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In this work the interplay between magnetocrystalline and shape anisotropies was studied in submicron size
particles made of bcc Fe/@@01) multilayers of thickness 20 nm and Co content in the range 27-75 at. %.
Arrays of circular and elliptical particles with well-defined geometry and lateral sizes in the range 150—-550 nm
were prepared by electron-beam lithography and ion milling and investigated by magnetization measurements
and magnetic force microscopgyvlFM). The angular dependence of the magnetization of the initial films
demonstrates the change of the easy direction of magnetiZatiptane from [100] to [110] as one goes from
pure Fe to Fe/Co multilayers with increasing Co content. The first-order anisotropy cdfgtantegative for
the investigated Fe/Co films and depends linearly on the Co concentration. By extrapolation, the change of sign
is obtained at about 23 at. % of Co. The high effective magnetic moment of the multilayers, up to (2.8
+0.3)ug per atom for the Fe2/Co6 multilayer film, may be explained by an enhancement of the local moments
both on Fe and Co and a spin dependent polarization of the electron gas, due to confinement in the individual
(0.3—1.2 nm thick Fe and Co layers. The domain structure and magnetization reversal processes of circular
particles(diameter 550 nmare governed by the shape anisotropy for the nearly isotropic Fe8/Co3 multilayers
and by the high magnetocrystalline anisotropy in Fe2/Co6 multilayers. The MFM investigation of elliptical
particles with aspect ratio 1:3 reveals that only in the case with cooperating shape and strong magnetocrystal-
line anisotropies a stable single domain state is formed in the maj@i886) of the elements. From magne-
tization measurements we deduce that the elliptical particles are in quasisingle domaifsstakedC and
S state$ during magnetization reversal.
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I. INTRODUCTION increase of the magnetic anisotropy energy, as compared to
that of bulk materials. Furthermore, it is of interest to study
Thin magnetic films and, in particular, submicron struc-the effective magnetic moments of the-&ansition metals,
tures made of them attract interest both for technical appliwhich are known to be sensitive to the local atomic environ-
cations and fundamental research. Magnetic multilayers anohent. FeCo alloys with bcc structure showed extreme mag-
alloys containing 8-transition metals are being especially netic properties, e.g., high Curie temperature and high satu-
extensively investigated. Since the magnetic properties of gation magnetizatioR Polarized neutron-diffraction studids
material strongly depend on its microstructure, crystallo-and electron energy-loss spectroscdpgielded an increase
graphic modifications can be used as a tool for tuning of thef the magnetic moment of Fe from 2.8 per atom in pure
magnetic properties. It is well known that metastable strucFe to 3.Qug per Fe atom in bcc alloys with 30—70 at. % Co.
tural phases can be stabilized on suitable substrates. For ew‘hile in FeCo alloys the concentration dependence of the
ample, cobalt which has an hcp equilibrium structure, can benagnetization was investigated, taking into account the
grown as a bcc thin film by molecular-beam epitdMBE)  ordering-disordering processes in alloys, in bcc Fe/Co mul-
on GaAs substratésAnother possibility is to grow bcc Co tilayers one has a chance to study this dependence with each
by epitaxial stabilization of this phase in a bcc Fe/Co superecomponent being localized in a laygrovided the interface
lattice on GaAs by MBERefs. 2,3 or on MgO substrates between Fe and Co is shargn bcc Fe/Co multilayers,
either by MBE or dc magnetron sputterifig. A considerable magnetizatiol? and magnetic circular x-ray dichroism
amount of theoretical as well as experimental work on bcdMCXD) (Ref. 13 measurements indicate that the magnetic
Co films and Fe/Co multilayers has been motivated by theimoment of Fe is considerably enhanced, up tqu3.per Fe
great importance for understanding the magnetism of suratom close to interfaces, but recovering the bulk value away
faces and interfaces. It was predicted already in 1954 byrom the interface. A Mesbauer study of a Fe/Co
Neel® that the reduced symmetry at a surface may cause asuperlatticé* showed, however, a maximum increase of
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about 13% of the magnetic hyperfine field at the iron nucleition of the multilayers varies between pure {Refs. 29,30
which would yield a magnetic moment of only 25 for  and Co™*
iron using the “normal” conversion factor between hyperfine

fields and magnetic moment. In many of the studies it was Il. EXPERIMENTAL METHODS

concluded that the moment of Co changes little _

(1.65-1.8%p) with composition both in alloys and multi- A. Sample preparation

layers, in experiment§*as well as theory>~**However, to The Fe/Co multilayers were grown on MgO substrates in

explain the observed values of the saturation magnetizatioa three target magnetron sputtering system under identical
in bcc Fe/Co(001) superlattices it was assumed that the Coconditions as for another set of Fe/Co multilayer§he
moment can be enhanced up to @2glper atom close to structure of those films was extensively studied, and we con-
interfaces™® Co-coated Fe clusters is another interestingsider the present films to have the same crystal structure and
magnetic material, in which enhancement in both the spirepitaxial relationships: bcc with lattice constants 2.866 A and
and orbital magnetic moments of Fe was deduced.828 A for the Fe and Co layers, respectively, where Fe/Co
theoretically® and observed experimentally by MCX®?  [001] || MgO [001] and Fe/Co[110] || MgO [100]. Four
The effects were found to depend on cluster morphology anélims comprising layers with the following numbers of Fe
size. and Co monolayers and atomic concentrations of Co were

In spite of the large amount of work devoted to studies ofprepared: Fe8/Co®7%), Fe7/Co3(30%), Fe4/Co2(33%),
alloy films and multilayers of Fe and Co, only a few deal and Fe2/CoG75%). The number of repetitions was chosen
with patterned structuré$?* prepared of these materials. At in each case to keep the thickness of the samples constant
the same time, patterned structures containing Fe, Co, qt~20 nm). The multilayers were capped by a thin layer of
FeCo layers are gaining increasing interest as elements M to avoid oxidation. The film thickness was determined
magnetoelectronic devices, e.g., MRAM cells and readrom the deposition rate during preparation. Since this yields
heads>2® Patterned structures also allow studies of funda-an accuracy of the absolute value within 2 nm, the thickness
mental magnetic phenomena such as the processes of magas determined also from AFM on the patterned samples.
netization reversal, the formation of domain structures, and’he agreement between the two methods was within 1 nm,
their dependence on the particle geomésige and shape  except for Fe4/Co2 where AFM impliea 5 nmthicker film
interactions(distance between particles and their shag® than the deposition rate.
well as on intrinsic properties of the mater{@agnetocrys- The magnetic particles were fabricated by a combination
talline anisotropy and atomic magnetic momefihis moti-  of electron-beam lithography and ion milling using a double-
vated us to make an investigation of patterned Fe/Co multitayered resist, a carbon masking layer, and a NiCr layer for
layers with varying Co concentrations. pattern transfer, in a way similar to that described eatfier.

In our previous studié$?® we studied the influence of The sets of particles with different sizes and shapes were
shape anisotropy and effects of dipolar interactions on botprepared over regions of 2.5 man2.5 mm within a total
the domain structure and the processes of magnetization rarea of 10 mnx 10 mm. Each sample thus contains 200°
versal in patterned Fe/Co multilayers containing 75 at. % obarticles. Particles of circular shape, designed as octagons
Co. Here we focus our attention on the interplay between thevith diametersd.=200 and 550 nm, were positioned in a
magnetocrystalline and shape anisotropies. In the design ofgyuare lattice with lattice constants 1200 and 1100 nm re-
submicron size element for a particular application, one musépectively. The lattice axes were oriented along[#@9] and
control both the intrinsic magnetic properties determined by010] MgO directions. Particles of elliptical shape were
the material parameters of the film and the shape of the elgnade with long and short axés-450 nm ands=150 nm
ment which modifies the magnetostatic energy of the eleand lattice constants, =900 nm andcbs=1150 nm, respec-
ment. Choosing epitaxial multilayers with different combina- tively. The elliptical particles were positioned in two differ-
tions of Fe and Co monolayers yields an excellentent rectangular arrays with the long axis along either the
opportunity to tune the strength and orientation of the magf100] or the[110] MgO direction. Reference samples of cir-
netocrystalline energy of the systéfFurthermore, this can cular shape with diameter 1.7 mm were prepared in the same
be accomplished while preserving the crystal structure and grocess for each of the Fe/Co films. The lithography and the
ferromagnetic coupling between the layers as well as keepingilling process yield patterns with well-defined shape and
the values of the saturation magnetization within a narrowateral extensioR? as verified by scanning electron micros-
range. By patterning the film the shape anisotropy of thecopy (SEM) and atomic force microscopyAFM). For mag-
layered structures is changed, and thereby the relation beetic measurements the wafers were finally diced into rect-
tween the two components of magnetic anisotropy can béngular samples using a diamond saw.
varied. In this paper we present an investigation, by magne-
tization measurements and atomic and magnetic force mi-
croscopy(AFM/MFM), of four combinations of Fe/Co mul-
tilayers with total film thicknesses of about 20 nm. The fiims The macroscopic magnetization was measured using an
are patterned to yield particles of circular and elliptical shapealternating gradient magnetomet&GM). All samples were
with lateral dimensions in the range 150-550 nm. The reinvestigated at room temperature in magnetic fiéds the
sults are interpreted in terms of the changing magnetocrysange—2 T<B<?2 T, applied in different directions in the
talline anisotropy in the starting materials, as the composiplane of the film. The reference samples were further

B. Magnetic characterization.
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checked for out-of-plane components of magnetization. In 10
order to avoid spurious effects in the magnetization curves,
the measurements were carried out with an amplitude of the
alternating gradient field well below the coercivity field. The s-
hysteresis curves were corrected for the diamagnetic back=
ground of the substrate and sample holder, whereafter th
coercivity B, and the saturation and remanent magnetic mo-
mentsmg andm, of the sample were determined. The satu-
ration magnetizatioM ¢ and the saturation remanent magne-
tization M, were obtained by dividingng and m, by the
volume of the magnetic material in each sample. The topog- _
raphy and the local distribution of magnetic moments of the § 0.0
individual particles were studied by an AFM/MFM scanning
probe technique using a Dimensi#h3000 microscope from
Digital InstrumentgDI). Images were obtained with the in-
strument operated in the tapping and lift modes using the
standard MFM tips supplied by DI. The tips were magne-
tized in the direction normal to the sample. The MFM mea-
surements were performed on the samples in the as-grow _,
state and after different magnetic-field histories, e.g., ac de-§ 0.0
magnetization.
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Ill. RESULTS

A. Fe/Co continuous films

The results of the magnetization measurements with the °°

field applied in the[100] and [110] directions of the bcc s°
Fel/Co reference samples are presented in Fig. 1 for fields i®
the ranges+0.1 T (left column and +0.01 T (right col-
umn). Hysteresis curves for a pure bcc(6@l) film of the
same thicknesst&20 nm) are shown for comparison. The
curves show the archetypal behavior of thin bcq0B4)
films where the bulk hard directidd11] is not present in the
plane of the film. This leads to a cubic in-plane magnetocrys-
talline anisotropy with easy and hard axes along [th@0]
and[110] directions, respectively. As the Co layers are intro-
duced into the Fe lattice the magnetic anisotropy first de-
creases and then a redistribution of the magnetocrystalline
axes occursf110] becomes the easy aftlO0] the hard di-
rection of magnetization. In the Fe8/Co3 multilayer film,
with the minimum Co content 27%, a small difference be-
tween thg 100] and[110] directions can be seen only in low
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FIG. 1. The normalized magnetization vs field for Fe/Co

fields, below 3 mT. Otherwise this film is nearly isotropic. A multilayer films,t=20 nm. The composition is given in the figure

more pronouned difference between the gd€\0] and hard
[100] directions is observed as the Co content increases t
30% in Fe7/Co3. The two films with 33% and 75% a4/
Co2 and Fe2/Cobare further characterized by the higher

in numbers of Fe and Co monolayers. The field was applied in the
glane of the films in the crystalline directions as noted in the figure.

The saturation magnetization was determined from the

field required to close the hysteresis loops. All multilayersslope of a linear fit of the saturation moment versus volume

show a fourfold in-plane anisotropy with no

indi- for all samples of each film. The uncertainty in the estimated

cation of a uniaxial component. The first-order anisotropyvalues ofMg in our multilayers is a maximum value includ-
constantK; was estimated from the area between theing the variation in the measured, of the order of+1.8%,

hysteresis curves measured in tHA10] and [100]

directions® This analysis yields,=—3.0 kdm 3, —13.6

kdm 3, —30.0 kJm 3, and— 75.3 kJm 2 for the Co concen-
trations 27%, 30%, 33%, and 75%, respectivédge also
Table ).

and the uncertainty in the determination of the film thick-
nesses, cf. Sec. IlA. The obtained valueshdf are high
(Table ), yielding effective momentgq¢s=(2.4+0.2)ug,
(2.3+0.1)up, (2.4+0.4)ug, and (2.8:0.3)ug per atom
for the Fe8/Co3, Fe7/Co3, Fe4/Co2, and Fe2/Co6 multilay-

The magnitude oK, depends almost linearly on the Co ers, respectively. These values are in reasonable agreement
concentration in the range 27—75% and a linear extrapolatiowith magnetization data for FeCo alloys in the same concen-
of the values yield«,=0 for a Co content of about 23%. tration range as quoted by Bozorthexcept for the highest
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TABLE I. Magnetic parameters obtained from hysteresis curves
of epitaxial bcc Fe/C@®01) multilayer films,t=20 nm. c is the
concentration of Co. The field was applied in a crystalline direction
in the plane of the film, noted as the hdhl and easye) direction,
respectively.

Sample c Ky Mg B B. M,/Mg
(at.% kdm?3 kAm™? along (mT)

Fe8/Co3 27 —3.0 1820160 [100] 1.4  0.66
[110] 15 0.77
Fe7/Co3 30 —13.6 178@-110 [100]h 1.6  0.69
[110e 13 094
Fe4/Co2 33 —30.0 1846-300 [100]h 2.1  0.49
[110e 2.4 071
Fe2/Co6 75 —75.3 215@-130 [100]h 3.1  0.67
[110e 2.8 087

Co concentration. The multilayer Fe2/Co6 yields a higher
effective magnetic moment per atom, (2.8.3)ug, com-
pared to (2.180.10ug for an alloy with
70% Co. The ratio between the values of the remanence
obtained for the easy and hard directions, respectively, is
1.4+0.1 for Fe7/Co3, Fe4/Co2, and Fe2/Co6. This is close
to the value\2 expected for a film with cubic anisotropy.
For each of the films the coercivity is about the same in the
easy and hard directions. At the same time the coercivity
increases by a factor of 2 as the Co concentration changes
from 27% to 75%(Table ). The coercivity measured in a
field perpendicular to the film plane is an order of magnitude
higher and the remanence a factor 2 to 3 lower than the d
corresponding in-plane values for all the multilayers.

FIG. 2. Images of circular particles made of Fe/Co multilayer
films, t=20 nm. (a) and (b) AFM and MFM images of Fe8/Co3

B. Patterned structures circles withd.=200 nm.(c) and(d) MFM images of particles with
) _ d.=550 nm of Fe8/Co3 and Fe2/Co6, respectively. The scan areas
1. Circular elements — low shape anisotropy are 2umx2 pum in (a) and(b) and 1 umx1 um in (c) and(d).

The patterning process yields particle arrays with well-The sketches illustrate the proposed domain structures.
defined dimensions and controlled geometry. Figufa) 2 _ o _ ) )
gives an example of a three-dimensional reconstruction of aiires. This can be seen in Fig. 3 for the circular particles with
AFM image of circular particles withl,=200 nm made of dc=550 nm in a field applied along tj&10] direction. This
the Fe8/Co3 film. The corresponding MFM image is showndiréction is an easy axis in the continuous film of Fe2/Co6.
in Fig. 2(b). It can be concluded that the magnetic moments! "€ hysteresis curve of the circles made of this film is char-
of each particle form a closed domain structure. For this size

of the circular particles, only two-domain states were ob- 1.5 B
served, independent of the magnetocrystalline anisotropy of 10 V n
the material. MFM images of larger circular particled, (
=550 nm) made of multilayers with the lowegte8/Co3 0.5~
and highest(Fe2/Co6 Co content are shown in Figs( s’ ol
and Zd). The domain configuration of the circular particles s
made of the nearly isotropic Fe8/Co3 film consists of eight 0.5+ Ba¢
domains forming a closed structugig. 2(c)], implying that 1] FeB/Co3
the domain structure is mainly governed by the shape anisot- ReReRn
ropy. The circular particles of Fe2/Co6, with the highest -15 : S
: ; : 02 -0.1 0 0.1 0.2
magnetocrystalline anisotropy, form closed domain struc- B[T]
tures as well, now with a mainly fourfold symmetry reflect-
ing the magnetocrystalline anisotropy of the initial filffig. FIG. 3. The normalized magnetization vs field for circular par-

2(d)]. The influence of the magnetocrystalline anisotropy isticles with d.=550 nm made of Fe8/Co3 and Fe2/Co6 multilayers,
evident also in the hysteresis curves of the patterned stru¢=20 nm. The field was applied in tH&10] direction.
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TABLE Il. Magnetic parameters of elliptical particless (
=150 nm,| =450 nm, and=20 nm) positioned with their axes
along a crystalline direction in the Fe/@81 film, noted as the
hard or easy magnetization directianis the Co concentration and
NSD the relative number of SD particles observed in zero field after
demagnetization along the long axis. The fiBlavas applied along
the long axis of the ellipses.

Sample c NSD B B. M, /Mg

e T film (at. % % along (mT)
Fe8/Co3 27 29 [100] 47.6 0.54
. "‘ . ' 18 [110] 44.7 0.60
. . ’ ‘ . Fe7/Co3 30 12 Hard 45.6 0.72
: 22 Easy 52.9 0.79
‘ . ' ‘ < Fe4/Co2 33 33 Hard 48.8 0.49
39 Easy 54.1 0.51
O — d Fe2/Co6 75 31 Hard 46.3 0.79
78 Easy 74.7 0.84

FIG. 4. MFM images of elliptical particlessE 150 nm,|
=450 nm, and =20 nm) positioned with their axes along the easy

magnetocrystalline directions. The particles are made)giure Fe, . . .
(b) Fe8/Co3,(c) Fe2/Co6, andd) pure Co. The images were taken mcIu%e(:. Th.e ndumber NtS'It? ?f single domasD) g)arilc;%% |
in zero field after ac demagnetization along the long axis. The scaly@S determined as a stalistic average over. a _ou ele-
areas are umx5 um. ments that were observed after ac demagnetization along the
long axis of the ellipses. NSD is strongly influenced by the
- . : . Co content, see Table Il. Going from the multilayers with the
acteristic for the processes of nucleation, motion and annlhll-oWest Co contentFes/Co3 to the highestFe2/Co, NSD
lation of domain wall$>* During demagnetization, the 9 '

o ono .
magnetization decreases only slightly until a fieR}, varies in the range 20—80 %. All of the particles made of

~25 mT is reached. There a step in the hysteresis curvBure Fe are in multidomain states, with each particle com-
indicates the onset of nucleation of domain walls. As thepriSing either two or ﬁV? domains,_ar_ld all of the particles
field is further decreased, the magnetization drops to zergl@de of pure Co are single domaiffsigs. 4a) and 4d)].
within a narrow field range. The circular particles of Fe8/Co3'he experiments clearly demonstrate how the domain struc-
have a low effective anisotropy which causes the demagndure of the elliptical particles is developed as the magneto-
tization to initially occur by magnetization rotation, shown in crystalline anisotropy of the initial films is variedig. 1).

the gradual decrease of magnetization, before nucleation d¥fter demagnetization along the short axis the majority of
domain walls takes place at about 13 mT. The coercivity ighe elliptical particles relax to multidomain states for all
slightly higher for Fe8/Co3B.=6.9 mT) than for Fe2/Co6 Fe/Co multilayers.

(B,=5.2 mT) circles, both values being higher than that of

the initial films. The values oM, /Mg are 0.10 and 0.21 for 3 Ejjiptical elements—interplay between shape and crystalline
Fe2/Co6, and Fe8/Co3 respectively. In the range fByto anisotropy

negative saturation the same kind of magnetization processes o . , ) )

occur in the circles both of Fe8/Co3 and Fe2/Co6, and the BY Positioning the elliptical particles with their axes along
field where domain walls annihilate B,~—112 mT for the hard direction, we demonstrate how the competition be-
both samples. The circular particles made of the Fe7/Co3 arf’€€n the magnetocrystalline and shape anisotropies affects

Fe4/Co2 films show a behavior intermediate between the twif!€ Magnetic properties. As expected, for all multilayers the
extreme cases of high and low magnetocrystallineSD state becomes less favorable in this case. The difference

anisotropy. _betwe(_—zn the va_lue;_ of NSD obtained for the two_oriel_ﬂtations
is particularly significant for Fe2/Co6, the material with the
highest magnetocrystalline anisotropy. This is demonstrated
in Fig. 5, showing MFM images of the elliptical particles in
When the elliptical particles are positioned with their axesthe state after demagnetization along the long axis. When the
along the easy directions, the magnetocrystalline and shapmrticles have their axes parallel to the easy direction of mag-
anisotropies cooperate. In this case the elliptical particlesetization, 78% of them are in the SD state and the others in
made of the Fe/Co multilayers were observed to have twa two-domain stat¢Fig. 5@)]. For the ellipses positioned
possible zero-field domain states, comprising either one o&long the hard magnetocrystalline direction NSD is signifi-
two magnetic domains. Figure 4 shows the MFM images ofantly lower, 31%. It should be noted that in this case some
the ellipses made of the Fe8/Co3 and Fe2/Co6 multilayerf the SD particles have the direction of their magnetization
For comparison MFM images of identical particles made oftilted at an angle of about 45° with respect to the long axis of
pure bcc FEO0D (Ref. 35 and fcc Cg001) (Ref. 31) are  the ellipses, see Fig.(%). Thus, the moments of these par-

2. Elliptical elements—varying magnetocrystalline anisotropy

094408-5



0. KAZAKOVA, M. HANSON, P. BLOMQVIST, AND R. WAPPLING PHYSICAL REVIEW B69, 094408 (2004

= T T
BE R B B b » ) 10 7 Fesicos B
easy
. 808 > - . 15 = EEEE .
g -
B e . n g oo s .
- -
. "8 88 @ . 05 @
- - a)
a b .
B e e A e
10 " Fe7/Co3 4 '
v @ 05 - ~===" .
: NNE%
e gm |
s S 00
FIG. 5. MFM images of elliptical particlessE 150 nm,| 0.5 -

=450 nm, and =20 nm) made of a Fe2/Co6 multilayer film. The
long axis is along théa) easy[110] and (b) hard[100] magneto-
crystalline direction of the bcc structure. The images were taken in
zero field after ac demagnetization along the long axis. The scan
areas are ;Jumx5 um. (c¢) The particle marked by C iith) to-
gether with a sketch of its proposed domain structure.

-1.0

ticles are aligned in the easy magnetocrystalline direction.
Furthermore, particles with a more complex magnetic struc-
ture than only two domains appear among the ellipses. The
results of this experiment are summarized in Table II.

The magnetic hysteresis curves for the field applied along
the long axes of the elliptical particles are shown in Fig. 6.

The coercivity of the particles is in all cases significantly
higher (15-40 time$ than that of the corresponding film,
and in all case8. is higher when the ellipses have their axes 0.5
along the easy magnetocrystalline direction, see Table II. The
difference becomes substantial for the case of Fe2/Co6 mul- s
tilayers with the highest magnetocrystalline anisotropy. As
measured with the field along the easy axis, the values of
M, /Mg for the elliptical particles are about 20% lower than 0.5
that of the corresponding reference films, but after correction
for demagnetizing effects in the individual particles the val- 1.0 ‘ :
ues become approximately equal. 02 01 0.0 01 0.2

For three of the investigated multilayers the elliptical par- B[T]
ticles demonstrate a characteristic step in the hysteresis
curves, marked by arrows in Fig. 6. This feature appears FIG. 6. The normalized magnetization vs field for elliptical par-
either in both curves, as for Fe4/Co2, or only in the curveticles (=150 nm,I=450 nm, and=20 nm) of Fe/Co multilay-
corresponding to the favorable direction of particle orienta-e™s with composition as indicated in the figure. The field was ap-

tion, as for Fe8/Co3 and Fe2/Co6. The characteristic fiel@/i€d along the long axis of the ellipses, in the hard or easy
where the step appears B,= — 2.6, — 2.6, and—3.0 mT magnetocrystalline direction of each film according to notations in

for Fe8/Co3, Fe4/Co2, and Fe2/Co6, respectively. The hyst—he figure.

teresis curves for the ellipses made of Fe7/Co3 are more

MM

Fe2/Cob
easy
----- hard

d)

square and the step is absent. tion. An extrapolation of the linear relation yield§; =0,
implying a transition of the easy axis from the init{dl00]
IV. DISCUSSION direction in Fe to[110] in Fe/Co, at about 23% Co. This

i agrees well with the results for similar Fe/Co multilayers
A. Fe/Co films with a higher number of repetitiortg,in which the transition
The magnetization measurements show that all the Fe/Cmok place at 30% of Co. Comparing multilayers of different
multilayer films have a cubic magnetocrystalline anisotropythicknessour data and Ref. 29ve find that the symmetry of
with a value ofK; depending linearly on the Co concentra- the magnetic anisotropy in Fe/Co multilayer films is pre-
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served, but the concentration at which the transition occurs iinement and quantization phenomena may otcArcondi-
shifted towards lower Co content in the thinner films. Thistion for observations of such phenomena in multilayers is
may be an effect of a thickness dependent magnetostrictividat the interfaces are sharp.

component leading to a higher effective anisotropy in the The overall magnetization reversal process for fields
thinner films. The change in the distribution of the magneto-along (or close t9 the hard magnetocrystalline direction in
crystalline easy directions is typical also for FeCo alltfys. Fe7/Co3, Fe4/Co2, and Fe2/C(8g. 1 left column, dashed

In this case a significant difference was found between thdnes can be explained as follows. As the field strength is
behavior of film and bulk material&, changed sign at 20% reduced after saturation, the magnetization coherentlly rotates
of Co for a 20 nm thick film and at 45% for the bulk towards the nearest easy axike slope of.the curve in the
material®” This difference could again be related to strongertSt quadrant When a field of the opposite polarity is ap-

magnetostrictive effects in thin films. Finally, comparing the\?vlheigﬁ t?]ter?osr\?viecrg;zill p:é?ésg(irr?;?ar\r,(ﬁ::sﬁ;? nSL:gle?r'][ed
concentration dependence Kf, in Fe/Co multilayers(our b y b step

data and FeCo alloys of similar thickneZsthere is only a the curve. Then the walls annihilate and the whole film is

I diff hY h Id be attributed to th 3:1 dagain uniformly magnetized but along an orthogonal easy
smafl ditrerence which cou € attributed 1o the Orderedyyis ryrther increase of the field strength leads to rotation of
arrangement of Fe and Co atoms in the material, as well

; , %he magnetization, away from the easy axis into the direction
strain related to the interfaces. Thus we conclude that thgs ihe applied fieldslope of the curve in the 3rd quadrant

change of anisotropy is a common feature in FeCo alloys anglith the field applied along the easy magnetocrystalline axis
multilayers, with the concentration at which the transitioniy Fe7/Co3, Fe4/Co2, and Fe2/Ctdg. 1 left column, solid
occurs depending on the distribution of Fe and Co in theines), after saturation the magnetization remains practically
material and the presence of strain. constant until the field changes polarity and at some point
The values of the saturation magnetization of the Fe/Calomain walls nucleate. Then the magnetization jumps in two
multilayers are all higher than what would be obtained fromsteps through domain wall propagation: first to one of the
the weighted bulk values of Fe and Co. Although this en-two possible orthogonal easy directions and finally to the
hancement is compatible with the general trend of the resultdirection of the reversing fieltantiparallel to the initial easy
obtained for materials containing Fe and Co, as discussed @xi9). All the investigated multilayers behave as single-
the Introduction, the effect is more pronounced in the multi-component systems. This confirms that the coupling between
layers containing thin individual layers of Co and Fe. Thethe Fe and Co layers is ferromagnetic, as also found in Ref.
uncertainty in the estimates df in our multilayers(mainly 39 o ] ]
due to the uncertainty in the determined film thicknegses The coercivity increases with Co concentration, both for
does not admit a detailed analysis of the spatial distribution® €asy and hard direction in the multilayers with a pro-
of moments on Fe and Co. However, we conclude that th@ounced magnetocrystalline anisotropy: Fe7/Co3, Fe4/Co2,
enhancement cannot be attributed solely to the local mome d Fe2/§:o6. The loops of the FeE_;/Co_Z, Fed/Co2, and Fe2/
of Fe. In particular, this becomes evident as we analyze th 06 multilayers have long hysteretic tails up t0 0.05 T even

mean vl (2820.3)ug per atom obtained for ezl [0 '8 A Qrecion of ragrpateio L iefteolorn.
Co6, the multilayer with the highest Co concentration. As- P y by g

' ; ) . crystalline anisotropy, but shows that irreversible magnetiza-
suming that the moment of Fe is 3., the highest possible tion processes prevail in fields above 0.01 T. We attribute the

value, a moment of at least 2.3 per Co atom is needed 10 gk coercivity mainly to structural defects in the filrtfer
explain the high average value of the multilayer. Whereasnsiance dislocations and twinsvhich act as pinning centers
such high values were not observed in alloys, cf. the Introtgr hoth 90° and 180° domain walls. In Co-rich Fe/Co mul-
duction, our results agree well with magnetization measuretjjayers the number of structural defects is expected to in-
ments on other Fe/Co multilayet$:® For multilayers in  crease due to the larger distortion of the bcc lattice. The
which the Co layers were thinner than 2.5 nm the resultgpecial role of the pinning centers for the domain wall trans-
from magnetic hysteresis measurements were interpreted fgrmation and propagation is well known.The high-field
attributing a large magnetization (24 per atom) to inter- slopes may be explained by a small contribution from spins
faces comprising two Co and three Fe atomic pl¥haad at the surfaces and interfaces that are harder to align than the
retaining the bulk moments for atoms in layers further awaymain part of the multilayer films. This contribution, however,
from the interface. At the same time as the magnetizatioloes not significantly influence the quality of the multilayer
measurements imply that the Co moment should be erfilms. This is evidenced by the ratio between the values of
hanced above its bulk value, experiments probing the locdhe remanence obtained for the easy and hard direction being
moments in neutron reflectivityor MCXD (Ref. 13 do not ~ 1.4*0.1 for Fe7/Co3, Fe4/Co2, and Fe2/Co6, as expected
supply such evidence. This apparent contradiction might b&r films with cubic anisotropy.

removed if, in addition to the enhancement of the local mo-

ments of Fe and Co, one also considers a possible spin po- B. Patterned structures

larization of the conduction electron gas. In our multilayers
showing strongly enhanced magnetization, the thicknesses of
the individual Fe and Co layers are in the range 0.3—1.2 nm. Decreasing the lateral dimensions of the ferromagnetic
In metallic systems with lateral extensions in this range, confilms results in a variety of domain patterns, due to the com-

1. Circular elements
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petition between the different contributions to the total mag-by a decrease of the total magnetic moment aligned in the
netic energy. In a nanomagnet of circular shape and lovhard direction and a change of the domain wall character.
magnetocrystalline energy, there is no preferred internal di- The differences between the situations when the elliptical
rection of magnetization, and the dominant effects arisgarticles are positioned with their long axes along the easy or
through the interplay between the exchange and magnetdward magnetocrystalline directions are clearly seen also in
static energies. This is clearly demonstrated for the circulathe magnetization measurements. In particular, the hysteresis
particles @.,=550 nm) made of the isotropic Fe8/Co3 curves of the elongated particles made of three of the inves-
multilayer[see Fig. 2c)]. In the center of the particles there tigated multilayers show interesting characteristic steps
is a gradual change of magnetic contrast and further out, aFigs. 6a), 6(c), and &d)]. To explain the magnetization re-
the edges, the magnetization aligns parallel with the sides ofersal of these particles we address the model for elements of
the octagon, yielding eight magnetic domains. On the othesimilar sizes made of an isotropic material, described by
hand, in the circular particles of Fe2/Co6 the high magnetoRave and Hubeft This is close to the case of our Fe8/Co3
crystalline anisotropy of the film is prominent. In this caseellipses[Fig. 6(a)] for which the observed shape of the hys-
the interplay between the exchange and magnetocrystallineresis curves matches well the simulations of the two qua-
anisotropy energies leads to an arrangement of the spins Bisingle domain configurations called tiSeand C states®
domains along the four equivalent easy directions separatethese states were predicted to appear during the magnetiza-
by domain walls. This yields MFM images of fourfold sym- tion reversal in elongated particles with a length
metry and high contragfig. 2(d)]. The fact that only two- <500 nm, as is the case in our study. Initially during the
domain states were observed in the smaller circular particledemagnetization small edge domains, with their magnetiza-
(d.=200 nm) can be explained by the cost of creating aions making a significant angle with that of the main do-
domain wall in such a small volume being less than themain, form at the ends of the particle. Then, in Bestate
magnetostatic energy of a single domain. We calculated thgsee sketch in Fig.(@)] corresponding to the case with the
energyy for formation of 180° walls in the multilayer films long axis of the ellipses along the easy magnetocrystalline
from the equations in Ref. 40 using the valuegfandMg  direction, two irreversible events can be distinguished. In the
obtained from our measurements. The exchange conétantbeginning, at some field; [Fig. 6(@)] the edge domains
for a multilayer was taken as the weighted mean of the valexpand creating a wall between them. Thereafter the final
ues A=15x10 2Jm ! for bcc Fe (Ref. 41) and 26 reversal takes place. The case with ellipses positioned along
X 10~ 12Jm ! for bee Co, obtained from Brillouin scattering the hard axis yields a hysteresis curve characteristic foSthe
data** The obtained values ofy in the range 15-20 state. In an isotropic material both states have similar energy,
x 1073 Jm 2 yield the energy of a wall along a diameter in with the C state being marginally preferred. It should be
the easy direction of magnetization a factor about 1.5 loweremembered that the particles in our samples are not all iden-
than the demagnetizing energy for the circular particles wittical over the array, and there may be different magnetization
d.=200 nm. Although the procedure using the mean paramprocesses among them. The main character is, however, well
eter values of the film may not be valid for a multilayer, it described by the reversals through teand C states. Thus
gives a good qualitative description of how the domain strucwe have shown that the position of ellipses along either the
tures develop in the submicron size particles. easy or the hard magnetization directions influences both
their domain structure and magnetization reversal process.
2. Elliptical elements

When the particles with elongated shaf@lipses with V. SUMMARY AND CONCLUSIONS
axes 150 and 450 nimare positioned with their axes along

the easy direction of magnetization, two different zero-field The magnetization measurements demonstrate the change
states are found: one comprising a single domain and anothef the easy and hard magnetization directions in the plane of
with four alternating dark and bright fields in the MFM im- the film, from [100] in pure Fe to[110] in Co rich Fe/Co
age[see particleA and B, respectively, in Fig. d)]. The  multilayer films. The first-order anisotropy constagi is
latter case corresponds to two parallel but oppositely polarnegative and depends linearly on Co concentration in our
ized magnetic dipoles separated by a 180° domain wall, thusultilayers, with Co concentrations in the range 27-75 %.
forming a closure domain structure. Due to the shape anisoffhe change of sign oK, occurs at about 23% of Co, as
ropy the formation of a SD state is more favorable in thedetermined by extrapolation.

ellipses than in the circular particles of smaller volume, and The effective magnetic moments of the multilayers are
since the wall energy increases wkh this leads to a cor- high, up to (2.80.3)ug per atom for the Fe2/Co6
responding increase in the number of SD particles. For thenultilayer film. This can be explained by an enhancement of
material with high magnetocrystalline anisotropy, Fe2/Co6the local moments both on Fe and Co and a spin dependent
and in the case of unfavorably positioned parti¢kdsng the  polarization of the electron gas, due to confinement in the
hard direction a third possible domain state was observed:individual Fe and Co layers of thickness in the range 0.3-1.2
five domains forming a closure structure. This state yields aam.

very low MFM contrast due to the weaker fields leaking out The magnetic domain structure of circular particles
[particle C in Fig. 5(b)]. Such complex domain structures ameter 550 nmis mainly governed by the shape anisotropy
may exist in these relatively small particles because the infor the nearly isotropic Fe8/Co3 multilayers and by the
crease of the total length of the domain walls is compensatestrong magnetocrystalline anisotropy for the Fe2/Co6 multi-
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layers. The estimated energy 15200 3Jm 2 of 180°  Wwith weak magnetocrystalline anisotrof{e8/Co3 form
walls in the multilayers qualitatively explains why the two- quasisingle domain states, the so cal®dnd S states, dur-
domain state observed in smaller circular parti¢diameter  ing the magnetization reversal.

200 nm) is preferred to the SD state.

The shape anisotropy alone is not sufficient to stabilize
the SD state in the elliptical particles (150 K450 nm).
Only when shape and strong magnetocrystalline anisotropies The work was financially supported by the Swedish Re-
cooperate it leads to the formation of stable single domainsearch Council and SSF. We are grateful for a grant from the
in the majority(78%) of the particles in a sample. Royal Swedish Academy of Sciences. The sample patterning

It can be inferred from the magnetization measurementsvas performed using the facilities at the Microtechnology
and comparison with simulations, that the elliptical particlesCenter at Chalmers.
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