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Since the direct observation of magnetization reversal processes in nanostructured systems is hard to
achieve, we use magnetoresistance measurements as an indirect sensing tool. To avoid dipolar interactions
present in nanowire gratings individual Co nanowires are prepared by electron beam lithography on Si sub-
strates. Using a special two step process nonmagnetic gold contacts are attached to the Co nanowires to
exclude an influence of the contact structures on the magnetization reversal process. To support the magne-
toresistance analysis also the structure and morphology as well as the magnetic properties of the Co nanowires
have been characterized using various microscopy and measurement techniques. Depending on the direction of
the applied field three different magnetoresistance measurements can be distinguished. Based on the aniso-
tropic magnetoresistance effect the transversal and the polar magnetoresistance reflect a coherent rotation of
the magnetization independent of the wire width. In contrast, the longitudinal magnetoresistance shows a wire
widths dependence of the magnetization reversal processes. In small wires nucleation processes occur whereas
in wide wires the formation of complex domain structures has been observed. Nanowires with a width in
between these groups show “transition”-like reversal processes.
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INTRODUCTION

The investigation of spin dependent transport phenomena
is fundamental for the development and application of
magnetoelectronics.1 One example is the giant magnetoresis-
tance effectsGMRd which is caused by spin dependent scat-
tering of electrons at the interfaces of exchange coupled
multilayer systems.2 Other spin dependent transport phenom-
ena are, e.g., the anisotropic magnetoresistancesAMRd and
the domain wall magnetoresistancesDWMRd. The AMR is
caused by an anisotropic scattering of electrons and depends
strongly on the orientation of the magnetization related to the
current direction. The physical origin of the AMR is the spin
orbit interaction.3 The DWMR is caused by scattering effects
of electrons at the domain walls and can be ascribed to two
different origins:s1d How well the precession of the electron
spins overlaps with the local variation of the exchange field
while passing through the domain wall, ands2d spin depen-
dent scattering in the domain walls as has been described for
the giant magnetoresistancesGMRd effect.4,5 The DWMR is
of increasing interest since it causes additional resistance
contributions during the magnetization reversal process in
micro- and nanostructured systems.6 In particular, the forma-
tion of domain walls and their pinning behavior is of basic
interest.7–11The main goal is to get a better understanding of
magnetization reversal processes from the micromagnetic
point of view and thus being able to design special features
of magnetic devices on the nanometer scale. For the experi-
mental investigation of magnetization reversal processes on
the nanometer scale it has to be taken into account that the
magnetic moment of an individual structure is so small that it
cannot be detected by means of macroscopic methods as,
e.g., SQUID or MOKE. Therefore, to characterize the mag-
netization behavior of nanostructures a high number of iden-
tical structures have to be analyzed.12–19However, the major
disadvantage in investigating arrays of nanostructures is the
existence of dipolar interactions between neighboring struc-

tures which might influence the reversal mechanism. Re-
cently, to exclude these disturbing effects, new methods have
been developed to investigate individual nanostructures.
E.g., Micro-SQUIDS7 and Hall-micromagnetometry21 are
used to measure MsHd-hysteresis loops. To image the do-
main structure Kerr microscopy,22 MFM,23–25 Lorentz
microscopy9,26,27 and spinpolarized STM28–30 is used. Fur-
thermore, magnetoresistance measurements have been found
to be well qualified to investigate the magnetization reversal
processes in nanostructures,6,12,13,20since the AMR is sensi-
tive to the magnetization distribution during the reversal pro-
cess. This has also been shown for individual
nanostructures.31–33,35,36However, when using ferromagnetic
contacts these contact structures influence the reversal
mechanism.37 To definitely exclude a magnetic influence of
the contacts on the individual ferromagnetic nanowires we
use nonmagnetic gold contacts for our experiments which
allow us to investigate the pure magnetization reversal be-
havior of individual Co nanowires.

EXPERIMENT

The individual nanowires have been prepared using a spe-
cial two step electron beam lithography techniquesEBLd in
combination with electron beam evaporation of Co. To avoid
surface oxidation of the Co we evaporate in situ a thin Pt cap
layer with a film thickness oftPt=2 nm during the first EBL
step. In the second EBL step nonmagnetic gold contacts are
attached precisely to the individual Co nanowires. The gen-
eral dimensions of the nanowires are a length ofl =40 mm, a
film thickness oftCo=30 nm and varying wire widths ofw
=100 nm.. .10mm. In Fig. 1 a typical sample structure is
shown obtained by scanning electron microscopy. On the left
hand side two rows of four gold contact pads are shown,
each providing the electrical contacts of one individual nano-
wire to carry out 4 point probe resistance measurements. On

PHYSICAL REVIEW B 71, 064411s2005d

1098-0121/2005/71s6d/064411s7d/$23.00 ©2005 The American Physical Society064411-1



the right hand side a 100 nm wide Co nanowire is shown at
an enlarged scale.

Structural and morphological analysis of the samples have
been carried out using various methods: scanning electron
microscopysSEMd, atomic force microscopysAFMd, scan-
ning tunneling microscopysSTMd, transmission electron mi-
croscopy sTEMd and electron diffraction. SEM and AFM
investigations reveal, that the profile of the nanowires is
rectangular and that a variation of the wire width of
dw. ±7 nm occurs independent on the wire width. From
STM investigations we obtain a surface roughness ofdt
. ±3 nm. For TEM investigations we prepare the nanowires
on top of carbon capped sodium substrates which are finally
dissolved in water. We find that the Co film is polycrystalline
and the mean grain size is aboutF.7 nm. The small grain
size gives an upper limit for the mean free path of the con-
duction electrons sinceleø7 nm. Thus, the classical Lorentz
magnetoresistance can be neglected as will be discussed be-
low. Furthermore, it is found that the Co film is not textured.
This means that the magnetic easy axis of the Co grains in
the polycrystalline film is randomly distributed and can be
neglected in average. The crystal structure is determined by
means of electron diffraction and is mainly hcp Co.

MAGNETIC PROPERTIES

To characterize the magnetic properties of the nanowires
we investigated the domain structure using magnetic force
microscopysMFMd and Kerr microscopy at room tempera-
ture. In Fig. 2 MFM images of the remanent state of single
Co nanowires with different widths are shown exemplarily.
The images reflect the remanent magnetization state after a
magnetic saturation parallel to the wire axis in an external
magnetic field ofB=2 T. As the MFM tip is only sensitive to
the stray fields perpendicular to the film plane, dark and
bright contrasts show areas where the stray fields escape out
of the film plane or penetrate into the film plane. As shown in
Fig. 2 the remanent state of wires with widthswù2 mm is
characterized by a complex multidomain state. The strong
dark and bright contrast at opposite domain boundaries indi-
cates that the magnetization is predominantly aligned in
plane, as has been confirmed by Kerr microscopy.46 In con-
trast, smaller Co wiresswø1 mmd show a monodomain
remanent state, as can be seen in Fig. 2. Thew=1 mm wide
wire as well as thew=300 nm wide wire shows almost no
contrast along the wire. Only at the wire ends a bright and a

dark spot occurs. This means that only one domain exists in
the whole nanowire in which the magnetization is aligned in
plane parallel to the wire axis. This axis is the magnetic easy
axis of the system, which has been confirmed by SQUID
investigations.

To further characterize the magnetometric properties of
the Co nanowires by means of SQUID, gratings of 16000
single nanowires have been prepared. We apply the magnetic
field in three different directions with respect to the wire
axis: s1d in plane parallel to the wire axis, which is called the
longitudinal direction,s2d in plane perpendicular to the wire
axis, the so-called transversal direction, ands3d out of plane,
the so-called polar direction. Figure 3 shows typical normal-
ized MsBd-hysteresis loops for all three different field direc-
tions measured at a temperature ofT=5 K. The wire width in
the investigated grating isw=550 nm and the distance be-

FIG. 1. SEM pictures of a typical sample structure:sad overview
and sbd enlarged area of a 100 nm wide Co wire and the gold
contact structure.

FIG. 2. sColor onlined Magnetic force micrographs of the rem-
anent state of single Co nanowires with different wire widths:w
=8 mm, w=2 mm, w=1 mm, andw=300 nm. Prior the wires have
been saturated magnetically in an external field ofB=2 T.

FIG. 3. sColor onlined NormalizedMsBd-hysteresis curves of a
Co nanowire array with a wire width ofw=550 nm and a period-
icity of d=5 mm measured atT=5 K. The field is applied in a
longitudinal sdotsd, transversalssquaresd, and polar strianglesd
direction.
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tween the single wires isd=5 mm. This large distance is
chosen to markedly reduce the dipole coupling.12

The results of the longitudinal measurement is given by
the dots, the open squares give the results of the transversal
measurement and the triangles the results of the polar mea-
surement. As can be seen in Fig. 3 theMsBd-hysteresis loop
obtained in longitudinal geometry shows a nearly rectangular
shape which indicates that the long axis of the wire is the
magnetic easy axis. On the other hand, the shape of the hys-
teresis loops measured in transversal and polar geometry are
much more rounded with much lower magnetization gradi-
ents. This indicates that two different magnetic hard axes of
the Co nanowires exist. Comparing theMsBd-hysteresis loop
taken along one of the magnetic hard axes to that taken along
the magnetic easy axis, the effective magnetic anisotropy
energy density can be estimated using normalizedMsBd
plots from Fig. 3.39 In doing so, the anisotropy energy den-
sity based on the transversal measurement isEtrans,2
3105 J/m3, while the value deduced from the polar mea-
surement isEpolar,13106 J/m3. The occurrence of the
magnetic anisotropy can originate from the shapesshape an-
isotropy due to demagnetizing effectsd, the crystal structure
smagnetocrystalline anisotropyd and other factors.39 For the
present measurements we can neglect the magnetocrystalline
aniostropy since we find from our TEM investigations that
the small grains are randomly oriented exhibiting no film
texture. Thus, the shape anisotropy is the dominating factor
which strongly depends on the direction of the magnetic field
slongitudinal, transversal or polard, since the width of the
nanowires is much smaller than the wire thickness. This ex-
plains the large ratio of the anisotropy energy densities
Etrans:Epolar=1:5 asobtained analyzing the data in Fig. 3.

Additionally, from the SQUID measurements we reveal
an absolute magnetic saturation moment of the nanowire
grating sw=550 nmd of m.1.5310−8Am2. Since we know
the Co volume of the sample, this leads to a saturation mag-
netization ofMs=1385 kA/m, which is about 95% of the
literature value. Based on this result we suggest that the in
situ coverage of the Co nanowire surface with a 2 nm thick
Pt layer succeeds in minimizing oxidation effects, as have
been detected for non capped Co wires.38

MAGNETORESISTANCE AND MAGNETIZATION
REVERSAL

As discussed above, magnetoresistance measurements can
be used as a tool to determine the magnetization reversal
process of individual wires. The clear correspondence of the
magnetoresistance to the magnetization reversal is demon-
strated in Fig. 4. The upper graph in Fig. 4 shows a typical
MsBd-hysteresis curve of a nanowire gratingsw=550 nmd
measured in a longitudinal applied magnetic field at a tem-
perature ofT=5 K. The lower graph shows a typical longi-
tudinal magnetoresistance curve of an individual Co nano-
wire of comparable widthsw=634 nmd measured at a
temperature of T=4.2 K for small magnetic fields
−300 mTøBø300 mT. As can be seen in Fig. 4 the mag-
netoresistance shows a hysteretic behavior with pronounced
minima marking switching fields, which are—as compared

to the MsBd curve above—identical to the coercive fields
indicated by the dashed lines. This example emphazises the
close relationship between the SQUID results and the mag-
netoresistance with respect to the magnetization reversal be-
havior. The origin of the resistance minima at the coercive
fields is related to AMR effects36 and will be discussed in
more detail below.

First, we discuss thetransversal magnetoresistanceto
analyze the magnetization reversal process when the mag-
netic field is applied parallel to one hard magnetic axis of the
system. In Fig. 5 the transversal magnetoresistance of an
individual Co nanowire is shownsw=120 nm, T=4.2 Kd.
The magnetic field is applied in plane perpendicular to the
wire axis. The arrows indicate the measurement procedure.
Starting at a resistance value ofR=5101V in the remanent
statesB=0 mTd, which is characterized by MFM as a mon-
odomain state with all magnetic moments being aligned par-
allel to the wire axis, the resistance continuously decreases
with increasing field and reaches a constant value for high

FIG. 4. sColor onlined Comparison of aMsBd-hysteresis curve
of a Co nanowire array and the longitudinal magnetoresistance of a
single Co nanowire of comparable width.

FIG. 5. sColor onlined Transversal magnetoresistance of a
120 nm wide Co nanowire measured atT=4.2 K. The black dashed
line shows a cos2 a fit indicating a coherent rotation of the mag-
netic moments during the reversal process.
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magnetic fieldsuBuù1000 mT in the saturation regime. De-
creasing the magnetic field from saturation the transversal
resistance increases again and reaches the same remanent
resistance valuesat B=0 mTd. The analogous resistance be-
havior is obtained for the reversed field direction. Note that a
small hysteresis occurs, which will be discussed below. The
total resistance decrease isDR/Rs0 Td=0.73%, which indi-
cates that this behavior is due to the AMR effect. To analyze
the transversal resistance in more detail the data have been
fitted with a cos2sBd profile, as indicated by the black dashed
line in Fig. 5. The good agreement between the experimental
data and the fit confirms that the transversal magnetoresis-
tance is due to AMR reflecting a coherent rotation of the
magnetic moments from the longitudinalsmagnetic easyd
axis to the transversalsmagnetic hardd axis. The small hys-
teresis of the magnetoresistance occurs since the rotation
process is influenced by the shape anisotropy. When the
transversal magnetic field is increasedssee arrowd the mag-
netization rotation is hindered due to the transition from the
magnetic easy to the hard axis. In contrast, reducing the field,
the shape anisotropy supports the magnetization rotation.
This behavior is independent on the wire width and has also
been observed when the magnetic field was applied in the
polar direction. This means that in the present nanowires the
magnetization reversal process between the magnetic easy
axis and a magnetic hard axis in general can be described by
coherent rotation. To quantify these results we analyze the
RsBd curve measured in transversal applied field using the
relation between the resistanceRsBd and the anisotropy con-
stantKu as given in Ref. 48

RsBd = Ri − sRi − R'dS MsB

2m0Ku
D2

. s1d

In Eq. s1d Ri is the resistance measured when all magnetic
moments are aligned parallel to the wire axis, in our case
RsB=0 mTd for the 120 nm wide wire.R' is the resistance
measured when all magnetic moments are aligned transversal
to the wire axis, in our caseRsB=1000 mTd. Ms is the satu-
ration magnetization andm0=4p310−7 Vs/Am the mag-
netic permeability constant. We revealKu1=3.23105 J/m3

for the magnetization transition from parallel to transversal
alignment andKu2=2.73105 J/m3 for the magnetization
transition from transversal to parallel alignment. These val-
ues are in good agreement to the transversal anisotropy en-
ergy density obtained evaluating the SQUID data. In addi-
tion, these results allow to deduce the contribution of the
shape anisotropy, which hinders and supports the magnetiza-
tion rotation, respectively. Assuming, that both effects are
equal, we can estimate this anisotropy contribution toDK
=0.53 sKu1−Ku2d=2.53104 J/m3 which is about 8% of the
transversal anisotropy energy density.

Next, we discuss thelongitudinal magnetoresistance,
which is obtained when the magnetic field is applied parallel
to the wire axis and therefore parallel to the current direction.
In Fig. 6 the longitudinal magnetoresistance for six single Co
nanowires of widths betweenw=120 nm andw=10 mm
measured at a temperature ofT=4.2 K is shown. The arrows
exemplarily plotted in the resistance curve of the smallest

wire indicate the measurement procedure. For high magnetic
fields uBu.300 mT the resistance is almost constant. For low
magnetic fieldsuBu,100 mT the resistance first continuously
decreases followed by a sudden jump to the saturation val-
ues. This hysteretic behavior reflects the magnetization re-
versal process as shown in Fig. 4. The general resistance
behavior shown in Fig. 6 can qualitatively be explained as
arising from the AMR effect.36 For Co wires with widths
wø1 mm the resistance value in remanence is almost the
same as in saturation as expected from MFM investigations
since the magnetization is aligned parallel to the wire axis
ssee Fig. 2d. Further reducing the magnetic field causes a
distinct decrease of the longitudinal resistance until the co-
ercive field is reached. This behavior can be described by
means of the AMR as formation of domains where the mag-
netization is oriented perpendicular to the current direction.
The abrupt resistance jump to the saturation resistance indi-
cates that these domains suddenly unsnap from their nucle-
ation sites, as confirmed by Kerr microscopy.46 This interpre-
tation of the magnetoresistance behavior is additionally
supported by Monte Carlo simulations carried out for the
present Co nanowires.40,41

While the shape of the resistance curve remains nearly
identical up to wire widths of aboutw=634 nm, it obviously
changes in the case of wider Co nanowiressw=2 mm, w
=10 mmd. As one can see in Fig. 6 the resistance in rema-
nence of wider Co wiresswù2 mmd is considerably reduced
as compared to the saturation value. Since we know from
MFM investigations that the remanent state of nanowires of
these widths is characterized by a multidomain configuration
ssee Fig. 2d, this decrease can be described as originating
from the formation of domains with transversal magnetiza-
tion. Note, that the resistance of wider Co nanowires—in
contrast to small wires—gradually increases for magnetic
fields higher than the coercive fieldsuBu. uBcud. This resis-
tance behavior denotes that in the case of wide Co nanowires
the magnetization reversal process is given by the formation

FIG. 6. sColor onlined Longitudinal magnetoresistance of single
Co nanowires with different widthssT=4.2 Kd. The arrows sketch
the measurement procedure. Note that the nonclosed curve in the
case of the two widest wires is an experimental artefact and has no
physical origin.
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of complex domain structures, as has been confirmed by
Kerr microscopy and Monte Carlo simulations.

As one can also see from Fig. 6 for each sample the
amplitude of the resistance minima is different for negative
and positive applied fields, respectivelysextremely for the
w=309 nm wide sampled. This can be understood as follows:
First, the domain structure at +Bc and −Bc are not expected
to be identical. Second, the resistance is measured for field
step sizes ofDBù2 mT in time intervals of a few seconds,
so that the resistance might change within two measurement
steps.

Figure 6 also shows that the position of the resistance
minima and thus the coercive field decreases with increasing
wire widths. To analyze the wire widths dependence of the
coercive field the values ofBc taken from the longitudinal
resistance measurementssdots, starsd are plotted in Fig. 7 as
a function of the wire widthw in combination with various
experimental and theoretical results. We thus include in
Fig. 7 data obtained from stray field measurementsssquaresd
using Hall bar structures carried out for single Co
nanowires,42 and results of SQUID measurements on nano-
wire gratings sopen circlesd. Additionally, values received
from Monte Carlo simulations carried out for single Co
nanowires41 strianglesd are plotted in Fig. 7. Note, that all
experimental methods on individual Co nanowires and
SQUID measurements on nanowire gratings, as well as the
Monte Carlo simulations41 display the same wire widths de-
pendence of the coercive field. As can be seen in Fig. 7, the
data can be fitted with a single hyperbolic function given by
Eq. s2d:47

Bcswd = Bcsw → `d +
m0

p
Mst

1

w
. s2d

Bcsw→`d is the coercive field of a Co film,Ms is the satu-
ration magnetization,t=30 nm is the film thickness, andw
the width of the nanowires. The physical origin of the ob-
served wire widths dependence of the coercive field are de-
magnetizing effects, which give rise to the shape anisotropy

of the nanowire. Fitting the data with Eq.s2d we obtain a
saturation magnetization ofMs.1380 kA/m and the coer-
cive field of a Co film ofBcsw→`d.10 mT. This value
agrees very well with the saturation magnetization obtained
by SQUID investigations and is also close to the literature
value. This means that the volume of the ferromagnetic ma-
terial has not been significantly reduced by oxidation effects.
From this we conclude that thein situ coverage of the
nanowires with a 2 nm thick platinum layer succeeds in
minimizing a surface oxidation.

As discussed above the position of the resistance minima
ssee Fig. 6d provide the determination of the coercive fields.
The interpretation of themagnitudeof the resistance minima
is more complex, since various magnetoresistance contribu-
tions might occur and have to be taken into account. To be
able to analyze the origin of the magnetoresistance behavior
in detail different resistance contributions have to be sepa-
rated clearly. UsingKohler‘s plot34 and the revealed residual
resistivity ratiosG=rs300 Kd /rs4.2 Kd of the Co nanowires,
which are in the range of 1.32øGø1.44, the resistance con-
tribution due to the classical Lorentz magnetoresistance for
typical magnetic fields ofBø300 mT can be estimated to
DR/R.5310−6. This value is of the same order of magni-
tude as the precision of the resistance measurements and can
therefore be neglected for further interpretation. Also, mag-
netoresistance contributions due to spin disorder scattering
can be neglected since the experiments are carried out at low
temperaturessT=4.2 Kd.44,45 Thus, the observed magnetore-
sistance effects occurring in the Co nanowires are mainly
due to AMR and DWMR.

To distinguish between these two effects Fig. 8 shows the
longitudinalsdots,a=0°d as well as the transversalssquares,
a=90°d magnetoresistance of aw=440 nm wide Co nano-
wire. As discussed above, in the remanent state of aw
=440 nm wide Co wire the magnetization is aligned parallel
to the wire axis for the longitudinal as well as for the trans-
versal measurement geometry. Thus the total resistance de-
crease of the transversal magnetoresistance ofDR.6 V cor-
responds to an in plane perpendicular magnetization fraction
of M'=100%. On the other hand, the longitudinal magne-
toresistance is almost constant, besides the resistance minima
at the coercive fields. AtuBu= uBcu the magnitude of the
minima in the longitudinal magnetoresistance isDr .1.3 V.

FIG. 7. sColor onlined Wire widths dependence of the coercive
field summarizing different measurement methods. Dots, stars: re-
sistance measurements of single Co nanowires; circles: SQUID
measurements of nanowire gratings; squares: stray field measure-
mentssRef. 42d; triangles: Monte Carlo simulationssRef. 41d. The
line is a fit to all data points.

FIG. 8. sColor onlined Comparison of the longitudinalsblue
dotsd and transversalsred squaresd magnetoresistance of a 440 nm
wide Co nanowire measured atT=4.2 K.
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According to the theory of AMR, where the magnetization is
related to the square root of the magnetoresistance,3 we ob-
tain an in plane perpendicular magnetization fraction of
M'.47% at the coercive field. This result is in good agree-
ment with Monte Carlo simulationssM'

sim.50%d41 and
shows that magnetoresistance contributions arising from
DWMR can hardly be detected for the present Co nanowires.

Consequentially, in Fig. 9 the results of this quantitative
analysis are summarized. The in plane perpendicular magne-
tization fractionM' derived from the relative magnitude of
the minima of the longitudinal magnetoresistanceDrav /DR
as mentioned above is plotted as a function of the wire width
w. Note, that this quantitative analysis is based on the aver-
age magnitude of the longitudinal resistance minima given
by Drav=0.53 fDrs−Bcd+Drs+Bcdg. Considering the data
points displayed in Fig. 9 the results can be separated into
three groups: In small Co nanowires withwø230 nmfgroup
sIdg the perpendicular magnetization fraction is mainly con-
stant and of aboutM'.15%. In groupsII d s230 nm,w
ø3 mmd the perpendicular magnetization fraction increases
monotonously with increasing wire width, whereas wide Co
nanowires with 3mm,w fgroupsIII dg show almost constant
values of aboutM'.90%. These results can be interpreted
according to the underlying magnetization reversal processes
as follows: The small fraction of perpendicular magnetiza-
tion obtained for groupsId corresponds to a magnetization
reversal process which is characterized by a nucleation pro-
cess as described abovessee Fig. 6d. In detail, a vortexlike
domain structure nucleates at one or both wire ends, grows
with increasing magnetic field and unsnaps when the coer-
cive field is reached. This means that at the coercive field the
maximum in plane perpendicular magnetization fraction is
obtained. However, as these vortexlike domain structures are
only concentrated at the wire ends we would expect a more
or less constant in plane perpendicular magnetization frac-
tion as obtained from the magnetoresistance measurements.
This magnetization reversal process is in good agreement to
Monte Carlo simulations carried out for a single Co nano-
wire with a width ofw=84 nm.41 In contrast, the quantitative
analysis of the resistance data of wires assigned to groupsIII d

reveal again an almost constant, but huge fraction of in plane
perpendicular magnetization at the coercive field ofM'

.90%. These results indicate that during the magnetization
reversal process a complex multidomain state occurs which
contains a big amount of in plane perpendicularly oriented
magnetic moments. This interpretation is confirmed by MFM
ssee Fig. 2d and Kerr microscopy investigations46 of wide
wires swù2 mmd. In the intermediate widths rangefgroup
sII dg a monotonous increase of the in plane perpendicular
magnetization fraction with increasing wire width is ob-
tained. The underlying magnetization reversal behavior can
be described as a “transition” behavior between the two re-
versal mechanisms discussed for groupsId and sIII d. This
transition behavior is characterized by a nucleation process
of vortexlike domain structures at the ends and—in contrast
to the mechanism deduced for wires of groupsId—also at the
edges of the nanowire, while in the center of the nanowire a
domain is conserved in which the magnetization is still
aligned parallel to the wire axis favored by the shape aniso-
tropy. This behavior has been revealed from Monte Carlo
simulations for a single Co nanowire with a width ofw
=448 nm,41 as well as MFM investigationsssee Fig. 2d. With
increasing wire widthsand constant wire length and thick-
nessd the influence of the shape anisotropy decreases provid-
ing the possibility that also in the center of the nanowire
domains with in plane perpendicularly oriented magnetic
moments can be formed. Finally, the complex domain struc-
ture occurring during the reversal process overbalances the
nucleationlike processes as described in the case of wires
assigned to groupsIII d.

CONCLUSION

In conclusion, we show that the magnetoresistance of in-
dividual Co nanowires is sensitive to the magnetization re-
versal process. Based on the AMR the transversal magne-
toresistance clearly reflects a coherent rotation of the
magnetic moments during the reversal process independent
on the wire width. On the other hand, the longitudinal mag-
netoresistance shows that, dependent on the wire width, three
different reversal processes can be obtained. In small Co
nanowiresswø230 nmd the magnetization reversal process
is characterized by nucleation processes and domain wall
propagation in agreement with MFM and Kerr microscopy
investigations as well as Monte Carlo simulations. In wide
Co nanowiresswù3 mmd complex domain structures occur
effecting the magnetization reversal. For Co wires with
widths 230 nm,w,3 mm a “transition” behavior occurs.
However, even if the magnetization reversal process of the
individual Co nanowires can qualitatively be sensed by the
magnetoresistance behavior based on the AMR, additional
domain wall scattering effects cannot be separated. To do so,
magnetoresistance investigations of out of plane magnetized
nanowires have to be carried out, since these systems provide
the clear separation of the domain wall magnetoresistance as
has been shown elsewhere.43 Nevertheless, the magnetoresis-
tance analysis of individual Co nanowires provides detailed
information about the occurring magnetization reversal pro-
cesses for a wide range of wire widths which is hard to detect
by direct observation methods.

FIG. 9. sColor onlined Wire widths dependence of the mean
magnitude of the longitudinal magnetoresistanceDrav correlated to
the magnetoresistance effect in the transversal magnetoresistance
DR ssee Fig. 8d. Additionally, the resultant in plane perpendicular
magnetization fractionM' is specified at the right hand scale.
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