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In this work the interplay between magnetocrystalline and shape anisotropies was studied in submicron size
particles made of bcc Fe/Co~001! 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 microscopy~MFM!. The angular dependence of the magnetization of the initial films
demonstrates the change of the easy direction of magnetization~in plane! from @100# to @110# as one goes from
pure Fe to Fe/Co multilayers with increasing Co content. The first-order anisotropy constantK1 is negative 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
60.3)mB 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 nm! are 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 majority~78%! of the elements. From magne-
tization measurements we deduce that the elliptical particles are in quasisingle domain states~so calledC and
S states! during magnetization reversal.

DOI: 10.1103/PhysRevB.69.094408 PACS number~s!: 75.60.2d, 75.70.2i, 75.75.1a
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I. INTRODUCTION

Thin magnetic films and, in particular, submicron stru
tures made of them attract interest both for technical ap
cations and fundamental research. Magnetic multilayers
alloys containing 3d-transition metals are being especia
extensively investigated. Since the magnetic properties
material strongly depend on its microstructure, crysta
graphic modifications can be used as a tool for tuning of
magnetic properties. It is well known that metastable str
tural phases can be stabilized on suitable substrates. Fo
ample, cobalt which has an hcp equilibrium structure, can
grown as a bcc thin film by molecular-beam epitaxy~MBE!
on GaAs substrates.1 Another possibility is to grow bcc Co
by epitaxial stabilization of this phase in a bcc Fe/Co sup
lattice on GaAs by MBE~Refs. 2,3! or on MgO substrates
either by MBE or dc magnetron sputtering.4–7A considerable
amount of theoretical as well as experimental work on b
Co films and Fe/Co multilayers has been motivated by th
great importance for understanding the magnetism of
faces and interfaces. It was predicted already in 1954
Néel8 that the reduced symmetry at a surface may cause
0163-1829/2004/69~9!/094408~9!/$22.50 69 0944
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increase of the magnetic anisotropy energy, as compare
that of bulk materials. Furthermore, it is of interest to stu
the effective magnetic moments of the 3d-transition metals,
which are known to be sensitive to the local atomic enviro
ment. FeCo alloys with bcc structure showed extreme m
netic properties, e.g., high Curie temperature and high s
ration magnetization.9 Polarized neutron-diffraction studies10

and electron energy-loss spectroscopy11 yielded an increase
of the magnetic moment of Fe from 2.2mB per atom in pure
Fe to 3.0mB per Fe atom in bcc alloys with 30–70 at. % C
While in FeCo alloys the concentration dependence of
magnetization was investigated, taking into account
ordering-disordering processes in alloys, in bcc Fe/Co m
tilayers one has a chance to study this dependence with
component being localized in a layer~provided the interface
between Fe and Co is sharp!. In bcc Fe/Co multilayers,
magnetization12 and magnetic circular x-ray dichroism
~MCXD! ~Ref. 13! measurements indicate that the magne
moment of Fe is considerably enhanced, up to 3.0mB per Fe
atom close to interfaces, but recovering the bulk value aw
from the interface. A Mo¨ssbauer study of a Fe/C
superlattice14 showed, however, a maximum increase
©2004 The American Physical Society08-1
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about 13% of the magnetic hyperfine field at the iron nuc
which would yield a magnetic moment of only 2.5mB for
iron using the ‘‘normal’’ conversion factor between hyperfi
fields and magnetic moment. In many of the studies it w
concluded that the moment of Co changes lit
(1.65–1.83mB) with composition both in alloys and multi
layers, in experiments10,13as well as theory.15–18However, to
explain the observed values of the saturation magnetiza
in bcc Fe/Co~001! superlattices it was assumed that the
moment can be enhanced up to 2.1mB per atom close to
interfaces.19 Co-coated Fe clusters is another interest
magnetic material, in which enhancement in both the s
and orbital magnetic moments of Fe was deduc
theoretically20 and observed experimentally by MCXD.21,22

The effects were found to depend on cluster morphology
size.

In spite of the large amount of work devoted to studies
alloy films and multilayers of Fe and Co, only a few de
with patterned structures23,24 prepared of these materials. A
the same time, patterned structures containing Fe, Co
FeCo layers are gaining increasing interest as elemen
magnetoelectronic devices, e.g., MRAM cells and re
heads.25,26 Patterned structures also allow studies of fun
mental magnetic phenomena such as the processes of
netization reversal, the formation of domain structures,
their dependence on the particle geometry~size and shape!,
interactions~distance between particles and their shape! as
well as on intrinsic properties of the material~magnetocrys-
talline anisotropy and atomic magnetic moment!. This moti-
vated us to make an investigation of patterned Fe/Co m
layers with varying Co concentrations.

In our previous studies27,28 we studied the influence o
shape anisotropy and effects of dipolar interactions on b
the domain structure and the processes of magnetizatio
versal in patterned Fe/Co multilayers containing 75 at. %
Co. Here we focus our attention on the interplay between
magnetocrystalline and shape anisotropies. In the design
submicron size element for a particular application, one m
control both the intrinsic magnetic properties determined
the material parameters of the film and the shape of the
ment which modifies the magnetostatic energy of the e
ment. Choosing epitaxial multilayers with different combin
tions of Fe and Co monolayers yields an excelle
opportunity to tune the strength and orientation of the m
netocrystalline energy of the system.19 Furthermore, this can
be accomplished while preserving the crystal structure an
ferromagnetic coupling between the layers as well as kee
the values of the saturation magnetization within a narr
range. By patterning the film the shape anisotropy of
layered structures is changed, and thereby the relation
tween the two components of magnetic anisotropy can
varied. In this paper we present an investigation, by mag
tization measurements and atomic and magnetic force
croscopy~AFM/MFM !, of four combinations of Fe/Co mul
tilayers with total film thicknesses of about 20 nm. The film
are patterned to yield particles of circular and elliptical sha
with lateral dimensions in the range 150–550 nm. The
sults are interpreted in terms of the changing magnetoc
talline anisotropy in the starting materials, as the compo
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tion of the multilayers varies between pure Fe~Refs. 29,30!
and Co.31

II. EXPERIMENTAL METHODS

A. Sample preparation

The Fe/Co multilayers were grown on MgO substrates
a three target magnetron sputtering system under iden
conditions as for another set of Fe/Co multilayers.7 The
structure of those films was extensively studied, and we c
sider the present films to have the same crystal structure
epitaxial relationships: bcc with lattice constants 2.866 Å a
2.828 Å for the Fe and Co layers, respectively, where Fe
@001# uu MgO @001# and Fe/Co@110# uu MgO @100#. Four
films comprising layers with the following numbers of F
and Co monolayers and atomic concentrations of Co w
prepared: Fe8/Co3~27%!, Fe7/Co3~30%!, Fe4/Co2~33%!,
and Fe2/Co6~75%!. The number of repetitions was chose
in each case to keep the thickness of the samples con
(t'20 nm). The multilayers were capped by a thin layer
V to avoid oxidation. The film thickness was determin
from the deposition rate during preparation. Since this yie
an accuracy of the absolute value within 2 nm, the thickn
was determined also from AFM on the patterned samp
The agreement between the two methods was within 1
except for Fe4/Co2 where AFM implied a 5 nmthicker film
than the deposition rate.

The magnetic particles were fabricated by a combinat
of electron-beam lithography and ion milling using a doub
layered resist, a carbon masking layer, and a NiCr layer
pattern transfer, in a way similar to that described earlie32

The sets of particles with different sizes and shapes w
prepared over regions of 2.5 mm32.5 mm within a total
area of 10 mm310 mm. Each sample thus contains 107–108

particles. Particles of circular shape, designed as octag
with diametersdc5200 and 550 nm, were positioned in
square lattice with lattice constants 1200 and 1100 nm
spectively. The lattice axes were oriented along the@100# and
@010# MgO directions. Particles of elliptical shape we
made with long and short axesl 5450 nm ands5150 nm
and lattice constantsal5900 nm andbs51150 nm, respec-
tively. The elliptical particles were positioned in two diffe
ent rectangular arrays with the long axis along either
@100# or the@110# MgO direction. Reference samples of ci
cular shape with diameter 1.7 mm were prepared in the s
process for each of the Fe/Co films. The lithography and
milling process yield patterns with well-defined shape a
lateral extension,29 as verified by scanning electron micro
copy ~SEM! and atomic force microscopy~AFM!. For mag-
netic measurements the wafers were finally diced into re
angular samples using a diamond saw.

B. Magnetic characterization.

The macroscopic magnetization was measured using
alternating gradient magnetometer~AGM!. All samples were
investigated at room temperature in magnetic fieldsB in the
range22 T,B,2 T, applied in different directions in the
plane of the film. The reference samples were furth
8-2
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INTERPLAY BETWEEN SHAPE AND . . . PHYSICAL REVIEW B69, 094408 ~2004!
checked for out-of-plane components of magnetization.
order to avoid spurious effects in the magnetization curv
the measurements were carried out with an amplitude of
alternating gradient field well below the coercivity field. Th
hysteresis curves were corrected for the diamagnetic b
ground of the substrate and sample holder, whereafter
coercivity Bc and the saturation and remanent magnetic m
mentsms andmr of the sample were determined. The sa
ration magnetizationMs and the saturation remanent magn
tization Mr were obtained by dividingms and mr by the
volume of the magnetic material in each sample. The top
raphy and the local distribution of magnetic moments of
individual particles were studied by an AFM/MFM scannin
probe technique using a DimensionTM 3000 microscope from
Digital Instruments~DI!. Images were obtained with the in
strument operated in the tapping and lift modes using
standard MFM tips supplied by DI. The tips were magn
tized in the direction normal to the sample. The MFM me
surements were performed on the samples in the as-gr
state and after different magnetic-field histories, e.g., ac
magnetization.

III. RESULTS

A. FeÕCo continuous films

The results of the magnetization measurements with
field applied in the@100# and @110# directions of the bcc
Fe/Co reference samples are presented in Fig. 1 for field
the ranges60.1 T ~left column! and 60.01 T ~right col-
umn!. Hysteresis curves for a pure bcc Fe~001! film of the
same thickness (t520 nm) are shown for comparison. Th
curves show the archetypal behavior of thin bcc Fe~001!
films where the bulk hard direction@111# is not present in the
plane of the film. This leads to a cubic in-plane magnetocr
talline anisotropy with easy and hard axes along the@100#
and@110# directions, respectively. As the Co layers are int
duced into the Fe lattice the magnetic anisotropy first
creases and then a redistribution of the magnetocrysta
axes occurs:@110# becomes the easy and@100# the hard di-
rection of magnetization. In the Fe8/Co3 multilayer film
with the minimum Co content 27%, a small difference b
tween the@100# and@110# directions can be seen only in low
fields, below 3 mT. Otherwise this film is nearly isotropic.
more pronouned difference between the easy@110# and hard
@100# directions is observed as the Co content increase
30% in Fe7/Co3. The two films with 33% and 75% Co~Fe4/
Co2 and Fe2/Co6! are further characterized by the high
field required to close the hysteresis loops. All multilaye
show a fourfold in-plane anisotropy with no ind
cation of a uniaxial component. The first-order anisotro
constant K1 was estimated from the area between
hysteresis curves measured in the@110# and @100#
directions.33 This analysis yieldsK1523.0 kJm23, 213.6
kJm23, 230.0 kJm23, and275.3 kJm23 for the Co concen-
trations 27%, 30%, 33%, and 75%, respectively~see also
Table I!.

The magnitude ofK1 depends almost linearly on the C
concentration in the range 27–75% and a linear extrapola
of the values yieldsK150 for a Co content of about 23%.
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The saturation magnetization was determined from
slope of a linear fit of the saturation moment versus volu
for all samples of each film. The uncertainty in the estima
values ofMS in our multilayers is a maximum value includ
ing the variation in the measuredms , of the order of61.8%,
and the uncertainty in the determination of the film thic
nesses, cf. Sec. II A. The obtained values ofMs are high
~Table I!, yielding effective momentsme f f5(2.460.2)mB ,
(2.360.1)mB , (2.460.4)mB , and (2.860.3)mB per atom
for the Fe8/Co3, Fe7/Co3, Fe4/Co2, and Fe2/Co6 multil
ers, respectively. These values are in reasonable agree
with magnetization data for FeCo alloys in the same conc
tration range as quoted by Bozorth,34 except for the highes

FIG. 1. The normalized magnetization vs field for Fe/C
multilayer films, t520 nm. The composition is given in the figur
in numbers of Fe and Co monolayers. The field was applied in
plane of the films in the crystalline directions as noted in the figu
8-3
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Co concentration. The multilayer Fe2/Co6 yields a high
effective magnetic moment per atom, (2.860.3)mB , com-
pared to (2.1860.10)mB for an alloy with
70% Co. The ratio between the values of the remane
obtained for the easy and hard directions, respectively
1.460.1 for Fe7/Co3, Fe4/Co2, and Fe2/Co6. This is clo
to the valueA2 expected for a film with cubic anisotropy
For each of the films the coercivity is about the same in
easy and hard directions. At the same time the coerci
increases by a factor of 2 as the Co concentration chan
from 27% to 75%~Table I!. The coercivity measured in
field perpendicular to the film plane is an order of magnitu
higher and the remanence a factor 2 to 3 lower than
corresponding in-plane values for all the multilayers.

B. Patterned structures

1. Circular elements — low shape anisotropy

The patterning process yields particle arrays with we
defined dimensions and controlled geometry. Figure 2~a!
gives an example of a three-dimensional reconstruction o
AFM image of circular particles withdc5200 nm made of
the Fe8/Co3 film. The corresponding MFM image is sho
in Fig. 2~b!. It can be concluded that the magnetic mome
of each particle form a closed domain structure. For this s
of the circular particles, only two-domain states were o
served, independent of the magnetocrystalline anisotrop
the material. MFM images of larger circular particles (dc
5550 nm) made of multilayers with the lowest~Fe8/Co3!
and highest~Fe2/Co6! Co content are shown in Figs. 2~c!
and 2~d!. The domain configuration of the circular particle
made of the nearly isotropic Fe8/Co3 film consists of ei
domains forming a closed structure@Fig. 2~c!#, implying that
the domain structure is mainly governed by the shape an
ropy. The circular particles of Fe2/Co6, with the highe
magnetocrystalline anisotropy, form closed domain str
tures as well, now with a mainly fourfold symmetry reflec
ing the magnetocrystalline anisotropy of the initial film@Fig.
2~d!#. The influence of the magnetocrystalline anisotropy
evident also in the hysteresis curves of the patterned st

TABLE I. Magnetic parameters obtained from hysteresis cur
of epitaxial bcc Fe/Co~001! multilayer films, t520 nm. c is the
concentration of Co. The field was applied in a crystalline direct
in the plane of the film, noted as the hard~h! and easy~e! direction,
respectively.

Sample c K1 Ms B Bc Mr /Ms

~at. %! kJm23 kAm21 along ~mT!

Fe8/Co3 27 23.0 18206160 @100# 1.4 0.66
@110# 1.5 0.77

Fe7/Co3 30 213.6 17806110 @100# h 1.6 0.69
@110# e 1.3 0.94

Fe4/Co2 33 230.0 18406300 @100# h 2.1 0.49
@110# e 2.4 0.71

Fe2/Co6 75 275.3 21506130 @100# h 3.1 0.67
@110# e 2.8 0.87
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tures. This can be seen in Fig. 3 for the circular particles w
dc5550 nm in a field applied along the@110# direction. This
direction is an easy axis in the continuous film of Fe2/Co
The hysteresis curve of the circles made of this film is ch

s

n

FIG. 2. Images of circular particles made of Fe/Co multilay
films, t520 nm. ~a! and ~b! AFM and MFM images of Fe8/Co3
circles withdc5200 nm.~c! and~d! MFM images of particles with
dc5550 nm of Fe8/Co3 and Fe2/Co6, respectively. The scan a
are 2mm32 mm in ~a! and ~b! and 1mm31 mm in ~c! and ~d!.
The sketches illustrate the proposed domain structures.

FIG. 3. The normalized magnetization vs field for circular pa
ticles withdc5550 nm made of Fe8/Co3 and Fe2/Co6 multilaye
t520 nm. The field was applied in the@110# direction.
8-4
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INTERPLAY BETWEEN SHAPE AND . . . PHYSICAL REVIEW B69, 094408 ~2004!
acteristic for the processes of nucleation, motion and ann
lation of domain walls.29,30 During demagnetization, the
magnetization decreases only slightly until a fieldBn
'25 mT is reached. There a step in the hysteresis cu
indicates the onset of nucleation of domain walls. As
field is further decreased, the magnetization drops to z
within a narrow field range. The circular particles of Fe8/C
have a low effective anisotropy which causes the demag
tization to initially occur by magnetization rotation, shown
the gradual decrease of magnetization, before nucleatio
domain walls takes place at about 13 mT. The coercivity
slightly higher for Fe8/Co3 (Bc56.9 mT) than for Fe2/Co6
(Bc55.2 mT) circles, both values being higher than that
the initial films. The values ofMr /Ms are 0.10 and 0.21 fo
Fe2/Co6, and Fe8/Co3 respectively. In the range fromBc to
negative saturation the same kind of magnetization proce
occur in the circles both of Fe8/Co3 and Fe2/Co6, and
field where domain walls annihilate isBa'2112 mT for
both samples. The circular particles made of the Fe7/Co3
Fe4/Co2 films show a behavior intermediate between the
extreme cases of high and low magnetocrystall
anisotropy.

2. Elliptical elements—varying magnetocrystalline anisotropy

When the elliptical particles are positioned with their ax
along the easy directions, the magnetocrystalline and sh
anisotropies cooperate. In this case the elliptical partic
made of the Fe/Co multilayers were observed to have
possible zero-field domain states, comprising either one
two magnetic domains. Figure 4 shows the MFM images
the ellipses made of the Fe8/Co3 and Fe2/Co6 multilay
For comparison MFM images of identical particles made
pure bcc Fe~001! ~Ref. 35! and fcc Co~001! ~Ref. 31! are

FIG. 4. MFM images of elliptical particles (s5150 nm, l
5450 nm, andt520 nm) positioned with their axes along the ea
magnetocrystalline directions. The particles are made of~a! pure Fe,
~b! Fe8/Co3,~c! Fe2/Co6, and~d! pure Co. The images were take
in zero field after ac demagnetization along the long axis. The s
areas are 5mm35 mm.
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included. The number NSD of single domain~SD! particles
was determined as a statistic average over about 500
ments that were observed after ac demagnetization along
long axis of the ellipses. NSD is strongly influenced by t
Co content, see Table II. Going from the multilayers with t
lowest Co content~Fe8/Co3! to the highest~Fe2/Co6!, NSD
varies in the range 20–80 %. All of the particles made
pure Fe are in multidomain states, with each particle co
prising either two or five domains, and all of the particl
made of pure Co are single domains@Figs. 4~a! and 4~d!#.
The experiments clearly demonstrate how the domain st
ture of the elliptical particles is developed as the magne
crystalline anisotropy of the initial films is varied~Fig. 1!.
After demagnetization along the short axis the majority
the elliptical particles relax to multidomain states for a
Fe/Co multilayers.

3. Elliptical elements—interplay between shape and crystalline
anisotropy

By positioning the elliptical particles with their axes alon
the hard direction, we demonstrate how the competition
tween the magnetocrystalline and shape anisotropies af
the magnetic properties. As expected, for all multilayers
SD state becomes less favorable in this case. The differe
between the values of NSD obtained for the two orientatio
is particularly significant for Fe2/Co6, the material with th
highest magnetocrystalline anisotropy. This is demonstra
in Fig. 5, showing MFM images of the elliptical particles
the state after demagnetization along the long axis. When
particles have their axes parallel to the easy direction of m
netization, 78% of them are in the SD state and the other
a two-domain state@Fig. 5~a!#. For the ellipses positioned
along the hard magnetocrystalline direction NSD is sign
cantly lower, 31%. It should be noted that in this case so
of the SD particles have the direction of their magnetizat
tilted at an angle of about 45° with respect to the long axis
the ellipses, see Fig. 5~b!. Thus, the moments of these pa

n

TABLE II. Magnetic parameters of elliptical particles (s
5150 nm, l 5450 nm, andt520 nm) positioned with their axes
along a crystalline direction in the Fe/Co~001! film, noted as the
hard or easy magnetization direction.c is the Co concentration and
NSD the relative number of SD particles observed in zero field a
demagnetization along the long axis. The fieldB was applied along
the long axis of the ellipses.

Sample c NSD B Bc Mr /Ms

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

Fe2/Co6 75 31 Hard 46.3 0.79
78 Easy 74.7 0.84
8-5
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ticles are aligned in the easy magnetocrystalline direct
Furthermore, particles with a more complex magnetic str
ture than only two domains appear among the ellipses.
results of this experiment are summarized in Table II.

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

The coercivity of the particles is in all cases significan
higher ~15–40 times! than that of the corresponding film
and in all casesBc is higher when the ellipses have their ax
along the easy magnetocrystalline direction, see Table II.
difference becomes substantial for the case of Fe2/Co6 m
tilayers with the highest magnetocrystalline anisotropy.
measured with the field along the easy axis, the value
Mr /Ms for the elliptical particles are about 20% lower tha
that of the corresponding reference films, but after correc
for demagnetizing effects in the individual particles the v
ues become approximately equal.

For three of the investigated multilayers the elliptical p
ticles demonstrate a characteristic step in the hyster
curves, marked by arrows in Fig. 6. This feature appe
either in both curves, as for Fe4/Co2, or only in the cu
corresponding to the favorable direction of particle orien
tion, as for Fe8/Co3 and Fe2/Co6. The characteristic fi
where the step appears isBst522.6, 22.6, and23.0 mT
for Fe8/Co3, Fe4/Co2, and Fe2/Co6, respectively. The h
teresis curves for the ellipses made of Fe7/Co3 are m
square and the step is absent.

IV. DISCUSSION

A. FeÕCo films

The magnetization measurements show that all the Fe
multilayer films have a cubic magnetocrystalline anisotro
with a value ofK1 depending linearly on the Co concentr

FIG. 5. MFM images of elliptical particles (s5150 nm, l
5450 nm, andt520 nm) made of a Fe2/Co6 multilayer film. Th
long axis is along the~a! easy@110# and ~b! hard @100# magneto-
crystalline direction of the bcc structure. The images were take
zero field after ac demagnetization along the long axis. The s
areas are 5mm35 mm. ~c! The particle marked by C in~b! to-
gether with a sketch of its proposed domain structure.
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tion. An extrapolation of the linear relation yieldsK150,
implying a transition of the easy axis from the initial@100#
direction in Fe to@110# in Fe/Co, at about 23% Co. Thi
agrees well with the results for similar Fe/Co multilaye
with a higher number of repetitions,19 in which the transition
took place at 30% of Co. Comparing multilayers of differe
thickness~our data and Ref. 19! we find that the symmetry o
the magnetic anisotropy in Fe/Co multilayer films is pr

in
n

FIG. 6. The normalized magnetization vs field for elliptical pa
ticles (s5150 nm, l 5450 nm, andt520 nm) of Fe/Co multilay-
ers with composition as indicated in the figure. The field was
plied along the long axis of the ellipses, in the hard or ea
magnetocrystalline direction of each film according to notations
the figure.
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INTERPLAY BETWEEN SHAPE AND . . . PHYSICAL REVIEW B69, 094408 ~2004!
served, but the concentration at which the transition occu
shifted towards lower Co content in the thinner films. Th
may be an effect of a thickness dependent magnetostric
component leading to a higher effective anisotropy in
thinner films. The change in the distribution of the magne
crystalline easy directions is typical also for FeCo alloys36

In this case a significant difference was found between
behavior of film and bulk materials:K1 changed sign at 20%
of Co for a 20 nm thick film and at 45% for the bul
material.37 This difference could again be related to strong
magnetostrictive effects in thin films. Finally, comparing t
concentration dependence ofK1 in Fe/Co multilayers~our
data! and FeCo alloys of similar thickness,37 there is only a
small difference which could be attributed to the order
arrangement of Fe and Co atoms in the material, as we
strain related to the interfaces. Thus we conclude that
change of anisotropy is a common feature in FeCo alloys
multilayers, with the concentration at which the transiti
occurs depending on the distribution of Fe and Co in
material and the presence of strain.

The values of the saturation magnetization of the Fe
multilayers are all higher than what would be obtained fro
the weighted bulk values of Fe and Co. Although this e
hancement is compatible with the general trend of the res
obtained for materials containing Fe and Co, as discusse
the Introduction, the effect is more pronounced in the mu
layers containing thin individual layers of Co and Fe. T
uncertainty in the estimates ofMs in our multilayers~mainly
due to the uncertainty in the determined film thickness!
does not admit a detailed analysis of the spatial distribu
of moments on Fe and Co. However, we conclude that
enhancement cannot be attributed solely to the local mom
of Fe. In particular, this becomes evident as we analyze
mean valueme f f5(2.860.3)mB per atom obtained for Fe2
Co6, the multilayer with the highest Co concentration. A
suming that the moment of Fe is 3.0mB , the highest possible
value, a moment of at least 2.2mB per Co atom is needed t
explain the high average value of the multilayer. Where
such high values were not observed in alloys, cf. the In
duction, our results agree well with magnetization measu
ments on other Fe/Co multilayers.12,19 For multilayers in
which the Co layers were thinner than 2.5 nm the res
from magnetic hysteresis measurements were interprete
attributing a large magnetization (2.7mB per atom) to inter-
faces comprising two Co and three Fe atomic planes12 and
retaining the bulk moments for atoms in layers further aw
from the interface. At the same time as the magnetiza
measurements imply that the Co moment should be
hanced above its bulk value, experiments probing the lo
moments in neutron reflectivity19 or MCXD ~Ref. 13! do not
supply such evidence. This apparent contradiction migh
removed if, in addition to the enhancement of the local m
ments of Fe and Co, one also considers a possible spin
larization of the conduction electron gas. In our multilaye
showing strongly enhanced magnetization, the thicknesse
the individual Fe and Co layers are in the range 0.3–1.2
In metallic systems with lateral extensions in this range, c
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finement and quantization phenomena may occur.38 A condi-
tion for observations of such phenomena in multilayers
that the interfaces are sharp.

The overall magnetization reversal process for fie
along ~or close to! the hard magnetocrystalline direction
Fe7/Co3, Fe4/Co2, and Fe2/Co6~Fig. 1 left column, dashed
lines! can be explained as follows. As the field strength
reduced after saturation, the magnetization coherently rot
towards the nearest easy axis~the slope of the curve in the
1st quadrant!. When a field of the opposite polarity is ap
plied, at some critical point domain walls are nucleat
which then sweep easily across the sample~the sharp step in
the curve!. Then the walls annihilate and the whole film
again uniformly magnetized but along an orthogonal e
axis. Further increase of the field strength leads to rotation
the magnetization, away from the easy axis into the direct
of the applied field~slope of the curve in the 3rd quadrant!.
With the field applied along the easy magnetocrystalline a
in Fe7/Co3, Fe4/Co2, and Fe2/Co6~Fig. 1 left column, solid
lines!, after saturation the magnetization remains practica
constant until the field changes polarity and at some po
domain walls nucleate. Then the magnetization jumps in t
steps through domain wall propagation: first to one of
two possible orthogonal easy directions and finally to
direction of the reversing field~antiparallel to the initial easy
axis!. All the investigated multilayers behave as sing
component systems. This confirms that the coupling betw
the Fe and Co layers is ferromagnetic, as also found in R
39.

The coercivity increases with Co concentration, both
the easy and hard direction in the multilayers with a p
nounced magnetocrystalline anisotropy: Fe7/Co3, Fe4/C
and Fe2/Co6. The loops of the Fe8/Co2, Fe4/Co2, and F
Co6 multilayers have long hysteretic tails up to 0.05 T ev
for the easy direction of magnetization~Fig. 1, left column!.
This cannot be explained only by differences in magne
crystalline anisotropy, but shows that irreversible magneti
tion processes prevail in fields above 0.01 T. We attribute
high coercivity mainly to structural defects in the films~for
instance dislocations and twins!, which act as pinning center
for both 90° and 180° domain walls. In Co-rich Fe/Co mu
tilayers the number of structural defects is expected to
crease due to the larger distortion of the bcc lattice. T
special role of the pinning centers for the domain wall tra
formation and propagation is well known.33 The high-field
slopes may be explained by a small contribution from sp
at the surfaces and interfaces that are harder to align than
main part of the multilayer films. This contribution, howeve
does not significantly influence the quality of the multilay
films. This is evidenced by the ratio between the values
the remanence obtained for the easy and hard direction b
1.460.1 for Fe7/Co3, Fe4/Co2, and Fe2/Co6, as expec
for films with cubic anisotropy.

B. Patterned structures

1. Circular elements

Decreasing the lateral dimensions of the ferromagn
films results in a variety of domain patterns, due to the co
8-7
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petition between the different contributions to the total ma
netic energy. In a nanomagnet of circular shape and
magnetocrystalline energy, there is no preferred internal
rection of magnetization, and the dominant effects ar
through the interplay between the exchange and magn
static energies. This is clearly demonstrated for the circu
particles (dc5550 nm) made of the isotropic Fe8/Co
multilayer @see Fig. 2~c!#. In the center of the particles ther
is a gradual change of magnetic contrast and further ou
the edges, the magnetization aligns parallel with the side
the octagon, yielding eight magnetic domains. On the ot
hand, in the circular particles of Fe2/Co6 the high magne
crystalline anisotropy of the film is prominent. In this ca
the interplay between the exchange and magnetocrysta
anisotropy energies leads to an arrangement of the spin
domains along the four equivalent easy directions separ
by domain walls. This yields MFM images of fourfold sym
metry and high contrast@Fig. 2~d!#. The fact that only two-
domain states were observed in the smaller circular parti
(dc5200 nm) can be explained by the cost of creating
domain wall in such a small volume being less than
magnetostatic energy of a single domain. We calculated
energyg for formation of 180° walls in the multilayer films
from the equations in Ref. 40 using the values ofK1 andMS
obtained from our measurements. The exchange constaA
for a multilayer was taken as the weighted mean of the v
ues A515310212Jm21 for bcc Fe ~Ref. 41! and 26
310212Jm21 for bcc Co, obtained from Brillouin scatterin
data.42 The obtained values ofg in the range 15–20
31023 Jm22 yield the energy of a wall along a diameter
the easy direction of magnetization a factor about 1.5 low
than the demagnetizing energy for the circular particles w
dc5200 nm. Although the procedure using the mean para
eter values of the film may not be valid for a multilayer,
gives a good qualitative description of how the domain str
tures develop in the submicron size particles.

2. Elliptical elements

When the particles with elongated shape~ellipses with
axes 150 and 450 nm! are positioned with their axes alon
the easy direction of magnetization, two different zero-fie
states are found: one comprising a single domain and ano
with four alternating dark and bright fields in the MFM im
age @see particlesA and B, respectively, in Fig. 4~b!#. The
latter case corresponds to two parallel but oppositely po
ized magnetic dipoles separated by a 180° domain wall, t
forming a closure domain structure. Due to the shape ani
ropy the formation of a SD state is more favorable in t
ellipses than in the circular particles of smaller volume, a
since the wall energy increases withK1 this leads to a cor-
responding increase in the number of SD particles. For
material with high magnetocrystalline anisotropy, Fe2/C
and in the case of unfavorably positioned particles~along the
hard direction! a third possible domain state was observ
five domains forming a closure structure. This state yield
very low MFM contrast due to the weaker fields leaking o
@particle C in Fig. 5~b!#. Such complex domain structure
may exist in these relatively small particles because the
crease of the total length of the domain walls is compensa
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by a decrease of the total magnetic moment aligned in
hard direction and a change of the domain wall characte

The differences between the situations when the ellipt
particles are positioned with their long axes along the eas
hard magnetocrystalline directions are clearly seen also
the magnetization measurements. In particular, the hyste
curves of the elongated particles made of three of the inv
tigated multilayers show interesting characteristic ste
@Figs. 6~a!, 6~c!, and 6~d!#. To explain the magnetization re
versal of these particles we address the model for elemen
similar sizes made of an isotropic material, described
Rave and Hubert.43 This is close to the case of our Fe8/Co
ellipses@Fig. 6~a!# for which the observed shape of the hy
teresis curves matches well the simulations of the two q
sisingle domain configurations called theS and C states.43

These states were predicted to appear during the magne
tion reversal in elongated particles with a lengthl
,500 nm, as is the case in our study. Initially during t
demagnetization small edge domains, with their magnet
tions making a significant angle with that of the main d
main, form at the ends of the particle. Then, in theC state
@see sketch in Fig. 6~a!# corresponding to the case with th
long axis of the ellipses along the easy magnetocrystal
direction, two irreversible events can be distinguished. In
beginning, at some fieldBst @Fig. 6~a!# the edge domains
expand creating a wall between them. Thereafter the fi
reversal takes place. The case with ellipses positioned a
the hard axis yields a hysteresis curve characteristic for thS
state. In an isotropic material both states have similar ene
with the C state being marginally preferred. It should b
remembered that the particles in our samples are not all id
tical over the array, and there may be different magnetiza
processes among them. The main character is, however,
described by the reversals through theS andC states. Thus
we have shown that the position of ellipses along either
easy or the hard magnetization directions influences b
their domain structure and magnetization reversal proces

V. SUMMARY AND CONCLUSIONS

The magnetization measurements demonstrate the ch
of the easy and hard magnetization directions in the plan
the film, from @100# in pure Fe to@110# in Co rich Fe/Co
multilayer films. The first-order anisotropy constantK1 is
negative and depends linearly on Co concentration in
multilayers, with Co concentrations in the range 27–75
The change of sign ofK1 occurs at about 23% of Co, a
determined by extrapolation.

The effective magnetic moments of the multilayers a
high, up to (2.860.3)mB per atom for the Fe2/Co6
multilayer film. This can be explained by an enhancemen
the local moments both on Fe and Co and a spin depen
polarization of the electron gas, due to confinement in
individual Fe and Co layers of thickness in the range 0.3–
nm.

The magnetic domain structure of circular particles~di-
ameter 550 nm! is mainly governed by the shape anisotro
for the nearly isotropic Fe8/Co3 multilayers and by t
strong magnetocrystalline anisotropy for the Fe2/Co6 mu
8-8
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INTERPLAY BETWEEN SHAPE AND . . . PHYSICAL REVIEW B69, 094408 ~2004!
layers. The estimated energy 15–2031023 Jm22 of 180°
walls in the multilayers qualitatively explains why the tw
domain state observed in smaller circular particles~diameter
200 nm! is preferred to the SD state.

The shape anisotropy alone is not sufficient to stabi
the SD state in the elliptical particles (150 nm3450 nm).
Only when shape and strong magnetocrystalline anisotro
cooperate it leads to the formation of stable single doma
in the majority~78%! of the particles in a sample.

It can be inferred from the magnetization measureme
and comparison with simulations, that the elliptical partic
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