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Resistance behavior and magnetization reversal analysis of individual Co nanowires
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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 tures which might influence the reversal mechanism. Re-

The investigation of spin dependent transport phenomenently, t0 exclude these disturbing effects, new methods have
is fundamental for the development and application ofbeen dgveloped to investigate individual nanostructures.
magnetoelectronicsOne example is the giant magnetoresis-E-g., Micro-SQUIDS and Hall-micromagnetometty are
tance effec{GMR) which is caused by spin dependent scat-Used to measure (W)-hysteresis loops. To image the do-
tering of electrons at the interfaces of exchange couplethain structure Kerr microscopy, MFM,?3-2° |orentz
multilayer system$.Other spin dependent transport phenom-microscopy?%?” and spinpolarized STR#-3Cis used. Fur-
ena are, e.g., the anisotropic magnetoresist#At&R) and  thermore, magnetoresistance measurements have been found
the domain wall magnetoresistan@®WMR). The AMR is  to be well qualified to investigate the magnetization reversal
caused by an anisotropic scattering of electrons and depengsocesses in nanostructufe’s;'3?%since the AMR is sensi-
strongly on the orientation of the magnetization related to théive to the magnetization distribution during the reversal pro-
current direction. The physical origin of the AMR is the spin cess. This has also been shown for individual
orbit interactior® The DWMR is caused by scattering effects nanostructuredt=33353¢However, when using ferromagnetic
of electrons at the domain walls and can be ascribed to twoontacts these contact structures influence the reversal
different origins:(1) How well the precession of the electron mechanisn?’ To definitely exclude a magnetic influence of
spins overlaps with the local variation of the exchange fieldthe contacts on the individual ferromagnetic nanowires we
while passing through the domain wall, at® spin depen- use nonmagnetic gold contacts for our experiments which
dent scattering in the domain walls as has been described fatlow us to investigate the pure magnetization reversal be-
the giant magnetoresistan@®MR) effect*®> The DWMR is  havior of individual Co nanowires.
of increasing interest since it causes additional resistance
co_ntributions during the magnetization _reversal process in EXPERIMENT
micro- and nanostructured systefnisi particular, the forma-
tion of domain walls and their pinning behavior is of basic  The individual nanowires have been prepared using a spe-
interest’~*1 The main goal is to get a better understanding ofcial two step electron beam lithography technid&sL) in
magnetization reversal processes from the micromagneticombination with electron beam evaporation of Co. To avoid
point of view and thus being able to design special featuresurface oxidation of the Co we evaporate in situ a thin Pt cap
of magnetic devices on the nanometer scale. For the expefiayer with a film thickness ofp;=2 nm during the first EBL
mental investigation of magnetization reversal processes ostep. In the second EBL step nonmagnetic gold contacts are
the nanometer scale it has to be taken into account that thagtached precisely to the individual Co nanowires. The gen-
magnetic moment of an individual structure is so small that iteral dimensions of the nanowires are a length=040 um, a
cannot be detected by means of macroscopic methods &#m thickness oftc,=30 nm and varying wire widths of¢
e.d., SQUID or MOKE. Therefore, to characterize the mag=100 nm...10um. In Fig. 1 a typical sample structure is
netization behavior of nanostructures a high number of idenshown obtained by scanning electron microscopy. On the left
tical structures have to be analyZ€d'® However, the major hand side two rows of four gold contact pads are shown,
disadvantage in investigating arrays of nanostructures is theach providing the electrical contacts of one individual nano-
existence of dipolar interactions between neighboring strucwire to carry out 4 point probe resistance measurements. On
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FIG. 1. SEM pictures of a typical sample structui@:overview
and (b) enlarged area of a 100 nm wide Co wire and the gold
contact structure.

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
microscopy(SEM), atomic force microscopyAFM), scan- g ULy
ning tunneling microscopySTM), transmission electron mi-
croscopy (TEM) and electron diffraction. SEM and AFM FIG. 2. (Color online Magnetic force micrographs of the rem-
investigations reveal, that the profile of the nanowires isnent state of single Co nanowires with different wire widths:
rectangular and that a variation of the wire width of =8 #m, W=2um, w=1xm, andw=300 nm. Prior the wires have
Sw==+7 nm occurs independent on the wire width. From been saturated magnetically in an external fieldef2 T.

STM investigations we obtain a surface roughnessébof

=+3 nm. For TEM investigations we prepare the nanowiregdark spot occurs. This means that only one domain exists in
on top of carbon capped sodium substrates which are finallhe whole nanowire in which the magnetization is aligned in
dissolved in water. We find that the Co film is polycrystalline plane parallel to the wire axis. This axis is the magnetic easy
and the mean grain size is abasbt=7 nm. The small grain axis of the system, which has been confirmed by SQUID
size gives an upper limit for the mean free path of the coninvestigations.

duction electrons sindg=<7 nm. Thus, the classical Lorentz ~ To further characterize the magnetometric properties of
magnetoresistance can be neglected as will be discussed tiBe Co nanowires by means of SQUID, gratings of 16000
low. Furthermore, it is found that the Co film is not textured. single nanowires have been prepared. We apply the magnetic
This means that the magnetic easy axis of the Co grains ifield in three different directions with respect to the wire
the polycrystalline film is randomly distributed and can beaxis: (1) in plane parallel to the wire axis, which is called the
neglected in average. The crystal structure is determined b@ngitudinal direction(2) in plane perpendicular to the wire
means of electron diffraction and is mainly hcp Co. axis, the so-called transversal direction, &dout of plane,

the so-called polar direction. Figure 3 shows typical normal-
ized M(B)-hysteresis loops for all three different field direc-
tions measured at a temperatureTef5 K. The wire width in

To characterize the magnetic properties of the nanowirethe investigated grating i&=550 nm and the distance be-
we investigated the domain structure using magnetic force
microscopy(MFM) and Kerr microscopy at room tempera- ol T T T
ture. In Fig. 2 MFM images of the remanent state of single —+— lngitudinel

- . . . : —o— transversal
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 oB=2 T. As the MFM tip is only sensitive to § 07
the stray fields perpendicular to the film plane, dark and
bright contrasts show areas where the stray fields escape out _¢5]
of the film plane or penetrate into the film plane. As shown in
Fig. 2 the remanent state of wires with widths=2 um 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 microsctdn con- FIG. 3. (Color online NormalizedM(B)-hysteresis curves of a
trast, smaller Co wiresw<1 um) show a monodomain cq nanowire array with a wire width af=550 nm and a period-
remanent state, as can be seen in Fig. 2.Whé um wide  icity of d=5 um measured af=5 K. The field is applied in a
wire as well as thev=300 nm wide wire shows almost no longitudinal (dots, transversal(squarel and polar (triangles
contrast along the wire. Only at the wire ends a bright and alirection.

MAGNETIC PROPERTIES

500  -250 100 0 100 250 500
B (mT)
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tween the single wires isl=5 um. This large distance is SQUID i

chosen to markedly reduce the dipole couphifg. 1900 P

The results of the longitudinal measurement is given by . ] ]
the dots, the open squares give the results of the transversal £ 500 HHHHHH IB .
measurement and the triangles the results of the polar mea- < 0 (
surement. As can be seen in Fig. 3 #¢€B)-hysteresis loop s ‘
obtained in longitudinal geometry shows a nearly rectangular -5001 l ; ]
shape which indicates that the long axis of the wire is the -10007 ) ;‘[ T=5K
magnetic easy axis. On the other hand, the shape of the hys- -—-—-—/ : w = 550nm 1

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 thB)-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 normalixé@)

plots from Fig. 3%° In doing so, the anisotropy energy den-
sity based on the transversal measurementEjg,s~ 2

X 10° J/n?, while the value deduced from the polar mea-
surement isEpg~1X 10° J/n?. The occurrence of the
magnetic anisotropy can originate from the shég®pe an-
isotropy due to Qemag_netlzmg effetthe crystal structure of a Co nanowire array and the longitudinal magnetoresistance of a
(magnetocrystalline anisotropyand other factord? For the single Co nanowire of comparable width.

present measurements we can neglect the magnetocrystalline

aniostropy since we find from our TEM investigations thatiy the M(B) curve above—identical to the coercive fields
the small grains are randomly oriented exhibiting no film;ngicated by the dashed lines. This example emphazises the
texture. Thus, the shape anisotropy is the dominating factof|nse relationship between the SQUID results and the mag-
which strongly depends on the direction of the magnetic fieldgioresistance with respect to the magnetization reversal be-

(longitudinal, transversal or polarsince the width of the ayior The origin of the resistance minima at the coercive
nanowires is much smaller than the wire thickness. This eXie|ds is related to AMR effect and will be discussed in

plains the large ratio of the anisotropy energy densities,gre detail below.

Etrans: Epolar=1:5 asobtained analyzing the data in Fig. 3. First, we discuss theéransversal magnetoresistande
Additionally, from the SQUID measurements we revealanalyze the magnetization reversal process when the mag-

an absolute magnefic safuration moment of the nanowirgetic field is applied parallel to one hard magnetic axis of the
grating (w=550 nm of m=1.5x10""Am*. Since we know  gystem. In Fig. 5 the transversal magnetoresistance of an

the Co volume of the sample, this leads to a saturation magngividual Co nanowire is showrw=120 nm, T=4.2 K).
netization ofMs=1385 kA/m, which is about 95% of the The magnetic field is applied in plane perpendicular to the
literature value. Based on this result we suggest that the ifiire axis. The arrows indicate the measurement procedure.
situ coverage of the Co nanowire surface with a 2 nm thickstarting at a resistance value RE5101€) in the remanent

Pt layer succeeds in minimizing oxidation effects, as haveyate(B=0 mT), which is characterized by MFM as a mon-
been detected for non capped Co wités. 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
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FIG. 4. (Color online Comparison of av(B)-hysteresis curve

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

51001

5090

magnetoresistance to the magnetization reversal is demon- S 5080 AR
strated in Fig. 4. The upper graph in Fig. 4 shows a typical @ ] \
M(B)-hysteresis curve of a nanowire gratiigg=550 nm) 5070 e \-.

measured in a longitudinal applied magnetic field at a tem- ] COSAit e ] ..
perature ofT=5 K. The lower graph shows a typical longi- OO e B v z i i
tudinal magnetoresistance curve of an individual Co nano- B (mT)

wire of comparable width(w=634 nm) measured at a

temperature of T=4.2K for small magnetic fields FIG. 5. (Color onling Transversal magnetoresistance of a
-300 mT=B=300 mT. As can be seen in Fig. 4 the mag- 120 nm wide Co nanowire measuredTat4.2 K. The black dashed
netoresistance shows a hysteretic behavior with pronouncetthe shows a cdse fit indicating a coherent rotation of the mag-
minima marking switching fields, which are—as comparednetic moments during the reversal process.
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magnetic field§B|= 1000 mT in the saturation regime. De-  s20s a2} f
creasing the magnetic field from saturation the transversal 92604 o2 f i
resistance increases again and reaches the same remanee LI

resistance valuéat B=0 mT). The analogous resistance be-
havior is obtained for the reversed field direction. Note that a

3259.6 371.4w = 634 nm

small hysteresis occurs, which will be discussed below. The 774'2”" o8] S, ‘/f:w
total resistance decreaseA®/R(0 T)=0.73%, which indi- _ { —_— Ny /

cates that this behavior is due to the AMR effect. To analyze g7 ’894 \N

the transversal resistance in more detail the data have been sg.zwzzum

fitted with a cod(B) profile, as indicated by the black dashed
line in Fig. 5. The good agreement between the experimental

19.30*“\&\\ il
/f

data and the fit confirms that the transversal magnetoresis- g S1o2s ‘x‘\y f
tance is due to AMR reflecting a coherent rotation of the * 1020l i f
magnetic moments from the longitudin&inagnetic easy saagw=440nm | J e Ik

axis to the transversdmagnetic hargaxis. The small hys- -300 200 160 ses T)100 2007300 5007200 00 ¥ o0, 1200 S0
teresis of the magnetoresistance occurs since the rotation

process is influenced by the shape anisotropy. When the FIG. 6. (Color onling Longitudinal magnetoresistance of single
transversal magnetic field is increagsge arroythe mag-  Co nanowires with different width€T=4.2 K). The arrows sketch
netization rotation is hindered due to the transition from thethe measurement procedure. Note that the nonclosed curve in the
magnetic easy to the hard axis. In contrast, reducing the fieldase of the two widest wires is an experimental artefact and has no
the shape anisotropy supports the magnetization rotatiomhysical origin.

This behavior is independent on the wire width and has also

been observed when the magnetic field was applied in thaire indicate the measurement procedure. For high magnetic
polar direction. This means that in the present nanowires thffelds|B|>300 mT the resistance is almost constant. For low
magnetization reversal process between the magnetic eagyagnetic field$B| <100 mT the resistance first continuously
axis and a magnetic hard axis in general can be described lejecreases followed by a sudden jump to the saturation val-
coherent rotation. To quantify these results we analyze thees. This hysteretic behavior reflects the magnetization re-
R(B) curve measured in transversal applied field using theversal process as shown in Fig. 4. The general resistance
relation between the resistanRéB) and the anisotropy con- behavior shown in Fig. 6 can qualitatively be explained as

stantK, as given in Ref. 48 arising from the AMR effect® For Co wires with widths
w=1 um the resistance value in remanence is almost the
MB \? same as in saturation as expected from MFM investigations
R(B)=R-(R-R,) 2uoKy) ) since the magnetization is aligned parallel to the wire axis

(see Fig. 2. Further reducing the magnetic field causes a
In Eq. (1) R, is the resistance measured when all magnetiaistinct decrease of the longitudinal resistance until the co-
moments are aligned parallel to the wire axis, in our casercive field is reached. This behavior can be described by
R(B=0 mT) for the 120 nm wide wireR, is the resistance means of the AMR as formation of domains where the mag-
measured when all magnetic moments are aligned transversaétization is oriented perpendicular to the current direction.
to the wire axis, in our casB(B=1000 mT). My is the satu- The abrupt resistance jump to the saturation resistance indi-
ration magnetization angi,=47Xx 107 Vs/Am the mag- cates that these domains suddenly unsnap from their nucle-
netic permeability constant. We reved),;=3.2x 10° J/m®  ation sites, as confirmed by Kerr microscdffhis interpre-
for the magnetization transition from parallel to transversatation of the magnetoresistance behavior is additionally
alignment andK,,=2.7x10° J/m?® for the magnetization supported by Monte Carlo simulations carried out for the
transition from transversal to parallel alignment. These valpresent Co nanowire§:4!
ues are in good agreement to the transversal anisotropy en- While the shape of the resistance curve remains nearly
ergy density obtained evaluating the SQUID data. In addiidentical up to wire widths of abowt=634 nm, it obviously
tion, these results allow to deduce the contribution of thechanges in the case of wider Co nanowifes=2 um, w
shape anisotropy, which hinders and supports the magnetiza-10 um). As one can see in Fig. 6 the resistance in rema-
tion rotation, respectively. Assuming, that both effects arenence of wider Co wirev=2 um) is considerably reduced
equal, we can estimate this anisotropy contributiol®A®  as compared to the saturation value. Since we know from
=0.5X (Ky—Kyp)=2.5x 10* I/ which is about 8% of the MFM investigations that the remanent state of nanowires of
transversal anisotropy energy density. these widths is characterized by a multidomain configuration
Next, we discuss thdongitudinal magnetoresistance (see Fig. 2, this decrease can be described as originating
which is obtained when the magnetic field is applied parallefrom the formation of domains with transversal magnetiza-
to the wire axis and therefore parallel to the current directiontion. Note, that the resistance of wider Co nanowires—in
In Fig. 6 the longitudinal magnetoresistance for six single Cacontrast to small wires—gradually increases for magnetic
nanowires of widths betweew=120 nm andw=10um fields higher than the coercive fiel¢B|>|B|). This resis-
measured at a temperatureTof4.2 K is shown. The arrows tance behavior denotes that in the case of wide Co nanowires
exemplarily plotted in the resistance curve of the smallesthe magnetization reversal process is given by the formation
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FIG. 8. (Color onlin@ Comparison of the longitudinalblue
FIG. 7. (Color onlin® Wire widths dependence of the coercive d0t9 and transversalred squargsmagnetoresistance of a 440 nm

field summarizing different measurement methods. Dots, stars; ré¥ide Co nanowire measured at4.2 K.

sistance measurements of single Co nanowires; circles: SQUID

measurements of nanowire gratings; squares: stray field measur@f the nanowire. Fitting the data with E(2) we obtain a

ments(Ref. 42; triangles: Monte Carlo simulatior®ef. 4). The  Saturation magnetization dfl;=1380 kA/m and the coer-

line is a fit to all data points. cive field of a Co film of B (w—®)=10 mT. This value

agrees very well with the saturation magnetization obtained

of complex domain structures, as has been confirmed bpy SQUII_D investigations and is also close to the Iiterature

Kerr microscopy and Monte Carlo simulations. vallue. This means that .the volume of the ferrgmagnenc ma-
As one can also see from Fig. 6 for each sample thderial has not been significantly reduced by oxidation effects.

amplitude of the resistance minima is different for negativem oM this we conclude that thia situ coverage of the
and positive applied fields, respectivelgxtremely for the ~hanowires with a 2 nm thick platinum layer succeeds in
w=309 nm wide sample This can be understood as follows: Minimizing a surface oxidation. _ .
First, the domain structure aBs and -B, are not expected As discussed above the position of the resistance minima
to be identical. Second, the resistance is measured for fiel€€ Fig. 6 provide the determination of the coercive fields.
step sizes 0AB=2 mT in time intervals of a few seconds, The interpretation of thenagnitudeof the resistance minima

so that the resistance might change within two measuremelt More complex, since various magnetoresistance contribu-
steps. tions might occur and_ h_ave to be taken |nto_ account. To k_Je
Figure 6 also shows that the position of the resistancé‘ble to.anglyze the origin of the m.agnletore3|stance behavior
minima and thus the coercive field decreases with increasintj detail different resistance coPtrlbut|ons have to be sepa-
wire widths. To analyze the wire widths dependence of thd@téd clearly. Usingohler's plot* and the revealed residual
coercive field the values dB, taken from the longitudinal ~resistivity ratiosl’=p(300 K)/p(4.2 K) of the Co nanowires,
resistance measuremeritiots, starsare plotted in Fig. 7 as Which are in the range of 1.32I'<1.44, the resistance con-
a function of the wire widthw in combination with various tribution due to the classical Lorentz magnetoresistance for
experimental and theoretical results. We thus include irfyPical magnetic fields oB=<300 mT can be estimated to
Fig. 7 data obtained from stray field measuremésgsiares ~ AR/R=5X 10°®. This value is of the same order of magni-
using Hall bar structures carried out for single Cotude as the precision of the resistance measurements and can
nanowire<2 and results of SQUID measurements on nanolherefore be neglected for further interpretation. Also, mag-
wire gratings(open circles Additionally, values received netoresistance con'trlbutlons due' to spin dlsord_er scattering
from Monte Carlo simulations carried out for single Co ¢an be neglected since the experiments are carried out at low
nanowired! (triangles are plotted in Fig. 7. Note, that all temperature§T=4.2 K).***>Thus, the observed magnetore-
experimental methods on individual Co nanowires ancsistance effects occurring in the Co nanowires are mainly
SQUID measurements on nanowire gratings, as well as thdue to AMR and DWMR.
Monte Carlo simulatiorf¢ display the same wire widths de-  To distinguish between these two effects Fig. 8 shows the
pendence of the coercive field. As can be seen in Fig. 7, th®®ngitudinal(dots,#=0°) as well as the transvers@quares,

data can be fitted with a single hyperbolic function given bya=90°) magnetoresistance of\e=440 nm wide Co nano-
Eq. (2):47 wire. As discussed above, in the remanent state aff a

=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 magnetoresistandeRef 6 () cor-
B.(w— ) is the coercive field of a Co filmyl, is the satu- responds to an in plane perpendicular magnetization fraction
ration magnetizationt=30 nm is the film thickness, and  of M, =100%. On the other hand, the longitudinal magne-
the width of the nanowires. The physical origin of the ob-toresistance is almost constant, besides the resistance minima
served wire widths dependence of the coercive field are deat the coercive fields. A{B|=|B, the magnitude of the
magnetizing effects, which give rise to the shape anisotropyninima in the longitudinal magnetoresistancelis=1.3 ().

1
B(W) = Bo(w — %) + 2OM = ?)
s w
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100 . 100 reveal again an almost constant, but huge fraction of in plane
D D) (IH)% perpendicular magnetization at the coercive field hf
80 E E =90%. These results indicate that during the magnetization
reversal process a complex multidomain state occurs which
= 60- I j 54 contains a big amount of in plane perpendicularly oriented
I < . - . h .
%’ g ':a\; magnetic moments. This interpretation is confirmed by MFM
3 40- o | 60" (see Fig. 2 and Kerr microscopy investigatiotfsof wide
& o | wires (w=2 um). In the intermediate widths randgroup
20+ i | (1] a monotonous increase of the in plane perpendicular
o | magnetization fraction with increasing wire width is ob-
o/ HT BT ' | 20 tained. The underlying magnetization reversal behavior can
100 1308“) 10000 be described as a “transition” behavior between the two re-

versal mechanisms discussed for grauipand (IIl). This

FIG. 9. (Color online Wire widths dependence of the mean transition behavior is characterized by a nucleation process
magnitude of the longitudinal magnetoresistaneg, correlated to ~ Of vortexlike domain structures at the ends and—in contrast
the magnetoresistance effect in the transversal magnetoresistarigethe mechanism deduced for wires of grdlip—also at the
AR (see Fig. 8 Additionally, the resultant in plane perpendicular edges of the nanowire, while in the center of the nanowire a
magnetization fractioM , is specified at the right hand scale. domain is conserved in which the magnetization is still

aligned parallel to the wire axis favored by the shape aniso-

According to the theory of AMR, where the magnetization istropy. This behavior has been revealed from Monte Carlo
related to the square root of the magnetoresistdmee,ob-  simulations for a single Co nanowire with a width of
tain an in plane perpendicular magnetization fraction of=448 nm?! as well as MFM investigation@ee Fig. 2. With
M, =47% at the coercive field. This result is in good agree-increasing wire width(and constant wire length and thick-
ment with Monte Carlo simulationgMS™=50%)*" and  nes$ the influence of the shape anisotropy decreases provid-
shows that magnetoresistance contributions arising fronng the possibility that also in the center of the nanowire
DWMR can hardly be detected for the present Co nanowiresdlomains with in plane perpendicularly oriented magnetic

Consequentially, in Fig. 9 the results of this quantitativemoments can be formed. Finally, the complex domain struc-
analysis are summarized. The in plane perpendicular magnédre occurring during the reversal process overbalances the
tization fractionM , derived from the relative magnitude of nucleationlike processes as described in the case of wires
the minima of the longitudinal magnetoresistantg,, /AR  assigned to grouglll).
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 In conclusion, we show that the magnetoresistance of in-
by Ar,,=0.5X[Ar(-B.)+Ar(+B;)]. Considering the data dividual Co nanowires is sensitive to the magnetization re-
points displayed in Fig. 9 the results can be separated inteersal process. Based on the AMR the transversal magne-
three groups: In small Co nanowires with<230 nm[group  toresistance clearly reflects a coherent rotation of the
(1)] the perpendicular magnetization fraction is mainly con-magnetic moments during the reversal process independent
stant and of abouM , =15%. In group(ll) (230 nm<w  on the wire width. On the other hand, the longitudinal mag-
=<3 um) the perpendicular magnetization fraction increasesetoresistance shows that, dependent on the wire width, three
monotonously with increasing wire width, whereas wide Codifferent reversal processes can be obtained. In small Co
nanowires with 3um<w [group(lll )] show almost constant nanowires(w= 230 nm the magnetization reversal process
values of abouM , =90%. These results can be interpretedis characterized by nucleation processes and domain wall
according to the underlying magnetization reversal processgmopagation in agreement with MFM and Kerr microscopy
as follows: The small fraction of perpendicular magnetiza-investigations as well as Monte Carlo simulations. In wide
tion obtained for grougl) corresponds to a magnetization Co nanowiregw=3 um) complex domain structures occur
reversal process which is characterized by a nucleation preeffecting the magnetization reversal. For Co wires with
cess as described abotgee Fig. 6. In detail, a vortexlike widths 230 nmcw<3 um a “transition” behavior occurs.
domain structure nucleates at one or both wire ends, gromdowever, even if the magnetization reversal process of the
with increasing magnetic field and unsnaps when the coelindividual Co nanowires can qualitatively be sensed by the
cive field is reached. This means that at the coercive field thenagnetoresistance behavior based on the AMR, additional
maximum in plane perpendicular magnetization fraction isdomain wall scattering effects cannot be separated. To do so,
obtained. However, as these vortexlike domain structures am@agnetoresistance investigations of out of plane magnetized
only concentrated at the wire ends we would expect a moraanowires have to be carried out, since these systems provide
or less constant in plane perpendicular magnetization fracthe clear separation of the domain wall magnetoresistance as
tion as obtained from the magnetoresistance measurementss been shown elsewhéfeNevertheless, the magnetoresis-
This magnetization reversal process is in good agreement tance analysis of individual Co nanowires provides detailed
Monte Carlo simulations carried out for a single Co nano-information about the occurring magnetization reversal pro-
wire with a width ofw=84 nm?! In contrast, the quantitative cesses for a wide range of wire widths which is hard to detect
analysis of the resistance data of wires assigned to gillyp by direct observation methods.

CONCLUSION
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