 Oe. Likeare slightly lower than those observed for the rectangular
the rectangular particles, the average domain widtldgf particles. The shape anisotropy has a more remarkable im-
=1.9 um in the center of the particle is clearly increased inpact on the location where the magnetic domains nucleate
comparison with the longitudinal field geometry. first. In the case of the needle-shaped particle the enhanced
shape anisotropy near the long tail of the needle suppresses
the formation of domains at the end of the needle.

Small changes in corner shape affect the magnetization
topology during reversal. Figure 7 shows MFM images$af
a rectangular particleth) a rectangular particle with a cut
corner on the lower left-hand side, afg) with cut corners
on the lower left- as well as the upper right-hand side. All
MFM images are performed in a longitudinal oriented field
of 300 Oe which is just below the nucleation field. For iden-
tification, the approximate magnetization direction of the do-
mains are labeled with arrows. At both sides of all three
different particles a magnetic vortex configuration is visible.
A magnetic vortex configuration at the corners of the par-
ticles leads to a minimization of the magnetostatic energy at
the cost of exchange and magnetocrystalline energy. The
rectangular particle in Fig.(@ shows a vortex with right-
hand chirality on both ends and therefore both vortex centers

FIG. 6. Field dependent MFM images of the magnetic domainare located on the same long edge of the particle. The MFM
configuration in a needle-shaped particle in transverse field geonimages in Figs. () and(c) demonstrates how sensitive the
etry. symmetry of the vortex state is to slight changes of the par-

) H = 210 Oc=
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FIG. 7. MFM images of magnetic vortices {a) a rectangular FIG. 9. Variation of the normalized magnetization at 50, 75, and

particle, (b) a rectangular particle with one cut corner, a@ia 100 Oe as a function of the maximum applied fielg,.
particle with two cut corners at an applied fieldkbE=300 Oe. The
arrows illustrate schematically the circulation of the magnetic vor-

: magnetization from full saturation is measured. All curves
tices at the element edges.

show a transition at around ,,;,=300 Oe. This transition
marks a fundamental change in the magnetization reversal

rocess from a continuous magnetization reversal process

ners on op_posite sites,_ the center of the vortices appears B 300 Oe) consisting of domain-wall motion, to one
the side with the remaining .recta.mgular corner geometry. | Hmax>300 Oe) driven by a sudden nucleation o,r growth
both of these cases the vortices in each particle are of oppg- M@ oo
site chiralit of reversed domains in the range of 40 Oe.
Y- . MFM images show that, for applied fields smaller than
I_n the transverse field geometry the topo_logy of the Ma97340 Oe, small domains remain close to the long edges of the
netization during reversal has an important influence on hys- '

teresis. Figure 8 shows normalized hysteresis loops in trang-artICIe and expand during the reversal process. The MFM

. : images in Figs. at 100 Oe andb) at 50 Oe were both
verse field geomgtry for an array of rectang'ular particles a%akegn after fi?st i(gr)leing a transvgrs)e magnetic field of 900
I/lg:ice;“do?rg:nazTgi( ggl;mozpq_lfg;'ﬁ:)ﬁlvvmﬁ;(’lz\iﬂ/h'ghishzs ?ﬁjeen toOe. These images indicate the presence of small reversed
: . nrig. 9 .~ domains. With decreasing applied field these small domains
how the shape of the hysteresis loop is changed at low fiel ecome slightly larger. However, at these fields the amount
gﬁuizingggregﬁemg?.trllzgrr:e:];iltlat:;;ﬁo(rfni%? zoesg,fiaélcéjoir;_vi S?f reversed magnetization is negligible in comparison with
ible. In contrast, for largeM, .. (>300 Oe) the hysteresis hat parallel to the applied field, in accordance with the data

Lot in Fig. 9 withH .4 larger than 350 Oe. MFM measurements
loops show a sharp drop nddre=0 Oe, indicating an abrupt max : ; -
nucleation or growth of reversed magnetization. In Fig. 9 th were performed on the same particle after applying a maxi

. o . . mum field of only 230 Oe. MFM images at 100 QEig.
normalized magnetization of the array is plotted at applie 0(c)] show that reversed domains are present on both long
fields of 50 Oe, 75 Oe, and 100 Oe as a functiorHgf,,. . -

For H,.x Smaller than 300 Oe, at all three field values in_edges of the particle. At 50 (ig. 10d)] a large reversed

vestigated, a drop of up to 25% of the saturation magnetiza-
tion has been observed, whereas by, larger than ap-
proximately 300 Oe only a small0—15 % deviation of the

ticle geometry. By cutting one corner Fig(bf or two cor-

-400  -200 0 200 400
H (Oe)

FIG. 8. Normalized hysteresis loogMOKE) of an array of FIG. 10. MFM images of the nucleation process in a rectangular
rectangular particles in the transverse field geometry where thparticle in transverse field geometry. The magnetic domain configu-
maximum applied magnetic field 5, has been varied. The arrow ration at(a) 100 Oe and(b) 50 Oe are shown after applying a
indicates the evolution of the shape of the hysteresis loop wittmaximum field ofH =900 Oe as well as dt) 100 Oe andd)
increasing maximum applied field .- 50 Oe after applying a maximum field &f,,,=230 Oe.
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domain appears in conjunction with flux closure domains 1 8290
parallel to the long edges of the particle. These results sug- 800 & . 5 rectangular
gest that pinning of the magnetization at the particle pound— LA ] __:__gfflj‘elg:;‘aggf;
aries depends on the maximum applied transverse field and N\ S fit, needle-shaped
that this pinning affects the low-field magnetization reversal. 600 ““'-._ H k0o 8=50
This pinning may be associated with structural disorder at ° L
the particle boundaries caused by the ion-milling process e ‘\,,é-._ Y j
used to form these structures. Within this scenario, large ap- erll 400 | 4 \:}*+ 21012
plied transverse fields more effectively pin domain walls ‘\‘"-&_ Hoo 6=0
close to the particle edges leading to the sudden magnetiza- 200 s AN JT
tion jumps observed at low fields. - T;.‘ .
% @“-_:@.____ -2;&01‘2)2
B. Magnetic easy axis parallel to the long particle axis 0 - a ‘g‘"::"“'-

If the long axis of the particles is chosen to be parallel to
the easy magnetocrystalline axis the particles with rectangu- H (Oe)
lar, triangular, and needlelike ends show a single domain g5 11 Magnetization reversal on rectangulaolid rect-
state in zero applied field. Here the effective uniaxial anisotzngles, triangular (solid triangles, and needle-shapedsolid

ropy Ke¢f results from both the magnetocrystalline and thegircleg particles with uniaxial magnetic anisotropy, i.e., the easy
shape anisotropy. In the following tfeaxis is taken to be  magnetocrystalline axis parallel to the long wire ais. and H,
parallel to the long axis and thedirection is taken to be refer to the projection of the in-plane switching field parallel and
perpendicular to the long axis of the particles. According to gerpendicular to the long wire axis, respectively. The insets show
coherent magnetization rotation model, the projection of thenysteresis loops as function of the magnetic field direction with
switching field onto thex and z axis is an asteroidlike respect to the long axis of the wire.

curve®1® The effective uniaxial anisotropy energy density . . .
the rectangular and triangular particles, reversed domains

can be described ViE=K. SirP¢ with the angle¢ be- ; .
: e ; S likely nucleate at the particle ends, as we have observed for
tween thez axis (particle’s long axis and the magnetization. particles oriented perpendicular to f@91] axis. The rever-

Minimization of the system'’s free energy leads to the projec- - - ; : )
tion of the switching fieldsH, andH,, in the x-z plane de- sal process is driven by this nucleation and subsequent do

X main wall movement. However, highly metastable magneti-
scribed by zation states can be stabilized by blocking the nucleation of
203 23 23 magnetic domains at the particle ends. This occurs in needle-

(Hy) ™ (H2) 7= (2Kert /M) 75 2 like ended particles and results in behavior qualitatively

Hysteresis loops have been performed on particle arrays wi imilar to that predicted in a coherent rotation model. Again,

all three types of ends as function of the angle betweeen th 'f is dute to ;[hef It(?]cally eglhanc?](_j ﬁhape anisotrot;r)]y at trlle
particle long axis and the applied fielé, The insets of Fig. outermost part of the needles which Suppresses the nuce-

11 show the hysteresis loops measured on an array of p ation of reversed domains. This result is rather remarkable in

. : o o Yhat large elements, with dimensions much larger than the
t'CIeSOW'th n_eedle-s_haped ends ai:Q , 6=50°, and ¢ exchange length (F&.,~20 nm), can show characteristics
=90°. With increasing) the hysteresis loops evolve gradu- ginijar to nanometer scale single domain particles. This il-
ally from a typical easy axis loop to a hard axis loop. From girates clearly the importance of end geometry on the re-
these kind of hysteresis loops tié, and H, values have \ersal modes of micron scale thin-film elemehid®

been determined and plotted in Fig. 11 for particles with

rectangulagsolid rectangles triangular(solid triangle$, and IV. SUMMARY
needle-shapedsolid circles ends. For the hard axis scan )
(6=90°) theH, values do not show a strong dependence on N summary micron scal€110 Fe elements have been
the exact shape of the particles. This is expected since tH¢sed as model materials to investigate the effect of shape and
rotation of the magnetization will be largely uniforfooher- ~ COMpeting anisotropies on magnetization reversal and micro-
end across the particle, against magnetocrystalline and shagBagnetic configurations. Direct imaging in applied fields
anisotropy factors. Thl, values for rectangular and needle- With MFM combined with hysteresis loop measurements of
like particles have been determined toHgg=780 Oe and &Tays lead to a detailed understanding of the magnetization
H, =890 Oe, respectively. Magnetocrystalline anisotropyreversal. In samples with competing anisotropies, experi-
alone is expected to give an anisotropy fieldHbf=2 (K ments illustrate the effect of element shape on the magneti-
u . . .
+1/4K,)/M=540 Oe. The larger values observed are thuZation topology within elements and the effect of trappeddo-
associated with the element shape anisotropy, which is largn@ns on low-field magnetic hysteresis. These results would
est for the needlelike particles. Using the measttedval- clearly pe interesting to §|mulate W|th fa;t numgncal micro-
ues of rectangular and needle-shaped particles, asteroid|iB29Netic codes to provide a quantitative basis for under-
curves for both particle types have been plotted. The dashedjanding the observed magnetic properties in such materials.

asteroidlike curve in Fig. 11 describes ideal coherent magne-
tization reversal in the rectangular particles and the dotted
one is for needlelike particles. The strong deviations for This research was supported by DARPA-ONR, Grant No.
=0 ° (easy axis loopfrom the asteroidlike curves indicate, N00014-96-1-1207. Microstructures were prepared at the
as expected, that the reversal is not coherent. In the case GNF, Project No. 588-96.

ACKNOWLEDGMENTS



7358 YU, RUDIGER, KENT, THOMAS, AND PARKIN PRB 60

* Author to whom correspondence should be addressed. Electronf®B. M. Clemens, R. Osgood, A. P. Payne, B. M. Lairson, S. Bren-

address: andy.kent@nyu.edu nan, R. L. White, and W. D. Nix, J. Magn. Magn. Mat&g1, 37
LE. Gu, E. Ahmad, C. Daboo, J. A. C. Bland, L. M. Brown, M. (1993

Rhrig, A. J. McGibbon, and J. N. Chapman, Phys. Rev. [/&t. 1M, P. Pardavi-Horvath, G. Zheng, G. Vertesy, and A. Magni,
1158(1997). IEEE Trans. Magn32, 4469(1996.

2M. Hehn, K. Ounadijela, J. P. Bucher, F. Rousseaux, D. Decaninii2j. Yu, U. Rudiger, A. D. Kent, L. Thomas, and S. S. P. Parkin, J.
B. Bartenlian, and C. Chappert, ScierZ#2, 1782(1996. Appl. Phys.85, 5501(1999.

3 .
R. H. Koch, J. G. Deak, D. W. Abraham, P. L. Trouilloud, R. A. 13\ypjje NiFe is magnetically soft, we see no significant changes in
Altman, Y. Lu, W. J. Gallagher, R. E. Scheuerlein, K. P. Roche, MFM images with in-plane applied fields of up to 1000 Oe.

4 and S. S. P. Parkin, Phys. Rev. L, 4512(1,998' Likely, magnetic shape anisotropy stabilizes the vertical tip
W. J. Gallagher, S. S. P. Parkin, Y. Lu, X. P. Bian, A. Marley, K

P. Roche, X. P. Altman, S. A. Rishton, C. Jahnes, T. M. Shaw,, | 2onetizaton.
- ROChE, 2. 1. Altman, >. A. Rishton, . Jahnes, 1. M. ShaWaq; g 1 7hy, U. Durlam, E. Chen, S. Tehrani, Y. F. Zheng, and
and G. Xiao, J. Appl. Phys881, 3741(1997).
5 J.-G. Zhu, IEEE Trans. Magrd4, 997 (1998.
E. D. Dahlberg and J. G. Zhu, Phys. Tod&¥ (4), 34 (1995. 150, Rigi 3. Yu. A D. Kent and S. S. P. Parkin. Apol. Ph
L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskitlectrodynam- ’ Iger, . Yu, A. D. ikent, an - . P Farkin, Appl. Fhys.
ics of Continuous Medja2nd ed.(Butterworth-Heinenann, Ox- 16 Lett. 73, 1298(1998. ]
ford, England, 1984 E. C. Stoner and E. P. Wohlfarth, Philos. Trans. R. Soc. London,
"C. Kittel, Phys. Rev70, 965 (1946. L, o8 A320,599(1948.
8S. ChikazumiPhysics of FerromagnetistiClarendon Press, Ox- 1~ Schrefl, J. Fidler, K. J. Kirk, and J. N. Chapman, J. Magn.
ford, 1997. Magn. Mater.175 193 (1997).

9A. D. Kent, U. Ridiger, J. Yu, S. Zhang, P. M. Levy, and S. S. P. "°K. J. Kirk, J. N. Chapman, and C. D. W. Wilkinson, Appl. Phys.
Parkin, IEEE Trans. Magr84, 900 (1998. Lett. 71, 539(1997.



