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Magnetization processes in nickel and cobalt electrodeposited nanowires
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We report on the magnetic properties of arrays of submicr88cnm-500 nm Ni and Co wires fabricated
by electrodeposition into the cylindrical pores of track-etched polymer membranes. This work reveals intrinsic
differences between the magnetization reversal mechanisms taking place in these two systems. For Ni, the
crystal anisotropy is small compared to the shape anisotropy and the magnetization lies along the wire axis. In
contrast, the strong crystal anisotropy of Co and the orientation of the crystal easypesdity perpendicular
to the wire axi$, allows for the appearance of a multidomain magnetization configuration, each domain being
oriented partially along the normal to the wire axis. Experimental evidence for the existence of this multido-
main configuration has been obtained from resistivity and magnetization measurements. Large scale micro-
magnetic calculations for Co and Ni wires with high aspect ratios corroborate the strong influence of the crystal
anisotropy on the overall properties of Co wires and provide an accurate microscopic description of the
nucleation fields and the magnetization reversal mechanism for Ni Wi6463-182607)08045-4

I. INTRODUCTION these previous works, the highly anisotropic magnetic prop-

. . o . erties of such arrays have been clearly demonstrated. Re-
Pioneer studies of the magnetization processes in elon:

gted pariclos n the Igh of Miromagnets b =11 7% f Sty o by
carried out in the mid-60’s on single-crystal bdvehiskers 9 9 9

. ) . strategy*! Using micro-superconducting quantum interfer-
prepared by evaporation technigie®arly experiments such ence device UID's) and maanetic force microscobtts
as those carried out by Luborski and Moreld¢lon en- 8Q : g 3.

) X . magnetization reversal studies have been recently performed
sembles of iron whiskers showed a relatively poor general, gingle Ni nanowires. Statistical studies of thermally acti-

agreement between the measured coercive fields as a fungsieq ‘magnetization reversal in Ni wires with diameters
tion of the radius and theoretical results for the nucleationanging between 40 and 100 nm have shown that the reversal
fields in a cylinder with infinite length(infinite cylinder process occurs as the result of the nucleation of a single
mode). These pioneering experiments also indicated thejomain with a volume 200 times smaller than the volume of
enormous difficulty to interpret the experimental results ob-the entire wire'? So, it seems clear now, that, even for sys-
tained for ferromagnetic bars of finite length in terms oftems with weak crystal anisotropy, the reversal mechanism
simple micromagnetic models such as the infinite cylirider. for real elongated particlesvith finite length cannot be de-
Mainly motivated by the technological interest involving scribed in terms of “coherent” modes such as “curling”
the miniaturization of sensors and the continuous increase @nd “buckling” ** but seems to be well described in terms of
the magnetic storage density, techniques for fabricatiomucleation-propagation reversal mechanisms. Nevertheless,
(such as nanolithographyand characterizatiorinear field —despite the noncoherent character of the magnetization rever-
microscopy, electronic microscopy, and holograpbfymag-  sal mechanism found, the measured angular dependence of
netic materials have been develofeflio date, elaboration the switching field for Ni wires seems to be in good agree-
methods such as molecular-beam epitaxy or laser ablatioment with that found for the “curling” mode in infinite cyl-
followed by nanolithography of ever-increasing resolution,inders, although the fitted value for the exchange length
are usually considered to represent the ultimate limit for pro{about 17 nm is smaller than that found in the literature
ducing nanoscale magnets. However, well crystallized nano@bout 21 nm [\ g, = (A/Mﬁ)l’z, with A the exchange stiff-
magnets can also be fabricated using a different method thaess constant anil the saturation magnetizatibnThus,
provides a very interesting quality vs price ratio, and whosealthough the infinite cylinder model gives a first approxima-
key steps are “template and electrodepositidntn this  tion to the nucleation mechanisms and the switching fields of
method, nanowires of magnetic metals with extremely largean elongated particle, the deviations between the experimen-
aspect ratioas large as 10 are electrochemically synthe- tal values and those predicted for the infinite cylinder show
sized within the voids of a nanoporous material, such ashat we should avoid the use of simple models to describe
alumite medi&® and track-etched polymer membrarif®$n  correctly the magnetization reversal mechanigam so, the
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switching field valuesoccurring in elongated particles, even . !
for ferromagnetic systems with low crystal anisotropy. @

In contrast to Ni wires, Co nanowires display a more 1 COHERENT ROTATION
complex behavior because of the large crystal anisotropy re-
sulting from the hexagonal close packigdp growth of Co
inside the pores. For this particular case, no analytical micro-
magnetic models exist, not even for simple geometfirefs -
nite cylinde), and large scale micromagnetic calculations are
needed to account for the observed properties.

The present work is mainly devoted to the study of the
magnetization configurations and magnetization processes in E: aerl1y
Co and Ni nanowires. In the first part of this work, we report 0.01 1
on magnetization, torque and magnetoresistance investiga- 0.1 1 10
tions of magnetization processes occurring in Co and Ni S
electrodeposited nanowires. These results are linked to the
crystalline structure of the elaborated nanowires that has
been investigated by transmission electron microscopy.
First conclusions drawn from the experimental work are cor-
roborated in the second part of this article by large scale
micromagnetic simulations for Co and Ni elongated bars
with high aspect ratio. Moreover, these simulations have al-
lowed us to explore in detail the magnetization reversal
mechanisms in these systems and to compare them both to
classical magnetization processes derived for the infinite cyl-
inder and to previous experimental results on elongated par-
ticles.

BUCKLING

0.1 |

Co
Ni

»p<ODO

Il. FABRICATION OF ARRAYS
OF MAGNETIC NANOWIRES FIG. 1. (@ Room-temperature reduced coercive field

. . . =H.27Mg as a function of the reduced radius for (@) and Co
Random arrays of Co and Ni nanowires were fab”cate‘im) (the error bars are included in the size of the symbdalues

by electrodeposition of Cdor Ni) in nanoporous track-  ,piained for a single Ni wire by Wernsdorfet al. (Refs. 12 and
etched membranes of polycarbonate following the same exg) are shown separate(§¥) (the error bars are included in the size
perimental procedure as the one described by Withneys the symbo). These results are plotted together with the results of
et al!® However, in the present work, we use “homemade” micromagnetic simulations for zero anisotropy systeis. All
polycarbonate membranes exhibiting better properties ifhese values correspond to the hysteresis loops recorded with the
terms of pore orientation, pore surface roughness, porgeld applied parallel to the wires. Solid lines denote the theoretical
shape, and pore size distributihin commercially available values of the nucleation field for the three possible nucleation
porous membranes, the angle between the pore axis and th@des in the infinite cylindeiafter Ref. 14. (b) Room-temperature
normal to the film ranges typically between 0° and 30°. Innormalized remanent magnetizatigaquarenegsfor Ni and Co

our samples, the polymer film is bombarded perpendicular tavires as a function of reduced radius obtained for an applied field
the film and the angle is less than 10°. Also, the etchingparallel to the wires.

process following the irradiation was optimized to produce a

uniform cross section all along the pore length with very IIl. EXPERIMENTAL RESULTS:

small roughness since in Commerc_ia_lly avallable porous STATIC MAGNETIZATION, TORQUE,

membranes the pore shape often exhibits deviations fromthe  AND ANISOTROPIC MAGNETORESISTANCE

ideal cylindrical shape, such as toothpick shape or constric-

tion at the middle of the channels. The reduced roughness of Magnetization and torque measurements were made on
the pore walls is also particularly crucial for the membraneghe whole system membrane wires in order to take advantage
with the smallest diameter. Furthermore, we report here onlpf both the orientation of the wires inside the membrane and
results for arrays of Ni and Co wires prepared using memof the protection against oxidization provided by the poly-
branes of low porosity, where the average spacing betweegarbonate membrane. This configuration also allows the use
the wires is much larger thanAm and interactions between Of standard magnetometry techniques.

magnetic elements are expected to be sifaleposition Figure 1a) shows the variation of the reduced coercive
into the pores of the membrane is monitored through thdield ho=H/2mMg for both Co and Ni nanowires as a func-
measurement of current and stopped as soon as the porésn of the reduced radiu§=R/(A/M2)Y2 for a magnetic
have been filled completely. In these conditions the averagheld applied parallel to the wires. The “reduced” plot al-
final length of the wireg10 or 20um) equals the thickness lows us to compare correctly in a single figure two or more
of the membranes and their diameter ranges between 35 asgistems with different magnetic characteristias is the case
500 nm. for Ni and Cg and to obtain a general picture for the
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) b FIG. 2. Hysteresis loops at room temperature
-10 0 10 3 o 3 for Co (a,b and Ni(c,d) wires recorded with the
field applied parallelll) and perpendiculatL) to
the wire. Results are given for the 35 i@ and
100 nm(b) Co wires and for 35 nnfc) and 100
nm (d) Ni wires.

M/M

1F T
Ni @=100 nm

I

@ 4

-1 E 1 ! =
-10 0 10 3 0 3

H (kOe)

size dependence of elongated particle switching fields. Wepbout 6< 10® cm™2. In a previous work, we also found such
also report reduced switching field values recorded bys decrease when the array of Ni wires was formed using
V\/_ernsdorfermet al. on a single Ni wire using a membranes samples of similar porosifyte thus conclude
microSQUID:® The reduced radius has been calculated asgat this effect results from dipole-dipole interactions and
suming bulk Ni and Co saturation magnetizationsihat the data shown in Figs(@ and Xb) are closer to that of
[M(Ni)=480 emu/cm and M(Co)=1400 emu/cr] and  jsojated magnetic nanowires over the whole diameter range.
the exchange lengthe, to be of 7 nm for Co and 21 nm for = 5 jitatively, the origin of these observed features can be
Nickel.” With the experimental results, we plot the pred'Ctedunderstood in the light of a simple model: the infinite cyl-

curve for curling, bucl_<I|r)g_, and _coherent rotation reversalinder. For infinite cylinders, the shape anisotropy tends to
modes calculated for infinite cylindéfsand the results of ) _
force the magnetization to be along the rod axis. In the case

our micromagnetic calculations for wires with zero crystal ) : . ;
anisotropy(good approximation for Ni The measured coer- of zero crystal anisotropy, micromagnetic theory predicts
5onIy three types of nucleatiofand reversal mechanisms:

cive fields in both Co and Ni wires exhibit a large increase a

the radius decreases. Althoughtakes on values that are not coherent rotation, buckling, and curliigAll these reversal
far from those predicted by the curling or buckling nucle- Modes should result in a square hysteresis loop when the

ation mechanism in the infinite cylinder, the tendencyhgf fie[d is applied pgrallel to the cy!inder axis.'For a pargllel—to-
does not agree with any one of the nucleation mechanisnfsylinder easy axis of crystal anisotropy, this term reinforces
proposed. Comparing the valueshof obtained from micro- the shape contribution and again only square hysteresis loops
magnetic simulations to the measured data, we find a googn occur, the switching field being higher than for zero
agreement for Ni wires with small diameters. For large wirecrystal anisotropy” Square hysteresis loops have been ob-
diameters the calculated coercivities deviate from the measerved for the whole diameter range explored in Ni nanow-
sured values, the simulatéd being slightly smaller than the  ires but only for small diamete(85 and 50 nrin Co wires
measuredh,. Comparing measurements of the coercive[Figs. 48)-2(d)]. The decrease of remanence for large diam-
fields carried out in Co wires with those measured for Nieters in the Co systems can be understood in the light of
wires we observe a different behavior for large and smalk-ray diffraction and transmission electron microscopy
diameters. For large diameterS¥5<-,>50 nm), h. in experiments? Diffraction patterns of Co nanowires indicate
Co wires takes on values comparable to those measured dhat Co is stabilized in the hcp structure with a preferential
Ni wires. For small diameters, the measured reduced coef000]) texture oriented close to the direction perpendicular
cive fields in Co wires are higher than those measured for Nio the axis of the wires. Moreover, an analysis of the micro-
wires. structure in Co wires reveals the presence of very well
Figure 1b) shows the variation of the remanent magneti-(000]) oriented single crystals severain long. As a result,
zation as a function of the reduced radius. For Co nanowireghere is a large crystal contribution to the anisotropy energy
the squarenessM, /M) decreases from a value close to 1 (for bulk hcp cobaltk;~4.5x 10° erg/en?) that favors an
for the smallest diametéB5 nm) to 0.1 for a diameter of 500 Orientation of the magnetization along tkeaxis, perpen-
nm, while for Ni the remanent magnetization remains closglicular to the wire. This term competes directly with the
to 0.8 for the whole diameter range. Again, large and smalshape anisotropy~¢ 7TM§=6X 10° erg/cn?) that favors an
diameter Co wires compare differently to Ni wires. In Ref. orientation along the axis of the wire. This peculiar orienta-
10, a decrease of the squareness with increasing diametiéon of the crystal easy axis in Co wires explains the strong
was observed for arrays of Ni wires with pore density ofdecrease of the remanent magnetization when the wire diam-
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eter increases. Moreover, the observed quasi-perpendicular- 0 .

to-wire orientation of the Co hcp axis and the shape of the L ]
hysteresis loops for large diameté¢Fg. 2(d)] suggest that,
for small applied fields, the magnetization of the wire tends
to split into domains partially oriented perpendicular to the
wire axis.

A possible explanation of the large values of the coercive
field and the remanent magnetization for Co wires with small
diameter comes from recently undertaken microstructural .
analysis?® Apparently, extended x-ray-absorption fine struc- T
ture (EXAFS) experiments show a change in texture with the - B
pore size. Thus, for large pore sizes, the Co tigxis would 8 l ! ;
lie perpendicular to the wire while for extremely small pore ) 10 20 30
diameters its orientation would be along the wire axis. S

To quantify the variation of the crystal anisotropy, torque
experiments for Co wires have been carried out for diameter]sun
ranging between 50 and 400 nm. We have recorded th
torque due to the applied magnetic field both for the field
rotating in the plane of the membrafia-plane and in the
plane perpendicular to the membraoat-of-plang. The ap-
plied field was 10 kG, large enough to ensure a quasisatialue ofK; to be equal to that measured for large diameters,
rated state with the magnetization within 5° of the field forthe measured torque value should correspond to a value of
all angles. Measurements with an in-plane rotating field dahe effective first-order anisotropy &f;(% cos y—sir? ).
not show any remarkable features, indicating that, on the\pplying this formula we obtain a value faf of the order of
average, the system membrane wires is isotropic in the plango—25°, and we find that the critical value gffor a zero
of the membrane. This agrees with the intuitive idea thatrystal anisotropy contribution to the torque is close to 35°.
even if every Co single crystal has its own orientation for theThus, if the change in orientation of the hemxis continues
hcpc axis, the distribution o€ axis in the membrane should as the diameter decreases, for very small diameters we can
not presenta priori, any preferred orientation. Measure- expect a large contribution of the crystal anisotropy along the
ments in the out-of-plane configuration show more interestwire axis. This contribution could explain the coercive fields
ing features since both shape and crystal anisotropy contritand remanence measured for small diameter Co wires, whose
ute to the signal. values are higher than those measured for Ni wires for which

For all diameters studied, the torque measurements indpnly a demagnetizing contribution to the overall anisotropy
cated that the overall easy direction for uniform magnetizaexists.
tion lies along the wire axis. For diameters larger or equal to \While magnetization and torque measurements give some
100 nm the hard direction has been found to be the directiofhdirect insights into the magnetization reversal mechanisms
perpendicular to the wire. Fitting the torque data with ain Co nanowires, resistivity measurements as a function of
Stoner Wohlfarth modét (good approximation for high the applied field provide microscopic information on the
fields®) has enabled us to determine the dependence of thglignment of the magnetic moments on the length scale of
anisotropy constants on the wire diameter. Approximate valthe electronic mean free path. In Fig. 4 we show typical
ues obtained foK, for Co at room temperature are shown in magnetoresistance measurements obtained for the system
Fig. 3. The large error bars in these values come from thenembrane wires, with the electric current flowing along the
uncertainty in the total volume of the ensemble of magnetigyires and the magnetic field applied both along the wires and
wires. For 50 nm large Co wires, the first-order crystal an-perpendicular to the wires. Figuréa} corresponds to mea-
isotropy constant is about210P erg/cn?, which is smaller  surements on an array of Co wires with diameters about 90
than the bulk value, showing a rapid increase in magnitudém. The magnetoresistancg/p,) exhibits a negative varia-
from 100 to 200 nm and stabilizing for a value slightly tion when the field is applied parallel to the current, while
higher than the bulk valugabout 6< 10° erg/cn?) for large  the effect is reversed when the field is perpendicular to the
wire diameters. Sa<; compares only to the demagnetizing current. This can be understood in the framework of the an-
energy, nean-ng, for very large samples. isotropic magnetoresistand&MR) phenomenon related to

For the smallest wire diameter measuf&6 nm), an ex- the change in the orientation between magnetization and
tremely small value oK, has been found. This fact coin- current?® Similar results have been obtained for arrays of Co
cides with the change in behavior observed for the coercivavires with larger diameter€00 and 450 nim These obser-
field and the remanent magnetization for small diameters iwvations corroborate the presence at zero field of a multido-
Co. The change in orientation of the Co hcpaxis from  main configuration with the magnetization of each domain
perpendicular to wire for large diameters to parallel to wirepartially oriented along the normal to the wire. This result
for small diameters concluded from EXAFS experiméhts agrees with the intuitive argument suggested above to ex-
would also agree with the measured torque data. We caplain magnetization measurements for large Co wires.
estimate the mean angle separating the crystal anisotropy In contrast, for thin Co wire$35—-50 nm, no change in
axis from the direction perpendicular to the wiig for 50  resistivity has been observed with the magnetic field applied
nm Co wires with a simple model. Assuming the absoluteparallel to the wire axi$Fig. 4(b)]. This behavior coincides

K A 0° erg/em®)

FIG. 3. Fitted values of the first-order crystal anisotrdpy as

ction of the reduced radius. These values have been obtained
ﬁtting torque measurements for Co wires with the Stoner-Wobhlfarth
model.
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' ences between the finite and the infinite cylinders. For an
infinite cylinder with dominant shape anisotropy, it has been
shown theoretically that the most probable magnetization re-
versal mechanisms are curling and buckligiform rota-
tion can be regarded as the limit of buckling as cylinder
diameter goes to zeyd* For a finite cylinder with small
anisotropy, as it holds for a prolate spherBidye would
expect rotation in unison to exist for very small but finite
diameters while buckling and curling should be observed for
intermediate and large diameters, respectively. Since the re-
sults obtained for infinitdand finite cylinders do not differ
much from those obtained for infinitéinite) bars?® we have
taken, as a matter of numerical effectiven®sthe latter ge-
ometry to represent the wires. The shape of the extremities
has been taken arbitrarily to be flat since their role is only
important for low aspect ratiGaround 5 bars and for applied
fields with less than 1° of misalignment to the bar &i%he
simulated wires have an aspect ratio of 25, and the applied
field has been taken to form an angle of 1° with the wire axis
i Co @=35 nm since, as it has been mentioned above, the wires in the mem-
0.986 ' ‘ : brane are not perfectly aligned. So, the effects of the particu-

-20 -10 0 10 20 ™ . .

lar shape of the extremities of the wires are negligible.

1.002 . . To study the reversal mechanisms in finite cylind@s
prismg and confront them with those derived analytically for
infinite cylinders and prolate spheroitfer zero anisotropy
Ni wires are the most appropriate systems because of their
small crystal anisotropy. We have simulated the reversal pro-
cess in Ni wires by means of micromagnetic calculations for
bars with square cross-section, with reduced widths
a/[2(A/M2)1*2 ranging between 1 and 4.5 and an aspect
ratio (length to width rati¢ of 25. The reduced dimension of
the elementary cell in the simulations ranges between 0.2
and 0.5, small enough compared t@tBe critical character-
istic length for nonuniform magnetisation is close %, in

FIG. 4. Resistivity vs field measurements at room ’[emperaturé)rder to en_;,ure N good.descrlptlon of the magnetization in
for Co (a,b) and Ni(c) wires recorded with the field applied parallel the systeni® Crystal anisotropy has been assumed to be
(I) and perpendiculafL) to the wire. Curves shown correspond to Z€r0-

35 nm(a) and 100 nm(b) Co wires, and to 100 nm Ni wire). F(_)r very thin_bars, pnly square hysteresis loops have been
obtained from simulations. Moreover, a noncoherent reversal

with that observed over the whole diameter range for arimechanism similar to buckling and starting at one end of the
array of Ni wires[Fig. 4(c)].}” Since the resistivity would wire has been found to have the smallest nucleation field and
vary with the applied field if the magnetization of each wire SO to be the most probable reversal mechanism. The values
split into domains, a constant resistivity suggests that th@f the switching field for this reversal mechanism compare
only stable magnetization configurations of each wire ardavorably with those observed for small diameter Ni wires
single domain(or, at least, that the deviations from a single [Fig. 1(a)]. Dynamical micromagnetic simulaticfishave al-
domain configuration are neg||g|b|e'['he observed small lowed to calculate the evolution with time of the magnetiza—
differences between the measured hysteresis loops andtign configuration. The transient configurations during the
square loop certainly have their origin in both a small dis-reversal process are shown in Fig&)5-5(d). The first phase
persion in wire diameter and a weak magnetostatic contribu@nd the slowest oneof the magnetization reversal process

tion appearing from the dipole-dipole interactions betweerfonsists in the nucleation of a reversed domain at one ex-
wires. tremity of the wire[Figs. 5§a) and §b)]. This first nucleation

process is accompanied by a new domain nucleation in the
neighboring region, activated by the change in stray field
produced by the first domain nucleatififig. 5(c)]. The do-

To complete our understanding of the magnetization promain nucleation “avalanche” continues until the whole
cesses in very thin wires, large scale micromagnetic calculamagnetization of the wire has been reversed. The main result
tions have been carried out for thin wire diameters. The mi-obtained from these simulations is that the nucleation pro-
cromagnetic simulation method employed here has beegess and the magnetization reversal are initiated by the
described extensively elsewhéfe. nucleation of one reversed domain at one extremity, its size

A rapid overview of previous reported theoretical resultsbeing less than three times the exchange length of the mate-
permits us to realize that there should be significant differ+ial, that is involving a volume of less than )SL?x [for Ni

1.006

Co @=100 nm

0.986
-20 0 20

H (kOe)

IV. RESULTS OF MICROMAGNETIC CALCULATIONS
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(a)

FIG. 5. Magnetization reversal in zero anisot-
ropy wires for a reduced widts=1.5. Figures
(b) (@—(d) correspond to successive images of the
magnetization of the wire in “chronological” or-
der for a reduced applied field of 0.28ucleation
field). Reversal starts with the creation of a re-
versed domain at one extremity of the wif@
followed by the nucleation of other domains
deeper inside the wirgb,c,d. Although the
whole process is triggered by a single domain
nucleation at one end, this reversal mechanism
© does not correspond to a wall displacement but to
a bucklinglike process since the walls that created
at a point in the wire do not displace. They rather

Bedtisditis-Ene{ e e e J N N2

B R S e e e 45 i cross the wire and disappear.
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12)\;:(45 nm?Z]. An exact measurement of the volume of  For Ni wires with large diameter the simulations reveal a
the initially reversed domain through the calculated value fodifferent, most probable, magnetization reversal mechanism.
the magnetisation gives a domain size of about (323nm) For this size range we can distinguish two critical fields. The
The most important result extracted from this nucleationfirst is the nucleation field(,), at which the magnetization
mechanism derives from the analysis of the stability of theof the system deviates from saturation. The second is the
initially nucleated domain. We have taken the nonequilib-switching field ), at which an irreversible magnetization
rium magnetization configuration in Fig(&), obtained for jump occurs. Dynamic simulations of the magnetization re-
an applied field equal th., and we have changed “instan- versal have shown that departure from saturation takes place
taneously” the field to a value smaller th&g but pointing  at both extremities of the wire according to the curling mode
in the same direction. After that, the simulation procedureFig. 6a)]* while far from the extremities the magnetization
was restarted and the stability of the artificially created newemains oriented along the wire axis. After curling nucle-
magnetization state was tested. In all the cases explored, vagion at both extremities, reducing the applied field results in
have found that this configuration was unstable and that tha propagation of the nucleated vortices inwards uhtil
reversal progressed until the total magnetization of the wire=hg, where the magnetization of the wire reverses com-
was reversed. So, comparing this computer “experiment” topletely according to a domain nucleation and domain-wall
thermally activated reversal, we can ensure that the nuclgropagation mechanishirig. 6(b)]. As it could be expected,
ation of a domain of size around (32 nirgt one extremity the calculated values of the switching figlcbercive field

is always accompanied by the complete reversal of the mader this size range are very close to those of the curling mode
netization of the wire. Thus, the calculated domain volumein infinite cylinders. However, it is for this size range that the
should be larger thaifor at least equal jothe activation agreement between calculated and measured values of the
volume and so it gives an upper bound for the activationcoercive field is worst. It is important to notice that it is also
volume in Ni wires. As expected, the value found is largerfor this size range that the coercive field takes on the smallest
(but of the same magnitude orgléhan the (20 nm) deter-  values. Thus, other effects not taken into account in the cal-
mined by Wernsdorfeet al}? from thermally activated mag- culations such as pinning at defects and/or interactions be-
netization reversal measurements in Ni wires. tween wires inside the membrane could become important
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FIG. 6. Nucleation and magnetization reversal mechanism & 2.35 Ni wire. In Fig.(a) is shown the magnetization configuration at
one of the extremities after nucleation. As shown first deviations from uniform magnetization take place with the creation of one magneti-
zation vortex at each extremity of the wire. Figb® shows a transient state during the magnetization reversal for an applied field equal to
the switching field. According to this figure the magnetization reversal occurs as a consequence of the nucleation of a reversed domain at one
side of the wire and the displacement of the created domain wall across the wire.

for this size range. Pinning fields or stray fields, comparablgarticular microstructure of thin Co wires gives rise to a
in value to the switching fields, could alter appreciably thechange in the crystal anisotropy and particularly to a reduc-
reversal mechanism and, consequently, the measured valtien of the effective perpendicular-to-wire anisotropy com-
of the coercive field. pared to that measured for large diameters. To see how the
In order to figure out the way the magnetization reversakeversal mechanism and consequently the magnetization
takes place in Co wires and to clarify the influence of thecurve is affected by the reduction of the perpendicular-to-
observed orientation of the hapaxis we have also under- wire anisotropy, we have first studied two magnetic configu-
taken large scale three-dimension@D) micromagnetic rations corresponding to two different values of the first-
simulations of these systems. We assume the wires to herder crystal anisotropysx 1P erg/cnt and 16 erg/cn?),
single crystal with the axis oriented perpendicularly to the close to the values obtained experimentally, and always ori-
axis of the wire. As a matter of simplicity, we have only ented along the normal to the wire. The hysteresis loops for
simulated wires with a square cross section instead of thévo simulated single-crystal Co wires 30 nm wide and with
observed circular one, since this does not significantly altek ;=5x 10 erglcn? and K,;=10° erg/cn?, respectively,
the calculated properti€§.The parameters of the simulation and calculated with an applied field along the wire axis are
are those of bulk hcp cobalt, i.e., an exchange lengghof  shown in Fig. 7. FoK;=5X 10° erg/cn? the strong crystal
70 A, and a saturation magnetizatidv {) of 1400 emu/cth  anisotropy favors the nucleation of a nonuniform magnetiza-
The reliability of these simulations is determined by the sizetion configuration at a positive field of about 2 kOe. The
of the elementary domair(ef cubic shapgin comparison to  nonuniform rotation of the magnetization in the upper branch
the characteristic sizes defining the micromagnetic problenof the hysteresis loop occurs through a bucklinglike process
i.e., domain size and domain-wall thickness. We have fixedjiving rise to the appearance of domains with alternate ori-
the width of the elementary cubic domains to 3 nm, quantityentation at remaneng¢€igs. §a)—8(c)]. The most interesting
to be compared to twice the exchange lend@# nm and to  feature is the strong influence of the extremities of the wire
domain-wall thicknesgof the order of7A/K~16 nm for  on the orientation and the size of the domains. Close to the
K,=5x1C° erg/cn?). ends, the domains tend to orient fully along the crystal an-
For cobalt wires, the strong shape anisotropy competesotropy axis. This effect and the absence of a domain wall at
with the crystalline anisotropy. What we expect from thethe extremity of the wire, gives rise to an appreciable wid-
combination of these two anisotropy contributions is a modi-ening of the domaing&he width of the domain at the extrem-
fication of the magnetization reversal mechanism and conséty is around 80 nmand to the appearance of mixed élle
quently a change in the evolution of the switching field vsBloch walls (or vortex wall$?® in between with a
size in comparison to what has been found for small crystatharacteristic size of 15 nm, measured at the center of the
anisotropy(Ni wires). As it has been discussed above, thedomain wall[Fig. 8b)]. However, at the center of the wire,
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mostly parallel to the wire axis until the reverse applied field
is increased above 1800 Oe at which an irreversible jump
takes placdthis value of the switching field is only 100 Oe
smaller than that calculated for a zero anisotropy Co Jwire
Dynamic simulations of this reversal process have shown a
reversal mode of buckling type similar to that shown in Fig.
5 for zero crystal anisotropy. A close look to the calculated
hysteresis loops shows thé) the coercive field is much
larger for K,=10° erg/cn? than for K;=5x10° erg/cr?
(approximately by a factor of 20(ii) the remanence is close

to one forK,;=10° erg/cn? while it drops rapidly when in-
creasing the anisotropy constant to reach a value of 0.65 for
K,=5x 1 erg/cn?; (i) for K;=5% 1P erg/cn? the mag-
netization tends to split into domains at low fields, while for

FIG. 7. Simulated hysteresis loops for Co wires with the field K1=10° ergicn? the magnetization lies oriented along the

parallel to the wire obtained for a fixed wire width of 30 nm and Wi.re for the V\{h0|e fie|d range. Comparing the_results ob-
two different values of the second-order anisotropy constant dained from simulations to measured hysteresis loops and
x 10° erg/cnt and 16 erg/cn?. These curves are plotted together resistivity curves for thin Co wires, it seems clear that only a

with the measured hysteresis loop for a 35 nm Co wire.

reduction of the effective perpendicular anisotropy can ex-
plain the experimental results obtained for 35 and 50 nm Co

the magnetization inside the domains tends to align nearlyires.

completely along the wire axis with only small components

The question whether this reduction of the effective per-

parallel to the anisotropy axis. In this case, the observegendicular anisotropy could be the result of a reorientation of
domains are smallefaround 30 nm including the domain the ¢ axis from perpendicular-to-wire for large Co wires to

wall) and the walls separating them are of theeNgpe[Fig.
8(c)]. For a smaller value of the crystal anisotropy

parallel-to-wire for thin Co wires has also been checked by
means of micromagnetic simulations. These simulations

=10 erg/cn?, the magnetization of the wires remains have been undertaken only for wires of small wid(3§

! AN
/
4 R
=~ e
a8 s
o i
© N

FIG. 8. (a) Equilibrium magnetization configuration at zero figlemanent magnetization configuratidor a simulated Co wire 30 nm
in diameter. The crystal anisotropy constant is hexel® erg/cn?. Figures(b) and(c) show details of the magnetization configuration at
the end and the center of the wire respectively. Gray contrast indicates @ightpgray) and a down(dark gray oriented magnetization.
Notice the difference in orientatioftontras}t and size between the domains at the end of the wire and the domains at the center. While at
the ends the magnetization tends to orient along the crystal anisotropfpexiendicular to wirgat the center the magnetization is mostly
oriented along the wire and only a small oscillatory component along the crystal anisotropy axis appears.
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magnetization and resistivity measurements it has been
proved that the magnetization reversal in Ni wires with small
diameter takes place in a single magnetization jump. A de-
tailed micromagnetic study of this system has allowed to
describe correctly the reversal mechanisms for small diam-
eter Ni wires. For this size range a good agreement has been
found between the calculated and the measured coercive
fields for an array of wires inside a polycarbonate membrane
as well as for single wire measurements on
microSQUIDS!*8For increasing Ni wire diameter, both the
calculated and the measured switching fields decrease. How-
ever, for large diameter the coercive fields measured on the
“wire ensemble” deviate both from those predicted by mi-
cromagnetic simulations and from the curling nucleation
FIG. 9. Simulated hysteresis loops for a 35 nm Co wire with afields in the infinite cylinder. One possible explanation for
first-order crystal anisotropy constan@0f erg/cnt and for dif-  this behavior is the following: Since the “intrinsic”
ferent values of the angle formed by theaxis (crystal anisotropy  switching field decreases with diameter, for large diameter it
easy axiy and the normal to the wire axis ranging between 0° andbecomes very small and comparable to the magnetostatic
60°. To facilitate the comparison with the experimental results, we(stray) field. In this case, the deviatiofmotice that this de-
plpt toggther the hysteresis loop recorded for an ensemble of CQjation is only of a few tens Oecould be due to a combined
wires with 35 nm diameter. effect of the interactions between wires in the membrane and

nm). We have assumed the value of the anisotropy constarit[]e intrinsic switching fields. An alternative explanation is to
to beK, =5x 10 erg/cn? and the angle between the anisot- onsider that the grain boundaries act as pinning centers and

ropy axis and the normal to the wire to range between 0° angive rise to small pinning fields, whose influence should be

60°. The simulated hysteresis loops obtained are shown ignly noticed for large diameters. Since single-wire measure-
Fig. 9, together with the experimental hysteresis loop for agnhents on Igrge diameter Ni wires reported by O'Barr and
nm Co wires. These results show strong differences irpo-workeré show the same disagreement between measured

switching field among the simulated hysteresis loops forsvyitchi_ng fields and analytical valges for the curling nucle-_
small angles between theaxis and the normal to the wire ation fields, the second hypothesis drawn above to explain
(0°—609. For large angles, the hysteresis loops tend vs the origin of the deviations seems to be the most acceptable
rectangular loop and the coercive fields increase to take vapne. Thus, for large diameter the magnetization reversal
ues much larger than the measured ones. For very smanould consist in a stepwise wall displacement between grain
angles(0°-209, the simulated hysteresis loops present lowerooundaries instead of the single-step wall displacement
remanent magnetization and coercivities than the measurégund by micromagnetic simulations.
ones. This permits to affirm that for small wire diameters, the In contrast, cobalt nanowires present a strong crystal an-
growth conditions favor an orientation of the hexis that ~ isotropy with an easy axis oriented nearly perpendicular to
differs from that observed for larger Co wirsMoreover, the axis of the wire, at least for large diameters. For small
since the coercive fields for the simulated hysteresis loop§iameters, Co wires behave all along the hysteresis loop like
with highest deviations of the axis are larger than the mea- @ Single domain with an easy axis along the wires. Resistivity
sured one we can conclude that, for very small Co wire di-neasurements show that magnetization reversal takes place
ameterg35 nm), a strong reorientation of the anisotropy axis @S an irreversible jump in each one of the wires indepen-
towards the wire axigat least of about 30°should take dently and micromagnetic calculations show that this process
place. takes place starting with a domain nucleation. This behavior
To date, the problem of the crystallographic orientation ofiS similar to that found for Ni wires in the whole range of
plated Co films is still controversy. Previous studies havediameters studied. Comparing the simulated hysteresis loops
shown that the orientation of the axis can be drastically with the experimental data, it seems clear that small diameter
affected by electrodeposition conditions such asgheof  CO wires present a reduction of the effective perpendicular to
the electrolyte solution and plating current denSitand ~ Wire crystal anisotropy in comparison to the bulk value.
even by electrolyte temperatuteWe may also argue for Also, according to measured coercive fields, torque experi-
non conventional growth in very confined media. At this ments, and micromagnetic simulations for Co wires with dif-
stage, it is not possible to discriminate between the numerou€rent orientations of the hop axis, a change in orientation
possible mechanisms responsible for such a reorientation e®f the ¢ axis of about 30° away from the wire normal is the

fect. We address this important point to future work. most convincing explanation for this observed reduction of
the effective perpendicular anisotropy. Finally, for large Co

wire diameters, magnetization and resistivity measurements
prove the existence of a multidomain magnetization configu-

In summary, we have studied the reversal mechanisms iration, each domain being oriented partially along the per-
cobalt and nickel nanowires. Since nickel wires present gendicular to the axis of the wire. This orientation of the
very small crystal anisotropy their study has allowed us tomagnetization results from the increasing value of the effec-
check the predictions arising from infinite cylinders. Fromtive perpendicular anisotropy with wire diameter.

M/M

V. CONCLUSIONS
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