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Polycrystalline CoxPd1�x (x¼ 1, 0.60, 0.45, 0.23, and 0.11) cylindrical nanowires (ø¼ 18–35 nm,

about 1 lm length) are produced by AC electrodeposition into hexagonally ordered alumina pores.

Single-phase nanowires of an fcc Co-Pd solid solution, with randomly oriented equiaxed grains

(7–12 nm) are obtained; in all the cases, the grain size is smaller than the wire diameter. The coer-

cive field and the reduced remanence of Co-rich nanowire arrays are hardly sensitive to tempera-

ture within the range varying from 4 K to 300 K. On the other hand, in Pd-rich nanowires both

magnitudes are smaller and they largely increase when cooling below 100 K. This behavior also

depends on the mean grain size. These facts are systematized considering two main aspects: the

non-trivial temperature and composition dependence of the crystalline anisotropy and the saturation

magnetostriction in Co-Pd alloys; and a random anisotropy effect, which defines a nucleation local-

ization length that may involve more than a single grain, and thus promotes more cooperative

nucleation modes. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921700]

I. INTRODUCTION

Magnetization reversal mechanisms in ferromagnetic

nanowires have been thoroughly investigated.1–9 Unlike iso-

lated nanowires,1 arrays exhibit non-square hysteresis loops.

This is attributed to the size/shape distribution in the sample

and to magnetic interactions among the nanowires in the

array.10–13 In fact, the hysteresis loop shape is determined by

the interplay between the effective anisotropy field of indi-

vidual nanowires, and the dipolar interaction fields of the

array as a whole. This dipolar coupling is often described in

a mean field approximation by an additional uniaxial anisot-

ropy, favoring an in-plane easy axis. For planar regular

arrays of magnetic nanowires, this dipolar demagnetizing

field becomes l0Hdip¼� P JS,10 where JS is the saturation

polarization and P, the template porosity.

For short, single crystalline wires with a quite low as-

pect ratio ar (¼L/D, with L and D the wire length and diame-

ter, respectively), two de-localized (that is, involving all the

wire volume) switching modes—coherent rotation and curl-

ing—are observed, while localized magnetization reversal

modes are predicted for long and wide nanowires.2,3 In long

cylinders with uniform structure, polarization reversal takes

place by the nucleation and propagation of a single domain

wall,1,7–9 this wall preferentially nucleating at the wire ends.

Depending on the radius and on the nanowire material, the

magnetization reversal may proceed by the nucleation/propa-

gation of either a vortex domain wall or a transverse wall,

which move at very high velocities along the entire wire.

These models, involving nucleation and the further free

expansion of a single, ideal domain wall through the wires,

may be rigorously valid for single crystalline wires, and they

may be further adapted to individual grains in cases where

the mean grain size is quite large as compared with the do-

main wall size and the wire diameter. However, in polycrys-

talline wires with a relatively small grain size, reversal is

likely to initiate at the morphological inhomogeneities.

Single-crystalline wires exhibit a weak localization of the

nucleation mode while structural inhomogeneities in poly-

crystalline nanowires tend to localize it. Grain boundaries,

fluctuations in the wire thickness, atomic defects, grain mis-

alignment, and/or geometrical features at the wire ends—see

Figures 2–5—promote a strong localization of the nucleation

mode.2,3 In addition, in wires with low saturation magnetiza-

tion and a small grain size, the competition between intera-

tomic exchange and anisotropy may also produce random-

anisotropy effects, which further reduce the coercivity.

In polycrystalline nanowires, the angular dependence of

coercivity seems to be controlled by coherent rotation or curl-

ing in a volume even smaller than the grain size dG. For exam-

ple, Wegrowe et al.14 report in Ni nanowires that the angular

dependence of the magnetoresistance may only be quantita-

tively explained by the usual anisotropic magnetoresistance

model, if the nucleation volume is assumed to be a “rugby

ball,” 50 times smaller than the whole wire, and with a nu-

cleus aspect ratio a�r � 2 . This is a very small value consider-

ing that Ni wires have ar ¼ 100. Magnetic viscosity

measurements15 lead to quite small activation volumes for

polarization reversal, indicating that thermally activated mag-

netization processes are controlled by the localized nucleation
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of an inverse domain surrounded by a wall-like spin configu-

ration. At the coercive field, at room temperature, activation

volume values of about (11.5 nm)3, (12.8 nm)3, and (18 nm)3

are reported15 for Fe (D¼ 9 nm; dG¼ 40 nm, L¼ 1 lm), Co

(D¼ 20 nm; L¼ 1 lm), and Ni (D¼ 18 nm; dG¼ 10 nm,

L¼ 1 lm) nanowires, respectively. Thus, in polycrystalline

nanowires, localized coherent rotation or localized curling

should be considered as nucleation mechanisms.

In magnetically hard polycrystalline nanowires (KC

�J2
0=l

2
0), a random anisotropy effect may appear when the

domain wall parameter in the material dw ð¼
ffiffiffiffiffiffiffiffiffiffiffiffi
A=KC

p
, with

A the exchange and KC the magnetocrystalline anisotropy

constants) is larger than the crystallite size dG in the wire.

This inter-granular interaction defines a nucleation localiza-

tion length, which may involve more than a single grain,

making the nucleation mode cooperative.2 In magnetically

semi-hard and soft polycrystalline nanowires, magnetostatic

surface charges (and local stray fields) may reduce the role

of the polycrystalline anisotropy. Thus, KC is often replaced

by an effective uniaxial anisotropy constant Keff containing

in general magnetocrystalline, shape and magneto-elastic

contributions.15,16 In the case of predominant shape anisot-

ropy, the domain wall parameter d�w scales the exchange

length Lex ð¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Al0=J2

S

q
Þ. Skomski et al.2 provide a qualita-

tive understanding of the nucleation localization phenom-

enon, ruled by the sample’s polycrystalline nature, in a

mechanism/localization map or phase diagram, involving

magnetic and structural characteristic lengths. In addition,

different regimes and nucleation modes are proposed.

In this article, the composition and temperature depend-

ence of the coercive properties of single-phase fcc CoxPd1�x

nanowire arrays, with small grain size and similar geometry

and aspect ratio, is discussed. Grain size and composition are

considered to explain the temperature dependence of the co-

ercive field and the relative remanence in Pd-rich wires

below 100 K. The observed behaviors are attributed to

changes in the effective uniaxial anisotropy along the wires,

given by the interplay between magnetostatic, magnetoelas-

tic, and magnetocrystalline energies in the array.

Shape anisotropy (growing with the saturation polariza-

tion) should not be regarded as the only responsible for the

magnetic hardening observed in CoPd nanowires at tempera-

tures below 100 K. It is also necessary to consider a transition

from a regime in which the magnetostatic energy determines

the spin configuration in the sample at 300 K, to another one,

in which this configuration becomes defined by the crystalline

anisotropy. This transition may change the nucleation local-

ization length. The increments in coercivity and remanence

values observed at low temperature in Pd-rich wires (with a

lower shape anisotropy) are, therefore, explained taking into

account that the crystalline anisotropy becomes dominant, it

determines local spin configurations and promotes different

nucleation regimes and less cooperative nucleation modes.

II. EXPERIMENTAL PROCEDURE

CoxPd1�x nanowires were prepared by electrodepositing

the metal ions within the 20–30 nm nominal diameter pores

of an anodized aluminum oxide (AAO) membrane,17 which

acted as a hard template. The template porosity P is esti-

mated as P ¼ ðp=2
ffiffiffi
3
p
Þ ðD=DintÞ2, with D as the nanowire di-

ameter, and Dint as the mean centre-to-centre inter-pore

distance in the array. The resulting values are similar in all

the samples, P ¼ ð0:1160:01Þ in good agreement with the

10%-porosity law.18

The electrodeposition of Co-Pd nanowires with different

compositions was carried out in aqueous electrolytic baths

(keeping pH¼ 5) with different proportions of CoCl2 and

PdCl2, containing variable relations of Co2þ and Pd2þ ions,

and 30 g/l of H3BO4, which were added to enhance conduc-

tivity. The electrodeposition of CoPd nanowires was per-

formed for a few minutes at 295 K, under a sinusoidal wave of

200 Hz and 25 Vrms. A two-electrode electrochemical cell was

used, where the remaining Al in the AAO template served as a

working electrode, and a graphite rod as an auxiliary one.

The morphology and microstructure of the resulting

samples were investigated by scanning electron microscopy

(SEM) in a FE-SEM Sigma Zeiss instrument, and by trans-

mission electron microscopy (TEM) in a Philips CM200UT

microscope, operating at 200 kV. X-ray diffractograms were

measured in a Philips PW 3830 X-ray diffractometer (XRD)

with Cu-Ka radiation (k¼ 1.5418 Å), in the Bragg-Brentano

configuration. For each nanowire array produced, the global

composition was first determined by energy-dispersive X-ray

spectroscopy (EDS) techniques in a JEOL JXA-8230

Electron Probe Microanalyzer and further confirmed for

each individual sample in the TEM. The values obtained

were statistically indistinguishable within 64 at. % Co.

Samples for TEM observations were prepared by dispersing

the liberated nanowires in ethanol and then, depositing a

drop of this emulsion on a holey carbon-coated copper grid.

Magnetic properties were characterized by measuring

the hysteresis loops in a MPMS (Magnetic Properties

Measurement System) Quantum Design Squid magnetome-

ter, in the temperature range between 5 K and 300 K. Loops

were measured at two different relative orientations between

the sample and the applied magnetic field: /¼ 0� (PA, with

the magnetic field parallel to the long nanowire axis) and

/¼ 90� (PE, with the magnetic field perpendicular to the

long nanowire axis). The different Co-Pd arrays were named

CoX, being X the Cobalt composition in at. %.

III. RESULTS AND DISCUSSION

A. Morphology and structure

The main characteristics of the metallic nanowires are

listed in Table I. The mean wire length was controlled by the

electrodeposition time, reaching values of L¼ (1.0 6 0.2)

lm with a mean aspect ratio ar close to 40 in all cases.

Figure 1 shows the X-ray diffraction patterns correspond-

ing to the arrays Co60 and Co11, measured after removing the

aluminum substrate. The narrow peak at 31.66� corresponds to

the polystyrene layer (JCPDS card No. 00-0130836) deposited

onto the alumina membrane to improve its mechanical resist-

ance. The lines at 40.12� and 46.66� are indexed as the (111)

and the (200) peaks of a fcc Pd (JCPDS card No. 00-046-

1043). The pattern corresponding to Co100 nanowires,

204301-2 Viqueira et al. J. Appl. Phys. 117, 204301 (2015)
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exhibiting a marked (001) hexagonal texture is also shown as

reference in Figure 1. TEM results confirm that all the wires

with intermediate Co content are single-phase, a disordered

solid solution Pd(Co) with a cubic (fcc) crystalline structure

(as observed in the X-ray diffraction diagram).

From TEM results, the structure parameters for all the

samples were determined and their values listed in Table I.

Figures 2–5 depict Co60, Co45, Co23, and Co11 nanowires,

respectively.

As mentioned before, electron diffraction patterns indi-

cate that the wires are single phase, a fcc Pd(Co) alloy, in

agreement with XRD results. The small grains are equiaxed

and randomly oriented; the addition of Pd to Co wires

reduces the grain size. However, no clear correlation could

be established between the grain size and the alloy composi-

tion nor with the nanowire diameter. Nanowires exhibit fluc-

tuations in diameter, severe irregularities at the ends and

rough surfaces, as illustrated in Figures 2–5. These features

are likely to promote localized demagnetization modes.2,3

B. Temperature dependent hysteresis properties

The temperature dependence of the hysteresis properties

and the effect of thermal activation on the coercivity mecha-

nism in the CoPd nanowire arrays were investigated. DC

magnetization versus temperature curves were measured,

following the conventional zero field cooling (ZFC) and field

cooling (FC) protocols, in the PA configuration, under an

applied field of 10 mT. These magnetization measurements

provide an estimation of the effective blocking temperature

distribution for magnetization reversal,20 related to the acti-

vation barrier distribution in the sample.

The resulting relative values (J(T)/J(300 K)) have been

plotted in Figure 6(a) for Co11, Co23, Co45, and Co60

arrays. In the ZFC-FC curve, two characteristic temperatures

are distinguished: the mean blocking temperature TB, at

which the ZFC curve exhibits a local maximum, and the irre-

versibility temperature Tirr, where the ZFC and FC curves

bifurcate.

In our systems, in which exchange, crystalline and mag-

netostatic interactions are present, the blocking temperature

TB may be regarded as the temperature below which a given

volume or magnetic grain does not reverse its magnetization

by a thermally activated nucleation mechanism, during the

time scale of the measurement. On the other hand, the irre-

versibility temperature Tirr indicates the onset of blocking of

the magnetically harder volumes in the sample. The differ-

ence between Tirr and TB provides a qualitative measure of

the blocking temperature distribution width.

The ZFC curves corresponding to the Co11 and Co23

arrays show a clear and broad maximum below room tem-

perature. This maximum can also be observed (though less

defined) in the Co45 and Co60 samples. Co11 arrays show

Tirr, below 300 K in agreement with the quite low coercivity

of these samples, whereas for the other three alloys Tirr is

above 300 K.

The derivative plots d(JZFC � JFC)/dT vs. T curves

corresponding to samples in Figure 6(a), measured in the

easy PA configuration, are displayed in Figure 6(b). The

curve corresponding to Co11 monotonically decreases, and

becomes nearly zero at 260 K (which is identified as Tirr of

this sample). This indicates that the magnetic polarization

inversion mechanism is completely activated at 300 K. The

curves corresponding to the other three samples show a well-

marked maximum. Then, they pass through a minimum, and

further on grow until the maximum temperature (300 K) is

reached, as if another maximum were present at higher tem-

perature. Measurements at temperatures above 300 K are

necessary to confirm this latter hypothesis. A quite similar

behavior is observed in both, PA and PE configurations as

illustrated in the inset of Figure 6(b). On the one hand, it is

noticed that the distribution maximum shifts to higher tem-

peratures (harder nucleation modes) when the Co content

increases. On the other hand, it decreases to lower tempera-

tures when the mean grain size diminishes, as illustrated by

TABLE I. Morphology and microstructure corresponding to the different

samples considered; mean grain size dG, and diameter D resulting from fit-

ting the respective histograms by a lognormal distribution (correlation factor

r2> 0.993) and mean wire length L, determined by TEM. The demagnetiz-

ing factor Nk parallel to the wire long axis, estimated following Ref. 19, is

also quoted.

Sample dG (nm) L (lm) Nk D (nm)

Co 42 6 8 0.8 6 0.1 0.0105 18 6 2

Co60 7.5 6 0.5 1.2 6 0.2 0.0193 28 6 5

Co45 11.5 6 0.5 1.0 6 0.2 0.0084 30 6 2

Co23 11.5 6 0.5 1.0 6 0.2 0.0085 18 6 4

Co11 8.5 6 0.5 1.0 6 0.2 0.0085 26 6 5

FIG. 1. XRD patterns corresponding to Co11, Co60, and Co100 arrays, after

removal of the Al substrate. The reflection denoted by P arises from the

polystyrene layer deposited to improve the membrane mechanical resistance.

Small Cu crystals, originated in the Al dissolution process are also detected.

204301-3 Viqueira et al. J. Appl. Phys. 117, 204301 (2015)
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the curves corresponding to the samples Co45 (dG¼ 11.5 nm)

and Co60 (dG¼ 7.5 nm) in Figure 6(b).

The temperature dependence of the coercive field l0HC

and the squareness factor S¼ JR/JS of the Co60, Co45, Co23,

and Co11 nanowire arrays are shown in Figure 7. The coer-

cive field and the relative remanence of Co and Co-rich arrays

(Co60 and Co45) remain almost temperature independent,

exhibiting only small slopes in the range of 4 K–300 K, as

expected for shape anisotropy controlled switching fields. No

transition from a shape to crystalline anisotropy controlled

coercivity was observed in these samples. The squareness of

the loop in the PA configuration slightly decreases, while it

lightly increases during cooling for the PE direction. This

indicates rather small changes in the effective anisotropy in

the parallel and the perpendicular directions during cooling.

When the Pd content increases above 55 at. %, the coer-

cive field and the squareness become more temperature sensi-

tive, as if larger magnetoelastic and/or magnetocrystalline

contributions were also present in the effective anisotropy. In

fact, the magnetocrystalline anisotropy energy KC
21 and the

saturation magnetostriction kS
22,23 of CoPd alloys depend sig-

nificantly on composition and temperature. Both constants are

negative and they go through a maximum absolute value

between 10 and 25 at.% Co, and at temperatures below 100 K.

Data for KC, kS, and JS corresponding to 4 K and 300 K, taken

from previous works of Bozorth et al.,21 Fujiwara et al.,22 and

Takahashi et al.23 are listed in Table II, together with the main

magnetic lengths at these temperatures. The Young’s modulus

E and the exchange energy constant A for each composition

are roughly estimated using the mixture rule.

FIG. 2. (a) Bright field (BF) TEM micrograph of Co60 polycrystalline nanowires, with quite a small grain size. (b) Electron diffraction pattern, (c) EDS spec-

trum, (d) diameter D, and (e) grain size dG histograms, resulting from TEM data.

204301-4 Viqueira et al. J. Appl. Phys. 117, 204301 (2015)
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It is worth noting that the mean nanowire diameters sat-

isfy D ffi Dcoh ¼ 7:3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0A=J2

S

q
with values of Dcoh between

18 nm (Co100) and 25 nm (Co11). Then, localized nucleation

at imperfections is expected to control the magnetization re-

versal process.

C. Magnetic anisotropy

The magnitude of the coercive field in these small-

grained nanowires is related to an effective magnetic anisot-

ropy resulting from magnetocrystalline, magnetoelastic, and

magnetostatic (shape) anisotropies and from the dipolar

interaction field l0Hdip. Assuming that this effective anisot-

ropy is uniaxial (parallel to the wire length), the effective an-

isotropy field becomes24

l0HA
ef f ¼ l0Hsh þ l0Hk þ l0HK: (1)

An upper bound for the shape anisotropy field is

approximately given by l0Hsh ¼ ðN? � NkÞ JS, where

ðN? � NkÞ is the difference between the demagnetizing fac-

tors of a homogeneous cylinder, corresponding to the longi-

tudinal (Nk) and transversal (N?) directions. These

anisotropy field values are listed in Table III for arrays with

different compositions at 4 K and 300 K. As mentioned

above, actual values in polycrystalline wires may be

smaller than this upper bound due to local stray fields.

Then, it may be concluded that the shape anisotropy is

dominant in Co and Co60 wires at all temperatures, but

other contributions become important in Pd-rich wires,

especially below room temperature.

FIG. 3. (a) Bright field (BF) TEM micrograph of Co45 polycrystalline nanowires. (b) Electron diffraction pattern, (c) EDS spectrum, (d) diameter D, and (e)

grain size dG histograms, resulting from TEM data.

204301-5 Viqueira et al. J. Appl. Phys. 117, 204301 (2015)
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At low temperature, a magnetoelastic anisotropy field

arising from the thermal expansion mismatch between the

aluminum substrate, the alumina template, and the metallic

nanowires, should be considered.25 Assuming that the lateral

contraction of the alumina template and the reduction of the

pore diameter are only controlled by the contraction of the

Al substrate, the alumina contraction in the direction PE is

ePE
alumina¼ðaAl�aaluminaÞDT¼�4:45�10�3 ðaAl¼23:8�10�6;

aalumina¼6�10�6:DT¼�295KÞ.
The elongation of the alumina pore then becomes

ePA
alumina ¼ ��alumina ePE

alumina ¼ 1:02 � 10�3 ð�alumina ¼ 0:23Þ.
Because of the mismatch between the Al support and the

CoPd wire, this latter undergoes an axial extension ePA
CoPd

¼ ��CoPd ePE
CoPd (�CoPd¼ 0.3), which is slightly smaller than

that of the alumina pore. Then, assuming a perfect adhesion

(keeping the wires perfectly attached to the template,

ePA
CoPd ¼ ePA

alumina ), an upper limit for the tensile stress is given

by: rPA
CoPd ¼ ECoPd ePA

CoPd ¼ 158 MPa ðCo11Þ and 195 MPa

ðCo45Þ: This stress introduces an extra axial effective field

l0HCoPd
r ð4KÞ ¼ 3l0kSrPA

CoPd=JS ffi �159 mT (Co11) and

63 mT (Co45) at 4 K, which reduces the shape anisotropy

along the nanowire axis.

Finally, the magnetocrystalline anisotropy field,

l0HK ¼ 2l0KC=JS, is also estimated as a function of the

alloy composition at the two temperatures. This field, the

corresponding magnetoelastic and magnetocrystalline anisot-

ropy fields (estimated with data from Refs. 21–23), and the

measured coercive fields are quoted in Table III.

FIG. 4. (a) Bright field (BF) TEM micrograph of Co23 nanowires. (b) Electron diffraction pattern, (c) EDS spectrum, (d) diameter D, and (e) grain size dG his-

tograms, resulting from TEM data.

204301-6 Viqueira et al. J. Appl. Phys. 117, 204301 (2015)
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In all the samples, the coercive field is notably lower

than that predicted by shape anisotropy effects, partially due

to the granular structure of the wires, their irregular surfaces,

and to the fact that the condition of a single anisotropy axis,

parallel to the wire axis, may not be fulfilled. In addition,

local conditions in the nucleation volume become relevant in

the competition between shape, inter-wire interaction, and

magnetocrystalline anisotropies.

In Co and Co-rich samples, the leading contribution to

the coercivity arises from shape anisotropy at all tempera-

tures, whereas in arrays with Pd contents above 45 at. %, the

magnetocrystalline anisotropy becomes important, specially

at low temperature. This phenomenon is likely to explain the

observed dependence of coercive field on temperature shown

in Figure 7(a). At room temperature, the gradual softening

observed as the Co content diminishes may be attributed to

lower shape anisotropy.

At small Co concentrations, the increase in coercivity at

low temperature can therefore, be explained by changes

from a soft nucleation and reversion mechanism, governed

by the competition between magnetostatic and exchange

energies, to a harder one, where the spin configurations are

determined by the competition among magnetocrystalline

and exchange energies.

Bran et al.26 report similar hardening effects in hexago-

nally ordered bcc Fe28Co67Cu5 nanowires (18–27 nm diame-

ter), connected with a partial reduction of the saturation

magnetization after annealing at 500 �C. They found that the

FIG. 5. (a) Bright field (BF) TEM micrograph of Co11 polycrystalline nanowires. (b) Electron diffraction pattern, (c) EDS spectrum, (d) diameter D, and (e)

grain size dG histograms, resulting from TEM data.

204301-7 Viqueira et al. J. Appl. Phys. 117, 204301 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.16.16.13 On: Thu, 28 May 2015 14:55:08



FIG. 6. (a) Relative polarization vs.

temperature curves measured follow-

ing the ZFC-FC protocols with an

applied field of 10 mT. All the nano-

wire arrays show a rather wide maxi-

mum below 300 K (arrows). (b)

Blocking temperature distributions

corresponding to nanowire arrays in

(a). The peak temperature increases

with the Co content and the mean grain

size, but is little sensitive to the wire

diameter. Curves in the inset corre-

spond to sample Co60 with the applied

field parallel (PA) and perpendicular

(PE) to the wire long axis.

FIG. 7. (a) Temperature dependence of

coercivity in Co60, Co45, Co23, and

Co11 nanowire arrays. PA and PE

indicate that the magnitude is meas-

ured with the magnetic field applied

parallel or perpendicular to the nano-

wire long axis. (b) Squareness vs. tem-

perature for nanowire arrays in (a).

TABLE II. Magnetic parameters and magnetic lengths corresponding to the different samples, at two temperatures: 4 K and 300 K. Magnetic lengths as the

exchange length Lex ð¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Al0=J2

S

q
¼ d�wÞ, the coherence diameter Dcoh (¼ 7:3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0A=J2

S

q
) (Ref. 3) and the domain wall parameter dw ð¼

ffiffiffiffiffiffiffiffiffiffiffiffi
A=KC

p
Þ d estimated

using the parameters’ values in the table are also included.

Sample T (K) KC 105,a(J/m3) JS
b(T) kS 10�6,a(nm) dw (nm) E (GPa) Lex (nm) Dcoh (nm)

Co100 300 �0.62 1.81 �55 15.5 209 5.6 18

4 �0.74 1.90 �40 14.2 5.2 16

Co60 300 �0.26 1.24 �10 18.6 174 7.3 20

4 �0.32 1.32 �80 16.7 6.9 19

Co45 300 �0.40 1.04 �51 12.2 161 7.8 21

4 �0.45 1.09 �94 11.5 7.2 19.5

Co23 300 �0.17 0.75 �140 14.2 141 9.3 22

4 �0.56 0.78 �169 7.8 7.1 19.4

Co11 300 �0.06 0.45 �50 16.6 131 11.7 25

4 �0.57 0.47 �125 5.4 9.4 22

aReferences 22 and 23.
bReference 21.
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observed hardening aroused from the transition from vortex

(softer) to transverse (harder) domain-wall reversal modes as

the shape anisotropy reduced.

In arrays of Co nanowires with varying length, Vivas

et al.27 reported decreasing coercivity values with the

increase in the nanowire aspect ratio, in contrast to the

behavior expected from the shape anisotropy. The measure-

ments were interpreted considering the change in the domi-

nant crystalline phase detected, from fcc cubic to hcp
hexagonal with (100) texture, in small and high aspect ratio

nanowires, respectively. The experimental evolution of the

coercivity with the nanowires length is probably due to the

variation in their crystalline structure.

Vivas et al.28 also considered arrays of Co nanopillars

with 120 nm height and variable diameter, which reported

crucial changes of hysteresis loops when the diameter was

increased (decreasing ar and so the longitudinal shape anisot-

ropy). They also showed a change in the reversal mode with

the increased diameter, from vortex propagation to curling,

when the field is applied parallel to the nanopillar axis.

When applied perpendicularly, the shift was from coherent

rotation to curling. The authors explained the transitions

based on changes of both magnetocrystalline and shape ani-

sotropies as well as on the interactions between nanopillars.

In the present case of polycrystalline fcc Co(Pd) nano-

wires, no changes in the crystalline structure with composi-

tion nor with the wire geometry were observed. However,

nucleation localization volumes and local spin configurations

within them are expected to be determined by both, the

exchange energy and the dominant term between magneto-

static and magnetocrystalline energy.

D. Localized nucleation modes

These strong temperature and composition dependences

of the magnetocrystalline energy density induce large

changes in the localization length of the nucleation modes.2,3

Figure 8 illustrates the distribution of the different arrays

investigated in a Skomski-map [Fig. 2 in Ref. 2] at 300 K

(circles) and at 4 K (triangles). In this map, the abscise values

D/dG only depend on the wire morphology¸ and they indicate

to what extent the wires are polycrystalline. In the ordinate,

the mean grain size dG in the wire is compared to the rele-

vant magnetic correlation length dw or d�w depending on

which anisotropy, either crystalline or magnetostatic, deter-

mines the local spin configuration. This magnitude indicates

whether the nucleation mode is cooperative or non-

cooperative. In Co and Co60 nanowires with d�w/dG< 1,

nucleation events involve a few or individual grains, under-

going little or non-cooperative modes (regions II and V). In

the other arrays with compositions above 55 at. % of Pd and

small grain size dw/dG> 1, the exchange interaction ensures

a cooperative behavior at room temperature (regions III and

IV).

Figure 8 also shows that Co-rich arrays practically

remain in the same nucleation localization regime (minor

displacements in the map) when temperature lowers to 4 K.

Contrarily, Pd-rich wires largely move from the cooperative

regimes at room temperature to harder non-cooperative ones

at 4 K.

These facts are also consistent with the experimental ob-

servation of increasing coercivity and relative remanence in

arrays with low Co contents, as the temperature reduces

below 100 K.

TABLE III. Upper bounds of the different contributions to the effective anisotropy field in the arrays: the magnetocrystalline l0HK anisotropy field, the shape

anisotropy field l0Hsh, the magnetoelastic anisotropy field l0Hk.The demagnetizing field, l0Hdip (¼�PJS) is estimated with a mean field approximation.10

Sample T (K) l0 Hdip(mT) l0 HK (mT) l0 Hk(mT) l0 Hsh (mT) l0 HC-PA(mT) l0 HC-PE(mT)

Co100 300 �182 85.6 �1 887 167.5 24

4 52.9 �20 926 180.5 42

Co60 300 �124 52.7 �1.1 604 132 59

4 60.9 �48 643 158 93

Co45 300 �104 33.8 �1.2 506 123 38

4 66.8 �63 531 145 90

Co23 300 �75 40.2 �4 365 95 45

4 174 �139 380 127 109

Co11 300 �45 7.8 �2.2 219 26 5

4 305 �159 229 167.5 77

FIG. 8. Nanowire arrays investigated in a Skomski-map2 at 300 K (circles)

and at 4 K (triangles). Regions correspond to nucleation modes: (I) one

dimensional, cooperative; (II) one dimensional, non-cooperative; (III) quasi-

one-dimensional, cooperative; (IV) three-dimensional, cooperative, and (V)

three-dimensional non-cooperative.
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IV. CONCLUSIONS

Co-Pd nanowires with different compositions and diam-

eters (18 nm–35 nm) have been produced by AC electrodepo-

sition into the hexagonally arranged pores of a self-

assembled alumina template. The nanowires obtained by this

AC method are nanocrystalline, with randomly oriented

equiaxed grains of mean sizes between 7 nm and 12 nm

(smaller than the wire diameter). No correlation could be

established between grain size and the alloy composition or

the wire diameter.

The nanowire arrays are ferromagnetic in the whole

temperature range (4 K–300 K). Moreover, they all exhibit

an easy magnetization axis parallel to the long wire axis (out

of the substrate plane) and a hard direction perpendicular to

the nanowire length, with no crossover in the temperature

ranges investigated.

The coercive field and the relative remanence of the

nanowire arrays increase along with the Co content in the

alloy. As Pd-rich wires have very small grains, the coercive

fields and the relative remanences (in PA and PE configura-

tions) largely increase when cooling below 100 K. These

effects arise from a strong temperature and composition

dependences of the magnetocrystalline energy density in Co-

Pd alloys near 10–20 at. % Co. Due to this drastic increase in

the magnetocrystalline anisotropy, a reduction of the local-

ization length takes place promoting harder non-cooperative

nucleation modes.
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