
PHYSICAL REVIEW B 1 SEPTEMBER 1997-IVOLUME 56, NUMBER 9
Anisotropic domain evolution in epitaxial Fe/GaAs„001… wires

U. Ebels,* A. O. Adeyeye, M. Gester,† R. P. Cowburn, C. Daboo, and J. A. C. Bland
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, United Kingdom
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The magnetization reversal in in-plane magnetized epitaxial Fe/GaAs~001! wire elements with dimensions
of 15 mm ~width w)3500mm ~lengthl )3300 Å ~Thicknesst) has been studied by scanning Kerr microscopy
and Kerr magnetometry. The two-jump switching process is observed which is characteristic for the magne-
tization reversal in continuous epitaxial Fe~001! films with fourfold in-plane anisotropy. However, in contrast
to the continuous film, the domain nucleation and growth processes which mediate the irreversible magneti-
zation jumps at the two critical fields,Hc1 andHc2 are found to be determined by the orientation of the applied
field with respect to the long and the short wire axis. This anisotropy in the domain evolution is a result of the
combined effects oflocal edge dipolar fields, the fourfold magnetocrystalline anisotropy as well as the finite
and anisotropic lateral extensions of the wires. Due to the large aspect ratio ofl /w, the boundaries of the long
and short wire edges restrict the domain expansion differently. Consequently, this ‘‘shape’’ anisotropy in the
domain evolution contrasts with the conventional shape anisotropy associated withmacroscopic~average!
demagnetization fields.@S0163-1829~97!04334-8#
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I. INTRODUCTION

Low-dimensional magnetism has been of central inte
in the past decade stimulated by the discovery of phenom
in ultrathin films and multilayers and the potential applic
tion of these thin-film systems for magnetic storage me
and sensor technology.1 Starting from these quasi-two
dimensional thin-film systems, interest is now shifting t
wards studying smaller and smaller physical dimensi
achieved by laterally constraining the thin films to micr
and nanometer sized wire and dot structures.2,3 On reducing
the sample sizes to dimensions comparable to relevant ph
cal length scales, such as the domain-wall width or the
change length, questions arise concerning the existence
true single-domain state, the magnetic switching characte
tics as well as the stability of the domain state.4 A broad
understanding of all effects which influence the magneti
tion state in small magnetic elements and in particular th
effects associated with the sample edges, is therefore of g
relevance. More generally, the importance of loc
symmetry-breaking structures such as edge or step edge
the magnetization reversal process has been recently po
out theoretically.5

Interest in magnetization processes in small magnetic
elements is not entirely new. In the past, the study of mic
and submicron sized in-plane magnetized small film e
ments of Permalloy has been of great significance.6,7 Knowl-
edge of the domain and domain-wall structure is crucia
understanding the noise properties of these elements in
application as read heads in magnetic recording.8 While
many studies were performed for these Permalloy film e
ments, characterized by a very small magnetic anisotro
only a few investigations have been made for materials w
strong magnetic anisotropies.9,10 This paper focuses on th
in-plane magnetization processes in flat wires fabrica
from epitaxialFe/GaAs~001! thin films and contrasts the de
veloping domain structures with those in Permalloy sm
560163-1829/97/56~9!/5443~9!/$10.00
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film elements. The pronounced difference between the
materials is the more than 1 order of magnitude larger va
of the magnetic anisotropy in Fe with an anisotropy field
HK1

52K1 /Ms5550 Oe as compared to Permalloy wi
HKu

>10 Oe. Here,K1 and Ku represent the cubic and th
uniaxial anisotropy constants for Fe and Permalloy, resp
tively, andMS denotes the saturation magnetization.

In addition, the epitaxial nature of the Fe system has
advantage of a well-defined magnetocrystalline anisotr
superposed by a controllable interface-induced anisotropy
sulting in characteristic magnetization reversal processes
function of an externally applied field. These anisotro
characteristics as well as the corresponding magnetiza
reversal processes have been widely studied for continu
epitaxial Fe thin films evaporated onto substrates such
GaAs~001!,11–13W~001!,14 and Ag~001!.15 Bulk Fe has a cu-
bic magnetocrystalline anisotropyK1 which gives rise to a
fourfold in-plane anisotropy in Fe~001! thin films, with the
easy axis~EA! oriented parallel to thê100& direction and
the hard axis~HA! parallel to thê 110& direction. This four-
fold in-plane magnetocrystalline anisotropy leads to the ty
cal two-jump switching12 associated with two critical fields
Hc1 andHc2 for the reversal of the magnetization in an a
plied field. The energetics of this two-jump switching pr
cess for continuous Fe/GaAs~001! thin films are discussed in
Ref. 2. In the present study the investigations of the mag
tization reversal processes in continuous Fe/GaAs~001! films
are extended to micron-sized Fe/GaAs~001! wires where the
combined effects oflocal dipolar fields in the vicinity of the
wire edges, as well as the anisotropic and finite extensio
modify the evolution of the magnetic domains which d
velop at the critical fieldsHc1 and Hc2 . Understanding of
this magnetization reversal will be of importance for the
cently proposed magnetoelectronic devices such
microwave,16 current injection, and MRAM devices16,17

which exploit the switching characteristics of these epitax
magnetic materials deposited on semiconductor substrat
5443 © 1997 The American Physical Society
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II. EXPERIMENT

The continuous 300-Å-thick Fe/GaAs~001! film, from
which the wire structures were patterned, was prepared
ultrahigh vacuum~UHV! by electron beam evaporation.13

The base pressure during growth was kept at 1029 mbar and
the growth rate was 1 Å/min. The wire structures were fa
ricated by optical lithography and ion beam etching.18 In
order to ascertain that the observed domain structures
reproducible and not due to local film inhomogeneities,
array consisting of evenly spaced wires was patterned
schematically shown in Fig. 1~a!. The total number of wires
in an array amounts to 20. A total of 9 arrays were fabrica
with identical wire width of valuew515 mm but different
spacings between the wires ranging froms56 to 22 mm.
The dimensions of the individual wires are 15mm ~width w)
~lengthl )3300 Å ~thicknesst). This choice and, in particu-
lar, the one of the wire widthw515 mm was guided by the
use of an optical domain imaging microscope. The scann
Kerr microscope used for the present study has a resolu
of 1.5 mm and thus dimensions of at least 5–10mm are
required in order to resolve details of the domain structu
Due to the cubic magnetocrystalline anisotropy, two relat
orientations between the wire edges and the anisotropy a
are of interest. For the present study, the orientation of
wire edges was chosen such that both wire axes are alig
parallel to the cubic hard axes~^110&! within an accuracy of
65°, see Fig. 1~b!.

Spatially averaged hysteresis loops as well as image
the magnetic domain structure are presented for differ
field orientations and at the two critical fieldsHc1 andHc2 .
The hysteresis loops were recorded with a conventional m
netooptic Kerr effect~MOKE! magnetometer~0.5 mm spot
size! and the domain images were acquired with a quadr
detector-type scanning Kerr microscope. For the acquisi
of all domain images a320 objective was used, except fo
the images in Fig. 6, for which a350 objective was used
Further details of the scanning Kerr microscope can be fo
in Ref. 19. If not mentioned otherwise, the hysteresis loo
and the images shown here represent the magnetization c
ponent parallel to the applied fieldM i . In some cases the

FIG. 1. ~a! Schematic showing the arrangement of the wire ar
with wires of width w and separations between individual wires.
~b! Schematic showing a single wire, the orientation of the mag
tization when aligned parallel to the easy axis@100# and the result-
ing charges along the wire edges.
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magnetization componentM' perpendicular to the applied
field is also of interest.

III. RESULTS

A. Hysteresis loops

Continuous film. The magnetization reversal in the F
GaAs~001! wires is discussed here for the case where
external field is applied parallel to the long and the short w
axes which are both hard magnetocrystalline anisotr
axes. The reversal for this field orientation will be summ
rized first for the continuous films. Further details of th
reversal in continuous films, including the various doma
formation, can be found in Refs. 12, 19, and 20.

As a result of the fourfold symmetry, the magnetizati
reversal as a function of an applied magnetic field takes p
by a two-jump switching process.12 The subsequent change
in the orientation of the magnetization during the reversal
indicated by the reversal steps~i!–~iv! in Fig. 2~a!. The co-
ordinate system in Fig. 2~a! defines the relative orientatio
between the crystallographic axes and the magnetocrysta
easy ~EA! and hard~HA! anisotropy axes, as well as th
direction of the initially applied fieldH init and the reverse
applied fieldH rev. Saturating the film into the initial field
directionH init , the film is in a single-domain state with th
magnetization aligned parallel toH init . On reducing the
strength of the applied field, the magnetization coheren
rotates from the initial field directionH init to the nearest eas
axis, e.g., the@100# direction, see step~i! in Fig. 2~a!. On
further reducing and reversing the applied field, the mag
tization jumps discontinuously and irreversibly12 from the
single-domain state@100# into the single-domain state@010#
at a critical fieldHc1 ,21 as is indicated by step~ii ! in Fig.
2~a!. Increasing the reverse field to the critical fieldHc2 , the
magnetization jumps a second time discontinuously and i
versibly from the@010# to the @1̄00# direction,12 @step ~iii !#
and finally rotates coherently into the reverse field direct
H rev @step~iv!#. Of particular note is the strict initial sense o
rotation for this two-jump switching process12 which is de-
termined by the direction of the applied field with respect
the easy and hard anisotropy axes. For the example in
2~a! the initial sense of rotation is clockwise as long
the field is applied along a direction inbetween the@11̄0# and
@100# direction. This strict initial sense of rotation, whic
includes the two irreversible jumps and follows the sense
rotation of step~i!, is of importance for the understanding o
the domain growth processes in the wires.

Typical hysteresis loops for a continuous Fe/GaAs~001!
film showing the characteristic two jumps atHc1 andHc2 are
given in Figs. 2~b! and 2~c! for H initi @100# EA and forH initi

@11̄0# HA, respectively. If the field is applied parallel to on
of the easy axes, the two critical fieldsHc1 and Hc2 are
separated by only a small field range 3–5 G.12 For fields
applied close to the hard axis~65°!, the two critical fields
are well separated~200–550 G!.12

Wires. The corresponding averaged hysteresis loops
the wires are shown in Fig. 3~Ref. 22! for the field aligned
parallel to ~a! the long wire axis or easy shape~ES! axis
~dotted line! and ~b! the short wire axis or hard shape~HS!
axis ~full line!. Here easy shape and hard shape denote
fact that average demagnetization fields are much smalle
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56 5445ANISOTROPIC DOMAIN EVOLUTION IN EPITAXIAL . . .
the long wire axis due to the large aspect ratio ofl /w, al-
though these average demagnetization fields play a n
gible role for the reversal. Since the easy shape and h
shape anisotropy axes are both hard magnetocrystalline
isotropy axes, four different situations for the irreversib
jumps at the two critical fieldsHc1 and Hc2 can be distin-
guished:Hc1

HS, Hc2
HS, Hc1

ES, andHc2
ES, where, e.g.,Hc1

HS refers
to the situation where the field is applied along the shor
hard shape~HS! wire axis and the switching process at t
first critical field Hc1 is considered.

Both loops in Fig. 3 are very similar to the one of th
continuous film shown in Fig. 2~c!, confirming that the two-
jump switching process, characteristic for fourfold anis
tropic films, is not substantially altered in the wires. Ho

FIG. 2. ~a! Orientation of the fourfold in-plane anisotropy axe
relative to the crystallographic axes for Fe/GaAs~001! thin films.
The easy anisotropy axes are parallel to^100& and the hard anisot
ropy axes parallel tô110&. The dotted lines as well as the roma
numbers~i!–~iv! are a guide for the subsequent steps in the m
netization reversal process. They indicate the changes in the d
tion of the magnetization on reversing an applied field from
initial field directionH init into the reverse field directionH rev. The
rounded parts correspond to a coherent rotation process@steps~i!
and~iv!# and the straight parts to the discontinuous jumps betw
the easy axes@100# and @010# at Hc1 and between@010# and @1̄00#
at Hc2 @steps~ii ! and~iii !#. ~b! Typical averaged hysteresis loop fo
the magnetization componentM i for a continuous Fe/GaAs~001!
thin film and for an initial field applied parallel to an easy magn
tocrystalline anisotropy axis, e.g.,@100#. ~c! Typical averaged hys-
tersis loop for the magnetization componentM i for a continuous
Fe/GaAs~001! thin film and for an initial field applied parallel to a
hard anisotropy axis, e.g.,@11̄0#.
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ever, slight deviations between the HS and ES loops
evident. These deviations display an interesting symmetr
relationship at the two critical fields: atHc1 the magnetiza-
tion M i of the HS loop is more reduced from the saturati
value and the loop is more rounded as compared to the
loop, which is squarer atHc1 , whereas atHc2 the magneti-
zation M i of the ES loop is more reduced and the loop
more rounded as compared to the HS loop atHc2 .

B. Domain images

Continuous film. The average demagnetization fields
continuous in-plane magnetized films are negligible and
remanent domain structure develops. However, doma
nucleate and grow via domain-wall motion during the ma
netization reversal at the two critical fieldsHc1 and Hc2 .
This domain process is responsible for the discontinuous
irreversible jumps seen in the average hysteresis loops.
developing domain structure and the orientation of the m
netization inside the domains reflect the fourfold symme
but depend in detail on the orientation of the applied fie
with respect to the magnetocrystalline anisotropy axes.
fields applied parallel to an easy magnetocrystalline ani
ropy axis, a checkerboard-type domain structure with all fo
magnetization orientations may develop.19,20 In contrast, for
fields applied parallel to one of the hard anisotropy ax
domains with only two magnetization orientations coexist.
typical example for the domain structure mediating the ir
versible jump from the@100# direction to the@010# direction
at Hc1 in the continuous film is shown in Fig. 4. Only do
mains with orientations of the magnetization parallel to@100#
and @010# are involved, separated by walls ideally aligne
parallel to @11̄0# which is a hard anisotropy axis, compa
Fig. 2~a!. Usually pinning obstructs a straight alignment
these walls as can be seen in Fig. 4. A similar domain str
ture develops for the reversal atHc2 where now domains are
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FIG. 3. Averaged hysteresis loops for a wire array of epitax
Fe/GaAs~001! (t5300 Å, l 5500 mm, w515 mm, s522 mm! for
the two field orientations~a! parallel to the long wire axis~ES!,
dotted line, and~b! parallel to the short wire axis~HS!, full line.
The discontinuous and irreversible magnetization changes at
four different critical fieldsHc1

HS, Hc2
HS, Hc1

ES, andHc2
ES are marked.
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FIG. 4. Domain patterns developing in epitaxial Fe/GaAs~001! wires (t5300 Å, l 5500mm, w515 mm, s58 mm! at the three critical
fields Hc1

HS, Hc1
ES, andHc2

ES, as well as the domain pattern developing in the continuous film atHc1 . The wire domain images are taken o
the identical sample areas. The adjacent schematics explain the orientation of the magnetization inside the domains. The contrast iHc1

HS,
Hc1

ES images is due to changes in the magnetization component parallel to the applied fieldM i and in theHc2
ES case due to changes in th

magnetization componentM' perpendicular to the applied field. The inset shows theM' domain image for theHc1
ES case complementing the

M i image above.
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involved with an alignment of the magnetization parallel
the @010# and @1̄00# directions and domain walls parallel t
@100#,20 compare Fig. 2~a!.

Wires. In Fig. 4 the domain structures in the wires, whi
develop at the critical fieldsHc1

HS, Hc1
ES, Hc2

ES, are compared
with the one which develops in the continuous film at t
critical field Hc1 during hard axis reversal. The imaged ar
for the wires is 100mm3300 mm containing four single
wires. The equivalent size of this region is outlined in t
500 mm3500 mm area of the continuous film in order t
emphasize the different sizes of the domains. The continu
film constitutes a different area but is otherwise the ident
film from which the wires were patterned. For all doma
us
l

patterns, the light areas in the images correspond to the
switched domains and the dark areas to the switched
mains. Note that in Fig. 4 the orientation of the applied fie
is fixed for all domain images~as is the case in the exper
ment! and consequently in the HS configuration the lo
wire axes appear vertically and in the ES configuration th
appear horizontally.

From Fig. 4 it is seen that different domain structur
occur depending on the lateral film sizes as well as on
field orientation. Whereas in the continuous film a large d
main sweeps through the film, the domains in the wires
much smaller in size. Furthermore, two distinct domain p
terns can be distinguished for the wires which are referre
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56 5447ANISOTROPIC DOMAIN EVOLUTION IN EPITAXIAL . . .
as~i! a multidomain structure~MDS!, which develops at the
critical fields Hc1

HS and Hc2
ES as shown in Fig. 4 and~ii ! a

single domain wall~SDW!, which develops at the critica
field Hc1

ES as shown in Fig. 4.
The same symmetry as was mentioned for the hyster

loops in Fig. 3 is observed for the domains developing at
critical fieldsHc1

HS andHc2
ES: in both cases a MDS develop

The corresponding image of the domain structure develop
at the critical fieldHc2

HS which would complement the on
developing atHc1

ES is not available; however from the loo
symmetry in Fig. 3 it is concluded that in both cases a SD
develops.

IV. DISCUSSION

A. Symmetry of the loops and domain images

The symmetry observed in the loops and the domain
ages at the critical fieldsHc1

HS andHc2
ES, as well as the sym-

metry observed in the loops at the critical fieldsHc1
ES and

Hc2
HS is in its basic essence a manifestation of the fourf

magnetocrystalline anisotropy or, alternatively express
serves as a demonstration of the underlying symmetry of
anisotropy. This can be seen by the following argume
Consider Fig. 2~a! where a switching@100# and @010# at
Hc1 and from @010# to @1̄00# at Hc2 is shown. The corre-
sponding domains which mediate this switching are se
rated by domain walls which are aligned parallel to the@1̄10#
axis at Hc1 and the@110# axis at Hc2 , respectively.20 Ac-
cording to this domain and domain-wall arrangement,
expected orientation of the magnetization inside the dom
as well as the orientation of the domain walls relative to
wire edges can be derived for all four critical fields:Hc1

HS,
Hc2

ES, Hc1
ES, and Hc2

HS. These expected configurations a
shown schematically in Fig. 5. Note that here, as in Fig
the orientation of the applied field is fixed and the wires

FIG. 5. Schematic depicting the symmetric relationship for
orientation of the magnetization inside the domains as well as
orientation of the domain walls relative to the wire edges at the
critical fields Hc1 and Hc2 and for the two field orientations
HiES andHiHS wire axis.
is
e

g

-

d
d,
is
t.

a-

e
s

e

,
e

rotated such that in the displays of Figs. 4 and 5 the lo
wire axis is either vertically~HS! or horizontally ~ES!
aligned.

As is evident from Fig. 5, the expected wall orientatio
relative to the wire edges show the same symmetrical r
tionship as the loops in Fig. 3 and the domain images in F
4. At the two critical fieldsHc1

HS andHc2
ES ~rounded loop sec-

tions and MDS! the domain walls run across the short wi
axis. Similarly, at the two critical fieldsHc2

HS and Hc1
ES

~squarer loop sections and SDW! domain walls are involved
which run parallel to the long wire axis.

Loops. The irreversible and discontinuous switching pr
cesses at the critical fieldsHc1 and Hc2 are largely deter-
mined by the growth of domains via domain-wall motion12

It can therefore be understood that the relative orientation
the domain walls with respect to the wire edges may pla
role for the reversal process. In this sense, the symmetry
in Fig. 3 between the HS and ES loops and at the two crit
fields Hc1 andHc2 reflects the fact that similar domain an
domain-wall configurations with respect to the wire edg
are responsible for the magnetization reversal at the res
tive symmetrical critical fields. However, the details of th
shapes of the hysteresis loop, namely the rounding and
squareness, cannot be explained with this symmetry a
ment and will be further analyzed below.

Domains. A comparison of Fig. 5 with Fig. 4 reveals tha
the observed wall orientations separating domains which
velop at the critical fieldsHc1

HS andHc2
ES follow the anticipated

orientation with walls running parallel to the short wire ax
This is not obvious for the domain structure developing
Hc1

ES. Here the domains are observed to propagate from
left to the right in the image of Fig. 4 with walls runnin
diagonally through the wire. Higher-resolution images, su
as given in Fig. 6, show that some sections of this wall fro
~lower left! approach the anticipated alignment shown sc
matically in Fig. 5 with walls parallel to the long wire axis
Thus, there is a tendency towards the ideal wall alignme
but for reasons discussed later this is not fully achieved.

B. Anisotropic domain pattern

While the above argument explains the relative wall o
entations and the occurrence of a symmetrical relations
for the domain patterns, it is not intuitively obvious what th
driving mechanism is for the two very different domain pa
terns:~i! the MDS, in which a high nucleation rate predom
nates with a low domain growth rate and~ii ! the SDW, with
a low nucleation rate but a high domain growth rate. To
more specific, the following two questions need to be co
sidered:~1! why is in case~i! the growth of a single domain
from a short wire edge not as likely as in the case~ii ! and~2!
why do, in case~ii !, more domains not nucleate? The answ
to these questions lies in a combination of three effects:~a!
local edge dipolar fields,~b! the strict initial sense of rotation
of the magnetization during the reversal in fourfold anis
tropic films, and~c! the anisotropic finite extensions of th
wires. These effects are discussed in the following.

The reversal in the fourfold anisotropic Fe~001! films is
characterized by a strict rotation sense of the magnetizat
with the exception for fields applied precisely along the ea
and hard anisotropy axes.23 Upon reducing the applied field
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5448 56U. EBELSet al.
from the saturation field value, the magnetization rotates
coherently from the initial field direction into the neare
easy axis, compare Fig. 2~a!. This initial rotation defines a
the same time the rotation sense of the two irrevers
jumps and is determined by the applied field direction. F
the example in Fig. 2~a! this rotation sense is clockwise an
in this case a counterclockwise jump from, e.g.,@001# to
@01̄0#, at Hc1 is energetically less favorable.

Upon rotation of the magnetization from the initial fie
direction ~parallel to a hard anisotropy axis! into the easy
axis, charges build up along all four wire edges due to
45° orientation of the easy axis relative to the wire edges.
is described in Sec. IV E, local dipolar fields arising fro
those charges will give rise to the nucleation of small ed
domains in the vicinity of both the long and the short w
edges. In Fig. 7~a! these edge domains are schematica
shown for a configuration corresponding to the critical fie
Hc1

HS. As these local edge dipolar fields superimpose onto
externally applied field, the magnetization switching insi
the edge domains does not necessarily follow the rota
sense of the bulk of the wire. For the example in Fig. 7~a!
this means that the magnetization switching inside the
mains at the long wire edge follows the ‘‘bulk’’ rotatio
sense, whereas along the short wire edge it opposes
‘‘bulk’’ rotation sense. A growth of the domains from th
short wire edge would therefore require a switching of
magnetization of a large wire volume into an energetica
less favorable direction. These domains are therefore m
likely suppressed. The initial nucleation of edge doma
cannot be made visible with the Kerr microscope due to

FIG. 6. Higher-resolution domain image~21 mm3100 mm!
showing a SDW at the critical fieldHc1

ES, which spreads from the
left wire edge. The lower left section of the wall reaches nearly
ideal orientation which is parallel to the long wire edge~see Fig. 5!.
The upper right wall section is strongly distorted due to pinning a
causes a small vertical domain to nucleate underneath. This ve
domain is only visible in theM' domain image. To emphasize th
relation between the distorted wall front and the small vertical
main, an image displaying the ratioM i /M' is also shown. The
schematic underneath indicates the orientation of the magnetiz
inside each domain.
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lower resolution, however Lorentz microscopy on simil
structures confirms this nucleation process.24 Upon increas-
ing a reverse field these domains grow and also become
ible in the Kerr image as shown in Fig. 7~b! where small
domains expand from the long wire edge.

In summary, edge dipolar fields cause the nucleation
small edge domains. Due to the strict initial sense of rotat
in fourfold anisotropic thin films only those edge domai
nucleating along the long wire edge will grow preferentia
at the critical fieldsHc1

HS andHc2
ES and correspondingly only

those edge domains nucleating along the short wire edge
grow preferentially at the critical fieldsHc2

HS andHc1
ES.

This suppression and preferential growth of edge doma
from only the short or long wire edge is a direct conseque
of the edge dipolar fields and the fourfold anisotropy, but
independent of the anisotropic shape of the wires. A sim
preferential growth is also observed for the domains in sm
Fe/GaAs~001! square elements with equal edge lengths.9,19

Only the further evolution of these edge domains is infl
enced by the anisotropic and finite wire dimensions~500mm
vs 15mm for the long vs short wire axis! resulting in the two
domain patterns MDS and SDW. First, because of the la
aspect radiol /w, the long wire edge offers many mor
nucleation sites than the short wire edge. In addition,
domains nucleating at the long edge need to expand o
over a distance of 15mm before they reach the opposite wi
edge. Thus before these ‘‘stripe’’ domains begin to furth
expand in the direction of the long wire axis, many doma
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FIG. 7. ~a! Schematic demonstrating the suppression and p
erential growth of the edge domains at the critical fieldHc1

HS. The
charges alongside the edges are indicated by the ‘‘1’’ and ‘‘ 2’’
and the resulting local dipolar fields are indicated by the dou
arrow. ~b! Enlarged section of a domain image showing edge
mains growing from the long wire edge at the critical fieldHc1

HS.
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have developed. Also it has to be assumed that the edge
not perfectly smooth and provide a very effective pinni
mechanism for such short walls of only 15mm length and
thus prevent an expansion of the walls along the w
Hence, at the two critical fields,Hc1

HS andHc2
ES, the reversal is

dominated by domain nucleation leading to the multidom
structure. In contrast to this, at the two critical fieldsHc2

HS and
Hc1

ES, where domains grow from the short wire edge, only
few domains can nucleate which, in turn, probably me
together quickly to form a single domain which subsequen
spreads along the long wire axis as the reverse field is
creased. As this domain has to expand over a long dista
~500 mm! before it reaches the opposite wire edge, a co
plete straightening of its wall front is restricted. Thus t
ideal wall configuration shown in Fig. 5 cannot be reach
leaving diagonally stretched walls as seen in Figs. 4 and

C. Anisotropy of the loops

While the symmetry argument illustrated in Fig. 5 e
plains the occurence of a symmetrical relationship for
shapes of the hysteresis loops in Fig. 3, an explanation
the fact that in one situation the loops are squarer and in
other more rounded cannot be derived. One might argue
short domain walls, such as occur at the critical fieldsHc1

HS,
Hc2

ES, will be pinned much more effectively as similar pin
ning sites act over a very short distance. This, howev
would mainly influence the value of the critical field and le
the shape of the loop in terms of squareness and round
Generally, for samples with large demagnetization sh
anisotropies, the hysteresis loopsM i vs Ha ~5applied field!
are sheared due to theaveragedipolar ~demagnetization!
field Hd

av5N•Ms ,25 with N the demagnetization factor. I
the present case the rounding of the loops in Fig. 3 can
interpreted similarly as being due to thelocal edge dipolar
fields. As was already mentioned above, edge dom
nucleate in a small regiond in the vicinity of the edges.
These edge domains lead to a reduction of the average m
netizationM i from the saturation value as measured, e.g.,
MOKE. The different amount of rounding in the hysteres
loops indicates therefore a different degree of edge dom
nucleation. Because the domain growth is anisotropic w
respect to the wire edges and because the total length o
long wire edges is much larger than the short wire edge,
number of initially nucleated domains in the vicinity of th
edges is much larger for the MDS than for the SDW str
ture. Hence, the magnetization is more reduced and the lo
are more rounded at the critical fieldsHc1

HS andHc2
ES, where a

MDS develops, as compared to the critical fieldsHc2
HS and

Hc1
ES, where a SDW develops.

D. Wires: Visibility of pinning sites

To complete the description of the domain evolution
the wires, an additional unexpected local dipolar field eff
is mentioned briefly which occurs only when a SDW stru
ture develops. In Fig. 4 the different domain states deve
ing at the critical fieldHc1

ES are shown for four adjacent wires
From this image three different snapshots of the domain e
lution can be deduced; fully switched~top and bottom!, fully
unswitched ~second from top!, and half-switched–half-
are
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unswitched~second from bottom!. A closer scan of the area
around the domain-wall front such as in the half-switch
wire is shown in Fig. 6 for both magnetization componen
M i and M' . The interpretation of the domain structure
indicated by the schematic underneath. Due to pinning
imperfections, the single domain-wall front, which sprea
along the long wire axis as the reverse field is increas
distorts and builds up charges. Underneath those section
the domain-wall front which are distorted by'45° with re-
spect to the ideal wall orientation~compare Fig. 5! a small
vertical domain of a fewmm in width nucleates inside the
unswitched domain. This vertical domain is visible in th
M' domain image of Fig. 6. The orientation of the magn
tization in this vertical domain is such that is shares a 1
wall with the switched domain. Upon further increasing t
reverse field, the single domain-wall front depins, swee
across the newly nucleated vertical domain, and spreads
ther along the wire. The small vertical domain however
mains, reversing itsM i component when the SDW sweep
across the expanding across the full wire width. The per
tence of these vertical domains after the SDW has spr
through is evident from the inset in Fig. 4 which shows t
M' image of the domains developing at the critical fie
Hc1

ES. The second wire from the top, which is unswitche
does not contain any vertical domains, whereas in the fu
switched top and bottom wire small vertical domains sh
up at those positions where the motion of the single dom
wall front has been halted at a pinning site. These positi
are indicated by arrows. Hence, these vertical domains ca
interpreted as ‘‘fingerprints’’ of the SDW pinning sites, or
other words, the nucleation of the vertical domains provid
mechanism with which to make the SDW pinning sites v
ible.

A final note is devoted to the nucleation process of
small vertical domain, which results from pinned and d
torted single domain-wall fronts. This nucleation process
very similar to the one responsible for the development
checkerboard-type domains19 during easy axis reversal in
these fourfold Fe thin films. Domain propagation occurs h
not only through wall expansion, but also through nucleat
of domains at expanding distorted wall fronts. This demo
strates the importance of local dipolar fields for the rever
process which may influence the value of the critical field

E. Comparison to other small magnetic film elements

The micron-sized dimensions of the magnetic Fe~001!
wires lead to a small but appreciablemacroscopic~average!
dipolar field Hd

av inside the wires oriented across the wi
width. For the Fe/GaAs~001! wires, this average dipolar field
can be estimated from the demagnetization field of a hom
geneously magnetized ellipsoid of equivalent dimensions
Hd

av50.73Ms3t/w. Here the factor 0.7 takes into accou
that the easy axis of magnetization is aligned at 45° w
respect to the wire edges, as illustrated in Fig. 1~b!. This
average dipolar field amounts to a value ofHd

av'30 Oe for
the wire dimensions given in Sec. II. It is much larger th
the average dipolar field oriented along the long wire a
with Hd

av'w/ l 330 Oe50.9 Oe. As the anisotropy field
HK1

5550 Oe in Fe~001! is much stronger than these dipo
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lar fields Hd
av, the direction of the magnetization is locke

through the anisotropy. The spins are not free to rotate
their resulting Maxwell field~applied plus dipolar! direction
as is described for low anisotropic materials.26 Therefore, in
this configuration of the Fe wires, a substantial influence
the average dipolar fields on the remanent magnetization
tribution is not expected. The 15-mm-wide Fe wire elements
are found to be macroscopically in a single domain state
zero applied field. This is in contrast to the variety of rem
nent domain structures observed in small Permalloy fi
elements27 having comparable sample dimensions.

The above estimates forHd
av lead to the conclusion tha

the dipolar fields arising from the wire edges do not play
significant role for the magnetization distribution or the ma
netization reversal process. However, the idealization of
wires as homogeneously magnetized ellipsoids is not
equate, as the wires have rectangular cross sections
sharp and well-defined edges. Hence, the dipolar field is
homogeneous and depends on the local positionx, falling off
as (1/x), wherex is the distance from the wire edge towar
the center of the wire. In the center, the local dipolar field h
a value of Hd

loc'20 Oe which is lower than the averag
dipolar field Hd

av'30 Oe. But in the vicinity of the edges
the local dipolar field can rise to a substantial value and
larger than the anisotropy field'550 Oe at a distance o
d,0.1 mm from the wire edge.19 In this regiond, small do-
mains may nucleate with an orientation of the magnetiza
determined by the competition between the local edge d
lar field and the anisotropy field. Such small domains can
be made visible with the scanning Kerr microscope u
here, but were observed in similar Fe/GaAs~001! square el-
ements by Lorentz microscopy.9 Triangular-shaped edge do
mains were seen to persist in an applied field nearly up to
anisotropy field.24

It is worthwhile to compare the nucleation of these tria
gular edge domains with the remanent domain configura
observed in soft Permalloy film elements of compara
sample dimensions. Here, too, the dipolar fields arising at
edges lead to the nucleation of domains whose orienta
follows the local effective field~Maxwell plus anisotropy
field!.26 The corresponding domains carry the charges aw
from the edges into the volume, thus spreading the cha
over larger areas and effectively diluting and weakening
edge dipolar fields. Due to the low anisotropy field in P
malloy, these dipolar fields, which are located at the dom
walls, are still large enough to induce further domains u
an equilibrium domain structure, such as the Landau-Lifsh
or the concertina structure27 is reached. The difference fo
the case of the Fe/GaAs~001! elements is that, due to th
much stronger fourfold anisotropy, the dipolar fields loca
at these submicron edge domain walls are too small to
duce any further domains. Hence in this configuration the
wires are essentially in a single-domain state. The dim
sions of the Fe elements would have to be reduced by
other order of magnitude from those studied here for sim
effects to take place.

However, as shown by Guet al.,9 a remanent domain
structure can form in Fe~001! square film elements even fo
sample sizes as large as 12mm. Although dipolar fields do
not overcome the anisotropy energy barrier for a mac
scopic volume of these small film elements, they can
to
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strong enough to induce a domain-wall displacement gi
that the critical field~depinning field! is smaller than the
local dipolar field.9 Hence, once small edge domains nuc
ate, these edge domains can grow through wall displacem
under the influence of their own dipolar field. Consequen
one can distinguish two processes which lead to a rema
domain structure.

In contrast to the studies of the Fe square elements,9 the
wires studied here have depinning fields which are lar
than the average dipolar fields. This is expressed by the r
tively large reverse field that is needed to propagate
nucleated edge domains. The depinning field of the wire
observed to be 30–70 Oe, whereas the depinning field of
continuous film, from which the wires were patterned,
10–16 Oe. This larger depinning field is attributed to le
perfect and rough wire edges. Thus the Fe/GaAs~001! wires
investigated here provide a complementary view on the e
lution of the edge domains where pinning hinders a free
pansion of the domain walls in its self-demagnetizing fie
In other words, the domain growth in a reverse applied m
netic field described here can be understood as the ‘‘s
motion’’ process for the evolution of the remanent doma
observed in Ref. 9.

V. SUMMARY

In summary, the magnetization reversal in micron-siz
epitaxial Fe/GaAs~001! wires was investigated and it wa
shown that the two-step switching process is preserved
that the domain evolution is anisotropic. For the same criti
fields,Hc1 or Hc2 , the developing domain pattern is depe
dent on the orientation of the applied field with respect to
long and the short wire axes, see Fig. 4. This anisotropy
finite-size effect and only indirectly a dipolar~demagnetiza-
tion! field effect. As in the wires, the ratio of the edges re
tive to the total wire volume is much larger as compared
the continuous film, the influence of the edges on the nu
ation and growth of domains increases. This influence is p
ticularly strong in the case where domain growth from t
long wire edge is favored~MDS!. In this case the domain
pattern deviates strongly from the one seen in the continu
film. This is in contrast to the case where domain grow
from the short wire edge is favored~SDW!. Here the domain
pattern is similar to the one in the continuous film and c
even be seen as a small horizontal ‘‘slice’’ of the ima
shown in Fig. 4 for the continuous film. The reason for th
similarity is that in both cases a single-domain front stretc
out into a large film volume, whereas in the MDS the phy
cal boundaries of the wire width hinder such a domain
pansion.

The discussions here were mainly restricted to local di
lar fields in conjunction with the fourfold anisotropy and th
finite extension of the wires. The edge quality plays only
secondary role and does not affect the initial edge dom
nucleation. Thus the anisotropy in the subsequent dom
evolution, leading to the two different domain patterns MD
and SDW, can be regarded as a general property of the
main reversal processes in micron-sized epitaxial Fe~001!
wires with wire edges parallel to the hard magnetocrystall
anisotropy axes. In particular one may conclude that fo
better edge quality with less pinning efficiency, a MDS m
occur as a remanent domain structure due to wall displa
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ment in the self-demagnetization field, similarly to the d
main structures observed in Fe/GaAs~001! square elements.9

A remaining question is to what extent the rough and imp
fect edges influence the number of the initially nuclea
domains, which needs further investigation with samples
higher edge quality.
.
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