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Anisotropic domain evolution in epitaxial Fe/GaAq001) wires
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The magnetization reversal in in-plane magnetized epitaxial Fe/@8&swire elements with dimensions
of 15 um (width w) X500 um (lengthl) X300 A (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 881) 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 fieldsl.; andH, 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 ofocal 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, dhe 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 associatethagtioscopic(average
demagnetization field§S0163-18207)04334-9

I. INTRODUCTION film elements. The pronounced difference between the two
materials is the more than 1 order of magnitude larger value
Low-dimensional magnetism has been of central interesef the magnetic anisotropy in Fe with an anisotropy field of
in the past decade stimulated by the discovery of phenomerfdk,=2K;/Ms=550 Oe as compared to Permalloy with
in ultrathin films and multilayers and the potential applica—HKuz 10 Oe. HereK; andK|, represent the cubic and the
tion of these thin-film systems for magnetic storage mediajnjaxial anisotropy constants for Fe and Permalloy, respec-
and sensor technolody.Starting from these quasi-two- tively, andM s denotes the saturation magnetization.
dimensional thin-film systems, interest is now shifting to- In addition, the epitaxial nature of the Fe system has the
wards studying smaller and smaller physical dimension&dvantage of a well-defined magnetocrystalline anisotropy
achieved by laterally constraining the thin films to micron superposed by a controllable interface-induced anisotropy re-
and nanometer sized wire and dot structdré®n reducing  sulting in characteristic magnetization reversal processes as a
the sample sizes to dimensions comparable to relevant phydiinction of an externally applied field. These anisotropy
cal length scales, such as the domain-wall width or the exeharacteristics as well as the corresponding magnetization
change length, questions arise concerning the existence ofraversal processes have been widely studied for continuous
true single-domain state, the magnetic switching characteriepitaxial Fe thin films evaporated onto substrates such as
tics as well as the stability of the domain staté. broad  GaAg001),*-1*w(001),}* and Ag001).1° Bulk Fe has a cu-
understanding of all effects which influence the magnetizabic magnetocrystalline anisotrog§; which gives rise to a
tion state in small magnetic elements and in particular thoséourfold in-plane anisotropy in K801 thin films, with the
effects associated with the sample edges, is therefore of greaasy axis(EA) oriented parallel to th€100 direction and
relevance. More generally, the importance of localthe hard axiSHA) parallel to the(110) direction. This four-
symmetry-breaking structures such as edge or step edges twid in-plane magnetocrystalline anisotropy leads to the typi-
the magnetization reversal process has been recently pointed! two-jump switchind? associated with two critical fields
out theoretically’ H.; andH,, for the reversal of the magnetization in an ap-
Interest in magnetization processes in small magnetic filnplied field. The energetics of this two-jump switching pro-
elements is not entirely new. In the past, the study of microrcess for continuous Fe/Ga@91) thin films are discussed in
and submicron sized in-plane magnetized small film eleRef. 2. In the present study the investigations of the magne-
ments of Permalloy has been of great significghtknowl- tization reversal processes in continuous Fe/Ga@® films
edge of the domain and domain-wall structure is crucial inare extended to micron-sized Fe/G&2&l) wires where the
understanding the noise properties of these elements in thatombined effects offocal dipolar fields in the vicinity of the
application as read heads in magnetic recorfinghile  wire edges, as well as the anisotropic and finite extensions,
many studies were performed for these Permalloy film elemodify the evolution of the magnetic domains which de-
ments, characterized by a very small magnetic anisotropwelop at the critical fielddH.; andH.,. Understanding of
only a few investigations have been made for materials withthis magnetization reversal will be of importance for the re-
strong magnetic anisotropids® This paper focuses on the cently proposed magnetoelectronic devices such as
in-plane magnetization processes in flat wires fabricatednicrowavel® current injection, and MRAM devicé%!’
from epitaxial Fe/GaA$001) thin films and contrasts the de- which exploit the switching characteristics of these epitaxial
veloping domain structures with those in Permalloy smallmagnetic materials deposited on semiconductor substrates.
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Wire Array Single Wire magr)etization .componeﬂml perpendicular to the applied
Aes field is also of interest.
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D ™) :: ™) Continuous film The magnetization reversal in the Fe/
K Q SN ' [100] GaAd001) wires is discussed here for the case where the
““\H ) ™) ::: + external field is applied parallel to the long and the short wire
S :‘_\ b ] — axes which are both hard magnetocrystalline anisotropy
<H> 1 4 axes. The reversal for this field orientation will be summa-
w S rized first for the continuous films. Further details of the

(a) (b) reversal in continuous films, including the various domain

formation, can be found in Refs. 12, 19, and 20.

FIG. 1. (a Schematic showing the arrangement of the wire array ~ As a result of the fourfold symmetry, the magnetization
with wires of widthw and separatiois between individual wires. reversal as a function of an applied magnetic field takes place
(b) Schematic showing a single wire, the orientation of the magneby a two-jump switching proce§§.The subsequent changes
tization when aligned parallel to the easy ai€0] and the result-  jn the orientation of the magnetization during the reversal are

ing charges along the wire edges. indicated by the reversal stefi$—(iv) in Fig. 2@@). The co-
ordinate system in Fig.(3) defines the relative orientation
Il. EXPERIMENT between the crystallographic axes and the magnetocrystalline

) ) ] easy(EA) and hard(HA) anisotropy axes, as well as the
The continuous 300-A-thick Fe/Gaf®1) film, from  girection of the initially applied fieldH,; and the reverse
which the wire structures were patterned, was prepared igpplied fieldH,.,. Saturating the film into the initial field
ultrahigh vacuum(UHV) by electron beam evaporatioh. directionH;;, the film is in a single-domain state with the
The base pressure during growth was kept at’ibar and  magnetization aligned parallel tbl,;;. On reducing the
the growth rate was 1 A/min. The wire structures were fab-strength of the applied field, the magnetization coherently
ricated by optical lithography and ion beam etchifign  rotates from the initial field directiohl;; to the nearest easy
order to ascertain that the observed domain structures aeis, e.g., th€100] direction, see stefi) in Fig. 2(a). On
reproducible and not due to local film inhomogeneities, arfurther reducing and reversing the applied field, the magne-
array consisting of evenly spaced wires was patterned aization jumps discontinuously and irreversitiyfrom the
schematically shown in Fig.(4). The total number of wires single-domain statgl00] into the single-domain sta{@®10]
in an array amounts to 20. A total of 9 arrays were fabricatedht a critical fieldH.;,%* as is indicated by stefii) in Fig.
with identical wire width of valuen=15 um but different  2(a). Increasing the reverse field to the critical fi¢ld,, the
spacings between the wires ranging fros=6 to 22 pum. magnetization jumps a second time discontinuously and irre-
The dimensions of the individual wires are A& (width w) versibly from the[010] to the[100] direction!? [step (iii )]
(lengthl)x 300 A (thicknesg). This choice and, in particu- and finally rotates coherently into the reverse field direction
lar, the one of the wire widtlv=15 um was guided by the H ., [step(iv)]. Of particular note is the strict initial sense of
use of an optical domain imaging microscope. The scanningotation for this two-jump switching procé€swhich is de-
Kerr microscope used for the present study has a resolutiotermined by the direction of the applied field with respect to
of 1.5 um and thus dimensions of at least 5—-4fn are the easy and hard anisotropy axes. For the example in Fig.
required in order to resolve details of the domain structure2(a) the initial sense of rotation is clockwise as long as
Due to the cubic magnetocrystalline anisotropy, two relativethe field is applied along a direction inbetween fh&0] and
orientations between the wire edges and the anisotropy ax¢$00] direction. This strict initial sense of rotation, which
are of interest. For the present study, the orientation of théncludes the two irreversible jumps and follows the sense of
wire edges was chosen such that both wire axes are alignedtation of stef(i), is of importance for the understanding of
parallel to the cubic hard ax€&§110) within an accuracy of the domain growth processes in the wires.
+5°, see Fig. (). Typical hysteresis loops for a continuous Fe/G@Ra9)
Spatially averaged hysteresis loops as well as images dflm showing the characteristic two jumpstdg, andH, are
the magnetic domain structure are presented for differengiven in Figs. 2b) and Zc) for H;;/l [100] EA and forH;;l!
field orientations and at the two critical fieltts.; andH,. [110] HA, respectively. If the field is applied parallel to one
The hysteresis loops were recorded with a conventional magf the easy axes, the two critical field$.; and H., are
netooptic Kerr effec{MOKE) magnetometef0.5 mm spot  separated by only a small field range 3—5G-or fields
size and the domain images were acquired with a quadrarapplied close to the hard ax{s=5°), the two critical fields
detector-type scanning Kerr microscope. For the acquisitiomre well separate(200—-550 G.12
of all domain images & 20 objective was used, except for ~ Wires The corresponding averaged hysteresis loops for
the images in Fig. 6, for which &50 objective was used. the wires are shown in Fig. Ref. 22 for the field aligned
Further details of the scanning Kerr microscope can be foungarallel to (a) the long wire axis or easy shageS axis
in Ref. 19. If not mentioned otherwise, the hysteresis loopgdotted ling and (b) the short wire axis or hard shageS)
and the images shown here represent the magnetization comxis (full line). Here easy shape and hard shape denote the
ponent parallel to the applied fieldl,. In some cases the fact that average demagnetization fields are much smaller for
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2 FIG. 3. Averaged hysteresis loops for a wire array of epitaxial

Fe/GaA$001) (t=300 A, 1=500um, w=15 um, s=22 um) for

the two field orientationga) parallel to the long wire axisES),
dotted line, andb) parallel to the short wire axigHS), full line.

The discontinuous and irreversible magnetization changes at the
four different critical fieldsH">, HYS, HE?, andHES are marked.

Hy // 11T0]

Hard Axis (i.4.) ever, slight deviations between the HS and ES loops are
evident. These deviations display an interesting symmetrical
relationship at the two critical fields: &t.; the magnetiza-
tion M, of the HS loop is more reduced from the saturation

FIG. 2. (a) Orientation of the fourfold in-plane anisotropy axes vValue and the loop is more rounded as compared to the ES
relative to the crystallographic axes for Fe/G#é#ad) thin films.  loop, which is squarer atl;;, whereas aH, the magneti-

The easy anisotropy axes are paralle{160) and the hard anisot- zation M of the ES loop is more reduced and the loop is

ropy axes parallel t4110. The dotted lines as well as the roman more rounded as compared to the HS loopigs.

numbers(i)—(iv) are a guide for the subsequent steps in the mag-

netization reversal process. They indicate the changes in the direc-

tion of the magnetization on reversing an applied field from the B. Domain images

initial field directionH,,; into the reverse field d.irectioHre\,. The Continuous film The average demagnetization fields in
rounded parts correspond to a coherent rotation pro@eps(i)  continuous in-plane magnetized films are negligible and no

and(iv)] and the straight parts to the discontinuous j“mps—betwee?emanent domain structure develops. However, domains
the easy axepl00] and[010] atH; and betweei010] and[100] | jaate and grow via domain-wall motion during the mag-

atHc, [steps(ii) and(iii)]. (b) Typical averaged hysteresis loop for netization reversal at the two critical field$,; and H,.

the magnetization componeM, for a continuous Fe/G 1 . . . ; C .
thin filmgand for an initigl field applied parallel to an eazsﬁrga)gne-.Th's domain process is responsible for the discontinuous and
tocrystalline anisotropy axis, e.4100]. (c) Typical averaged hys- |rreverS|_bIe JUumps seen in the average _hyste!’eSIS loops. The
tersis loop for the magnetization componev for a continuous developing domain structure and the orientation of the mag-
Fe/GaA$001) thin film and for an initial field applied parallel to a N€tization inside the domains reflect the fourfold symmetry
hard anisotropy axis, e.d.110]. but depend in detail on the orientation of the applied field
with respect to the magnetocrystalline anisotropy axes. For
the long wire axis due to the large aspect ratid/of, al- fields applied parallel to an easy magnetocrystalline anisot-
though these average demagnetization fields play a negliopy axis, a checkerboard-type domain structure with all four
gible role for the reversal. Since the easy shape and hanthagnetization orientations may devefd3° In contrast, for
shape anisotropy axes are both hard magnetocrystalline afields applied parallel to one of the hard anisotropy axes,
isotropy axes, four different situations for the irreversibledomains with only two magnetization orientations coexist. A
jumps at the two critical field$l.; andH., can be distin- typical example for the domain structure mediating the irre-
guished:H!S, HES, HES andHES, where, e.g.H S refers  versible jump from thé¢100] direction to th010] direction
to the situation where the field is applied along the short ot H¢; in the continuous film is shown in Fig. 4. Only do-
hard shapgHS) wire axis and the switching process at the mains with orientations of the magnetization parall€l160]
first critical fieldH, is considered. and [010Q] are _involved, separated by walls ideally aligned
Both loops in Fig. 3 are very similar to the one of the parallel to[110] which is a hard anisotropy axis, compare
continuous film shown in Fig.(2), confirming that the two- Fig. 2@&). Usually pinning obstructs a straight alignment of
jump switching process, characteristic for fourfold aniso-these walls as can be seen in Fig. 4. A similar domain struc-
tropic films, is not substantially altered in the wires. How- ture develops for the reversalldt, where now domains are
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FIG. 4. Domain patterns developing in epitaxial Fe/G@84) wires (t=300 A, 1=500um, w=15 um, s=8 um) at the three critical
fieldsH!S, HE?, andHES, as well as the domain pattern developing in the continuous filkh.at The wire domain images are taken on
the identical sample areas. The adjacent schematics explain the orientation of the magnetization inside the domains. The cohlfﬁst in the
Hfls images is due to changes in the magnetization component parallel to the applied fiaft in theHEzS case due to changes in the
magnetization componeM , perpendicular to the applied field. The inset showsNhedomain image for théi£; case complementing the
M, image above.

involved with an alignment of the magnetization parallel to patterns, the light areas in the images correspond to the un-
the [010] and[100] directions and domain walls parallel to switched domains and the dark areas to the switched do-
[100],° compare Fig. @&). mains. Note that in Fig. 4 the orientation of the applied field
Wires In Fig. 4 the domain structures in the wires, which is fixed for all domain imagegas is the case in the experi-

develop at the critical fieldsi>, HE?, HES, are compared ment and consequently in the HS configuration the long
with the one which develops in the continuous film at thewire axes appear vertically and in the ES configuration they
critical field H;; during hard axis reversal. The imaged areaappear horizontally.

for the wires is 100umXx300 um containing four single From Fig. 4 it is seen that different domain structures
wires. The equivalent size of this region is outlined in theoccur depending on the lateral film sizes as well as on the
500 xmx500 um area of the continuous film in order to field orientation. Whereas in the continuous film a large do-
emphasize the different sizes of the domains. The continuoumain sweeps through the film, the domains in the wires are
film constitutes a different area but is otherwise the identicamuch smaller in size. Furthermore, two distinct domain pat-
film from which the wires were patterned. For all domain terns can be distinguished for the wires which are referred to
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H H rotated such that in the displays of Figs. 4 and 5 the long
ol wire axis is either vertically(HS) or horizontally (ES

[100] [110] 010] aligned.
oo - As is evident from Fig. 5, the expected wall orientations
relative to the wire edges show the same symmetrical rela-
- -(Tol tionship as the loops in Fig. 3 and the domain images in Fig.
4. At the two critical fieldsH'> andHES (rounded loop sec-
100] tions and MD$ the domain walls run across the short wire
hs _ hs axis. Similarly, at the two critical fieldsH!S and HE]
- H,,/"[110] (squarer loop sections and SD\Womain walls are involved
-~ which run parallel to the long wire axis.

—_—

H,_/[110] "]

Loops The irreversible and discontinuous switching pro-
cesses at the critical fieldd.; andH,, are largely deter-

AN mined by the growth of domains via domain-wall motin.

es es It can therefore be understood that the relative orientation of
4 the domain walls with respect to the wire edges may play a
> bl Y role for the reversal process. In this sense, the symmetry seen

in Fig. 3 between the HS and ES loops and at the two critical

FIG. 5. Schematic depicting the symmetric relationship for thell€ldS He1 andHe, reflects the fact that similar domain and
orientation of the magnetization inside the domains as well as thdomain-wall configurations with respect to the wire edges

orientation of the domain walls relative to the wire edges at the twc?"® responsible for the magnetization reversal at the respec-
critical fields H,; and He, and for the two field orientations tive symmetrical critical fields. However, the details of the

HIIES andHIIHS wire axis. shapes of the hysteresis loop, namely the rounding and the
squareness, cannot be explained with this symmetry argu-
ment and will be further analyzed below.

Domains A comparison of Fig. 5 with Fig. 4 reveals that
the observed wall orientations separating domains which de-
velop at the critical field$1£; andHES follow the anticipated
grientation with walls running parallel to the short wire axis.

is is not obvious for the domain structure developing at
(?—|Els Here the domains are observed to propagate from the
left to the right in the image of Fig. 4 with walls running

as(i) a multidomain structuréMDS), which develops at the
critical fields HY® and HES as shown in Fig. 4 andii) a
single domain wall(SDW), which develops at the critical
field HES as shown in Fig. 4.

The same symmetry as was mentioned for the hysteres
loops in Fig. 3 is observed for the domains developing at th
critical fieldsHY> andHES: in both cases a MDS develops.

The corresponding image of the domain structure deveIOpin%iagonally through the wire. Higher-resolution images, such

at the c.rltlcal f'ESIqHCHZS wh|ch would complement the one given in Fig. 6, show that some sections of this wall front
developing atHc;’ is not available; however from the 100p (q\er left) approach the anticipated alignment shown sche-
symmetry in Fig. 3 it is concluded that in both cases a SDWagically in Fig. 5 with walls parallel to the long wire axis.
develops. Thus, there is a tendency towards the ideal wall alignment,
but for reasons discussed later this is not fully achieved.

IV. DISCUSSION

o B. Anisotropic domain pattern
A. Symmetry of the loops and domain images P P

While the above argument explains the relative wall ori-
" ! Hs ES entations and the occurrence of a symmetrical relationship
ages at the critical fieldslc;” andHcy, as well as thg SYM- " for the domain patterns, it is not intuitively obvious what the
mggy observed in the loops at the critical fieleksy’ and driving mechanism is for the two very different domain pat-
Hez is in its basic essence a manifestation of the fourfoldierns:(i) the MDS, in which a high nucleation rate predomi-
magnetocrystalline anisotropy or, alternatively expressedgates with a low domain growth rate afit) the SDW, with
serves as a demonstration of the underlying symmetry of thig jow nucleation rate but a high domain growth rate. To be
anisotropy. This can be seen by the following argumentmore specific, the following two questions need to be con-
Consider Fig. 2a) where a switching100] and [010] at  sjdered:(1) why is in casei) the growth of a single domain
H¢i and from[010] to [100] at H¢, is shown. The corre-  from a short wire edge not as likely as in the céiseand(2)
sponding domains which mediate this switching are sepawhy do, in casdii), more domains not nucleate? The answer
rated by domain walls which are aligned parallel to[the0]  to these questions lies in a combination of three effe@bs:
axis atH¢; and the[110] axis atH,, respectively’ Ac-  |ocal edge dipolar fieldgp) the strict initial sense of rotation
cording to this domain and domain-wall arrangement, thesf the magnetization during the reversal in fourfold aniso-
expected orientation of the magnetization inside the domaingopic films, and(c) the anisotropic finite extensions of the
as well as the orientation of the domain walls relative to thewires. These effects are discussed in the following.
wire edges can be derived for all four critical fieldst, The reversal in the fourfold anisotropic (081 films is
HE, HEY, and H!S. These expected configurations are characterized by a strict rotation sense of the magnetization,
shown schematically in Fig. 5. Note that here, as in Fig. 4with the exception for fields applied precisely along the easy
the orientation of the applied field is fixed and the wires areand hard anisotropy axé$Upon reducing the applied field

The symmetry observed in the loops and the domain im
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FIG. 6. Higher-resolution domain imag@l umx100 um)
showing a SDW at the critical fiel#5>, which spreads from the growth d hSH
left wire edge. The lower left section of the wall reaches nearly its  Suppressed /’\ cl
ideal orientation which is parallel to the long wire edgee Fig. 5. -
The upper right wall section is strongly distorted due to pinning and
causes a small vertical domain to nucleate underneath. This vertical (a) (b)
domain is only visible in theM , domain image. To emphasize the
relation between the distorted wall front and the small vertical do-
main, an image displaying the ratld /M, is also shown. The
schematic underneath indicates the orientation of the magnetizati
inside each domain.

FIG. 7. (@) Schematic demonstrating the suppression and pref-
c)erential growth of the edge domains at the critical fibll'g'!ls. The
crharges alongside the edges are indicated by th& and “ —"
and the resulting local dipolar fields are indicated by the double
arrow. (b) Enlarged section of a domain image showing edge do-
from the saturation field value, the magnetization rotates firsthains growing from the long wire edge at the critical field?.
coherently from the initial field direction into the nearest
easy axis, compare Fig(d. This initial rotation defines at lower resolution, however Lorentz microscopy on similar
the same time the rotation sense of the two irreversiblétructures confirms this nucleation proc&sslpon increas-
jumps and is determined by the applied field direction. Foring a reverse field these domains grow and also become vis-
the example in Fig. @) this rotation sense is clockwise and ible in the Kerr image as shown in Fig(bj where small
in_this case a counterclockwise jump from, e@01] to  domains expand from the long wire edge.
[010], atH,, is energetically less favorable. In summary, edge dipolar fields cause the nucleation of

Upon rotation of the magnetization from the initial field small edge domains. Due to the strict initial sense of rotation
direction (parallel to a hard anisotropy axignto the easy in fourfold anisotropic thin films only those edge domains
axis, charges build up along all four wire edges due to théucleating along the long wire edge will grow preferentially
45° orientation of the easy axis relative to the wire edges. Agit the critical fieldsHE; andHE; and correspondingly only
is described in Sec. IV E, local dipolar fields arising from those edge domains nucleating along the short wire edge will
those charges will give rise to the nucleation of small edgegrow preferentially at the critical fieldslts andHE?.
domains in the vicinity of both the long and the short wire  This suppression and preferential growth of edge domains
edges. In Fig. & these edge domains are schematicallyfrom only the short or long wire edge is a direct consequence
shown for a configuration corresponding to the critical fieldof the edge dipolar fields and the fourfold anisotropy, but is
H?ls As these local edge dipolar fields superimpose onto thendependent of the anisotropic shape of the wires. A similar
externally applied field, the magnetization switching insidepreferential growth is also observed for the domains in small
the edge domains does not necessarily follow the rotatiofre/GaA$001) square elements with equal edge lengths.
sense of the bulk of the wire. For the example in Figa)7 Only the further evolution of these edge domains is influ-
this means that the magnetization switching inside the doenced by the anisotropic and finite wire dimensi@30 wm
mains at the long wire edge follows the “bulk” rotation vs 15um for the long vs short wire axisesulting in the two
sense, whereas along the short wire edge it opposes th®main patterns MDS and SDW. First, because of the large
“bulk” rotation sense. A growth of the domains from the aspect radiol/w, the long wire edge offers many more
short wire edge would therefore require a switching of thenucleation sites than the short wire edge. In addition, the
magnetization of a large wire volume into an energeticallydomains nucleating at the long edge need to expand only
less favorable direction. These domains are therefore mosiver a distance of 1m before they reach the opposite wire
likely suppressed. The initial nucleation of edge domainsdge. Thus before these “stripe” domains begin to further
cannot be made visible with the Kerr microscope due to itexpand in the direction of the long wire axis, many domains
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have developed. Also it has to be assumed that the edges areswitched(second from bottom A closer scan of the area
not perfectly smooth and provide a very effective pinningaround the domain-wall front such as in the half-switched
mechanism for such short walls of only 1Bn length and wire is shown in Fig. 6 for both magnetization components
thus prevent an expansion of the walls along the wirem, and M, . The interpretation of the domain structure is
Hence, at the two critical field$]¢; andHS;, the reversalis indicated by the schematic underneath. Due to pinning at
dominated by domain nucleation leading to the multidomainimperfections, the single domain-wall front, which spreads
structure. In contrast to this, at the two critical fieldS; and along the long wire axis as the reverse field is increased,
HE?, where domains grow from the short wire edge, only adistorts and builds up charges. Underneath those sections of
few domains can nucleate which, in turn, probably mergeahe domain-wall front which are distorted by45° with re-
together quickly to form a single domain which subsequentlyspect to the ideal wall orientatioftompare Fig. 5a small
spreads along the long wire axis as the reverse field is ingertical domain of a fewum in width nucleates inside the
creased. As this domain has to expand over a long distanGghswitched domain. This vertical domain is visible in the
(500 um) before it reaches the opposite wire edge, a comy, domain image of Fig. 6. The orientation of the magne-
plete straightening of its wall front is restricted. Thus theyi;ation in this vertical domain is such that is shares a 180°
ideal wall configuration shown in Fig. 5 cannot be reachedyq| with the switched domain. Upon further increasing the
leaving diagonally stretched walls as seen in Figs. 4 and 64gyerse field, the single domain-wall front depins, sweeps
across the newly nucleated vertical domain, and spreads fur-
C. Anisotropy of the loops ther along the wire. The small vertical domain however re-
_mains, reversing itd1, component when the SDW sweeps
Across the expanding across the full wire width. The persis-
- . - nce of these vertical domains after the SDW has spread
shapes of the hysteresis loops in Fig. 3, an explanation fotremugh is evident from the inset in Fig. 4 which shows the

the fact that in one situation the loops are squarer and in thﬁ . f the d ins developi t th tical field
other more rounded cannot be derived. One might argue thatg image of the domains developing at the critical fie
The second wire from the top, which is unswitched,

short domain walls, such as occur at the critical fiett§’, d ci- i tai tical d X h in the full
HES, will be pinned much more effectively as similar pin- 2oc> Nt contain any vertical domams, whereas in the futly

. . ; . switched top and bottom wire small vertical domains show
ning sites act over a very short distance. This, however

L o ' Up at those positions where the motion of the single domain
would mainly influence the value of the critical field and less I . o
. -~wall front has been halted at a pinning site. These positions
the shape of the loop in terms of squareness and roundin

i o re indicated by arrows. Hence, these vertical domains can be
Generally, for samples with large demagnetization shape

anisotropies, the hysteresis loos vs H, (=applied field interpreted as “fingerprints” of the SDW pinning sites, or in

are sheared due to thaverage dipolar (demagnetization other words, the nucleation of the vertical domains provide a

field H=N-M_. .25 with N the demagnetization factor. In mechanlsm with which to make the SDW pinning sites vis-

the present case the rounding of the loops in Fig. 3 can be
interpreted similarly as being due to thacal edge dipolar

While the symmetry argument illustrated in Fig. 5 ex
plains the occurence of a symmetrical relationship for th

A final note is devoted to the nucleation process of the
. small vertical domain, which results from pinned and dis-
fbrted single domain-wall fronts. This nucleation process is
very similar to the one responsible for the development of
T . aQﬁeckerboard—type domafrisduring easy axis reversal in
netizationM, from the saturation value as measured, €.9., Dy, aqe fourfold Fe thin films. Domain propagation occurs here

MOKE. The different amount of rounding in the hysteresis s 4|y through wall expansion, but also through nucleation

loops indicates therefore a different degree of edge domalgf domains at expanding distorted wall fronts. This demon-

nucleation. hBece_lusedthe domdatljn growthhls anlsl(?troplﬁ V\]f'trétrates the importance of local dipolar fields for the reversal
respect to the wire edges and because the total length of g, o5 \which may influence the value of the critical fields.
long wire edges is much larger than the short wire edge, th

number of initially nucleated domains in the vicinity of the
edges is much larger for the MDS than for the SDW struc-
ture. Hence, the magnetization is more reduced and the loops

are more rounded at the critical fielt'S andHES, where a ~_ 1"€ micron-sized dimensions of the magnetio0ed)

MDS develops, as compared to the critical fie}dEQS and Wires lead to a small but appreciabtecroscopiqaverage

HES, where a SDW develops dipolar field H" inside the wires oriented across the wire
cl» .

width. For the Fe/GaA®01) wires, this average dipolar field
can be estimated from the demagnetization field of a homo-
D. Wires: Visibility of pinning sites geneously magnetized ellipsoid of equivalent dimensions by
To complete the description of the domain evolution inHa =0.7XM¢xt/w. Here the factor 0.7 takes into account
the wires, an additional unexpected local dipolar field effecthat the easy axis of magnetization is aligned at 45° with
is mentioned briefly which occurs only when a SDW struc-respect to the wire edges, as illustrated in Fig)1This
ture develops. In Fig. 4 the different domain states developaverage dipolar field amounts to a valuerff’~30 Oe for
ing at the critical fieldH 5, are shown for four adjacent wires. the wire dimensions given in Sec. Il. It is much larger than
From this image three different snapshots of the domain evdhe average dipolar field oriented along the long wire axis
lution can be deduced; fully switchétbp and bottom fully ~ with H§'~w/Ix30 Oe=0.9 Oe. As the anisotropy field
unswitched (second from top and half-switched-half- Hy =550 Oe in F€001) is much stronger than these dipo-

E. Comparison to other small magnetic film elements
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lar fields HE", the direction of the magnetization is locked strong enough to induce a domain-wall displacement given
through the anisotropy. The spins are not free to rotate intéhat the critical field(depinning field is smaller than the
their resulting Maxwell fieldapplied plus dipolardirection  local dipolar field? Hence, once small edge domains nucle-
as is described for low anisotropic materi#ig herefore, in ~ ate, these edge domains can grow through wall displacement
this configuration of the Fe wires, a substantial influence otinder the influence of their own dipolar field. Consequently
the average dipolar fields on the remanent magnetization digne can distinguish two processes which lead to a remanent
tribution is not expected. The 1&m-wide Fe wire elements domain structure.
are found to be macroscopically in a single domain state at In contrast to the studies of the Fe square elenrétits,
zero applied field. This is in contrast to the variety of rema-wires studied here have depinning fields which are larger
nent domain structures observed in small Permalloy filmthan the average dipolar fields. This is expressed by the rela-
elementé’ having comparable sample dimensions. tively large reverse field that is needed to propagate the
The above estimates fa13" lead to the conclusion that nucleated edge domains. The depinning field of thg wires is
the dipolar fields arising from the wire edges do not play aobserved to be 30-70 Oe, whereas the depinning field of the
significant role for the magnetization distribution or the mag-continuous film, from which the wires were patterned, is
netization reversal process. However, the idealization of thd0—16 Oe. This larger depinning field is attributed to less
wires as homogeneously magnetized ellipsoids is not adPerfect and rough wire edges. Thus the Fe/GAAS wires
equate, as the wires have rectangular cross sections witAvestigated here provide a complementary view on the evo-
sharp and well-defined edges. Hence, the dipolar field is ndition of the edge domains where pinning hinders a free ex-
homogeneous and depends on the local poskjdalling off ~ Pansion of the domain W.aIIs in its _self-demagnetlzmg field.
as (1K), wherex is the distance from the wire edge towards !N other words, the domain growth in a reverse applied mag-

the center of the wire. In the center, the local dipolar field had'etic field described here can be understood as the “slow
a value ofH{f%ZO Oe which is lower than the average motion” process for the evolution of the remanent domains

dipolar fieldH3"~30 Oe. But in the vicinity of the edges, observed in Ref. 9.

the local dipolar field can rise to a substantial value and is
larger than the anisotropy fiel¢t550 Oe at a distance of
6<0.1 um from the wire edgé?® In this regions, small do- In summary, the magnetization reversal in micron-sized
mains may nucleate with an orientation of the magnetizatiorepitaxial Fe/GaA®01) wires was investigated and it was
determined by the competition between the local edge diposhown that the two-step switching process is preserved but
lar field and the anisotropy field. Such small domains canncthat the domain evolution is anisotropic. For the same critical
be made visible with the scanning Kerr microscope usedields,H.; or H.,, the developing domain pattern is depen-
here, but were observed in similar Fe/G&#G&1) square el- dent on the orientation of the applied field with respect to the
ements by Lorentz microscopyTriangular-shaped edge do- long and the short wire axes, see Fig. 4. This anisotropy is a
mains were seen to persist in an applied field nearly up to thénite-size effect and only indirectly a dipolé@emagnetiza-
anisotropy field* tion) field effect. As in the wires, the ratio of the edges rela-
It is worthwhile to compare the nucleation of these trian-tive to the total wire volume is much larger as compared to
gular edge domains with the remanent domain configuratiothe continuous film, the influence of the edges on the nucle-
observed in soft Permalloy film elements of comparableation and growth of domains increases. This influence is par-
sample dimensions. Here, too, the dipolar fields arising at thécularly strong in the case where domain growth from the
edges lead to the nucleation of domains whose orientatiolong wire edge is favoredMDS). In this case the domain
follows the local effective fieldMaxwell plus anisotropy pattern deviates strongly from the one seen in the continuous
field).?® The corresponding domains carry the charges awailm. This is in contrast to the case where domain growth
from the edges into the volume, thus spreading the chargedsom the short wire edge is favoréd8DW). Here the domain
over larger areas and effectively diluting and weakening thepattern is similar to the one in the continuous film and can
edge dipolar fields. Due to the low anisotropy field in Per-even be seen as a small horizontal “slice” of the image
malloy, these dipolar fields, which are located at the domairshown in Fig. 4 for the continuous film. The reason for this
walls, are still large enough to induce further domains untilsimilarity is that in both cases a single-domain front stretches
an equilibrium domain structure, such as the Landau-Lifshitout into a large film volume, whereas in the MDS the physi-
or the concertina structureis reached. The difference for cal boundaries of the wire width hinder such a domain ex-
the case of the Fe/Gaf¥)1) elements is that, due to the pansion.
much stronger fourfold anisotropy, the dipolar fields located The discussions here were mainly restricted to local dipo-
at these submicron edge domain walls are too small to infar fields in conjunction with the fourfold anisotropy and the
duce any further domains. Hence in this configuration the Féinite extension of the wires. The edge quality plays only a
wires are essentially in a single-domain state. The dimensecondary role and does not affect the initial edge domain
sions of the Fe elements would have to be reduced by amucleation. Thus the anisotropy in the subsequent domain
other order of magnitude from those studied here for similaevolution, leading to the two different domain patterns MDS
effects to take place. and SDW, can be regarded as a general property of the do-
However, as shown by Get al.® a remanent domain main reversal processes in micron-sized epitaxigl068
structure can form in R801) square film elements even for wires with wire edges parallel to the hard magnetocrystalline
sample sizes as large as . Although dipolar fields do anisotropy axes. In particular one may conclude that for a
not overcome the anisotropy energy barrier for a macrobetter edge quality with less pinning efficiency, a MDS may
scopic volume of these small film elements, they can beoccur as a remanent domain structure due to wall displace-

V. SUMMARY
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