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We report on the structural and magnetic properties of crystalline bi-phase Co nanowires,

electrodeposited into the pores of anodized alumina membranes, as a function of their length. Co

nanowires present two different coexistent crystalline structures (fcc and hcp) that can be

controlled by the time of pulsed electrodeposition. The fcc crystalline phase grows at the early

stage and is present at the bottom of all the nanowires, strongly influencing their magnetic

behavior. Both structural and magnetic characterizations indicate that the length of the fcc phase is

constant at around 260–270 nm. X-ray diffraction measurements revealed a strong preferential

orientation (texture) in the (1 0–1 0) direction for the hcp phase, which increases the nanowire

length as well as crystalline grain size, degree of orientation, and volume fraction of oriented

material. The first-order reversal curve (FORC) method was used to infer both qualitatively and

quantitatively the complex magnetization reversal of the nanowires. Under the application of a

magnetic field parallel to the wires, the magnetization reversal of each region is clearly

distinguishable; the fcc phase creates a high coercive contribution without an interaction field,

while the hcp phase presents a smaller coercivity and undergoes a strong antiparallel interaction

field from neighboring wires. VC 2011 American Institute of Physics. [doi:10.1063/1.3553865]

I. INTRODUCTION

Progress in advanced electronics, magnetic sensors, and

information storage devices relies on continued miniaturiza-

tion of their components as well as on the development of

novel materials and less-expensive alternative technologies.

In particular, magnetic nanowires represent a kind of system

where intrinsic shape together with crystalline anisotropy

can be successfully exploited in a number of applications.1–3

For example, in the case of nanowire arrays, each single-do-

main nanowire could represent one bit of information,

depending on its magnetization state,4,5 and thus these wires

have high potential for magnetic storage of information.

Alternatively, controlled propagation of domain walls in or-

dered arrays of submicrometer wires can be employed for in-

formation propagation in magnetoelectronic devices, such as

those proposed for magnetic memory technology.6,7 These

perspectives have encouraged the fabrication of ordered

magnetic nanoelement arrays displaying uniaxial magnetic

anisotropy. In this regard, a deeper understanding of the re-

versal mechanism of such nanowires represents an important

challenge for the optimization of such technologies.

An alternative approach for preparation of magnetic

nanowires based on electroplating of magnetic metals and

alloys into self-assembled pores of anodic alumina mem-

branes (AAM) is being increasingly employed.8 This method

enables the less-expensive preparation of arrays of parallel

nanowires showing a 2D-polycrystalline arrangement of hex-

agonal symmetry. The magnetic behavior of these arrays is

determined by the magnetic anisotropy of individual nano-

wires—that is, shape plus magnetocrystalline contribu-

tions—together with the magnetostatic interactions among

nanowires. In the case of Ni, Pt, and Fe nanowires with large

length-to-diameter aspect ratios the shape anisotropy typi-

cally overcomes the magnetocrystalline contribution and

determines an easy magnetization direction parallel to the

wire axes.9–12 For example, Ni nanowires present a crystal

anisotropy constant of about 103 J/m3, with an easy axis per-

pendicular to the wire axis (fcc phase), while the longitudinal

shape anisotropy constant of an individual nanowire takes a

value of pl0Ms
2¼ 7� 104 J/m3, which favors a resultant

axial easy axis.

In turn, Co presents a much stronger magnetocrystalline

anisotropy that completely modifies this picture. It is known

that Co nanowires usually crystallize in the hexagonal close

packing (hcp) phase, with the cubic (fcc) structure less com-

mon. The hexagonal symmetry axis (c) of the hcp phase, per-

pendicular to the wire axis, favors a transverse

magnetization easy axis, and its crystalline anisotropy con-

stant (�5� 105 J/m3 for bulk) nearly compensates for the

shape anisotropy (pl0Ms
2¼ 6� 105 J/m3). This energetic

balance leads, for example, to a significantly reduction of the

longitudinal remanence. Also, it is worth noting that the out-

of-equilibrium fcc phase exhibits an easy axis nearly parallela)Electronic mail: krperota@ifi.unicamp.br.
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to the wire axis.13 The structure of electrodeposited Co nano-

wires strongly depends on numerous parameters such as bath

composition, electrolyte pH, deposition current density, dep-

osition temperature, and agitation.14 The geometry (i.e., their

diameter) can also determine the crystalline structure of Co

nanowires.15 A novel method to grow fcc Co with easy axis

nearly parallel to the wire axis in out-of-equilibrium state

has been reported.16 Therefore, short and long Co nanowires

(i.e., short and long electroplating time) are expected to pres-

ent fcc and a mixture of fcc and hcp phases, respectively.

In this work, we have prepared Co nanowires by electro-

plating and filling of self-assembled 35 nm diameter nano-

pores of anodized alumina membranes with lengths on the

micrometer scale. The structure and magnetic properties

were subsequently characterized. These nanowires present a

heterogeneous crystalline structure, with a short fcc phase at

the bottom, followed by a longer hcp phase. Their total

length was chosen so that both contributions were nonnegli-

gible. The results extracted from synchrotron X-ray diffrac-

tion are complemented with those from major hysteresis

curves and first-order reversal curve (FORC) techniques.17–19

This latter method allows one to examine the magnetic prop-

erties of individual nanowires as well as the nature of the

interactions among them, making use of simple measure-

ments in a vibration sample magnetometer (VSM). All char-

acterization techniques confirmed the suspected fcc/hcp

phase structure and the FORC characterization was able to

separate the two different magnetic contributions from the

hcp and fcc phases. This kind of material could also be

applied as a new class of exchange spring system, one that

combines hard and soft magnetic properties in a unique lay-

ered system.20

II. EXPERIMENTAL DETAILS

Anodic alumina membranes, AAM, were prepared in a

two-step anodization process.10 High-purity aluminum

(Goodfellow, 99.999%) foils were degreased, cleaned, dried,

and finally electropolished. The anodization procedure was

performed using 0.3 M of oxalic acid solution as the electro-

lyte, applying a voltage of 40 V and keeping the temperature

constant at 2 �C. The first anodization time, which deter-

mines the final hexagonal order degree, was fixed at 24 h.

After anodization the porous oxide was removed using a

phosphoric acid solution. The valleys of the remaining nano-

structure pattern printed on the aluminum surface play the

role of starting nucleation points for pore growth during the

second anodization process, which lasted for 2 h, leading to

a total pore length of about 4.5 lm. The final porous alumina

presents a hexagonal array of pores with diameter of 35 nm

and an interpore distance of about 105 nm.

The growth of Co nanowires inside the pores was car-

ried out in a homemade electrochemical cell using a Watts

bath at a constant temperature of 40 �C. The pulsed electro-

deposition method consisted of a 2 ms current pulse of�30

mA followed by a 2 ms positive voltage pulse of 5 V. That

pulse sequence was repeated after 1 s of null current and

voltage. The total electrodeposition time was varied between

30 and 60 min, which resulted in nanowires with length L

ranging from 1125 to 2250 nm. Morphological studies were

first performed by high-resolution scanning electron micros-

copy (HRSEM).

Synchrotron X-ray diffraction (XRD) was used to inves-

tigate the crystallographic phase and texture of the Co nano-

wires. The experiments were performed at the Laboratorio

Nacional de Luz Sincroton (LNLS), Campinas, Brazil, with

an XRD2 beam line using reflection geometry with 1.6314 Å

radiation, below the Co absorption edge to avoid Co fluores-

cence. For each array, a conventional h–2h curve was

obtained together with rocking curves (detector angle fixed

and sample scanned) for two peaks. For all curves given

below, the 2h values were rescaled for Cu K-a radiation

(1.54056 Å). Peak width analysis was performed by fitting a

pseudo-Voigt function, and the mean crystallite sizes were

estimated by the Scherrer equation. The rocking curve data

were corrected using TexturePlus software21 to eliminate

background and absorption effects and then fitted to the

March-Dollase profile function22 to quantify the texture dis-

tributions from the rocking curves. For multiple random dis-

tributions, the single parameter cylindrical texture function

is given by (r2cos2xþ r� 1sin2x)� 3/2, where x is the angle

between the texture axis and the scattering vector, and r is

the degree of orientation of oriented material, which ranges

from 1 (randomly oriented grains) to 0 (perfectly textured

grains). Randomly oriented grains produce a constant rock-

ing curve, whereas textured grains produce a peaked curve.

Finally, the volume fraction of oriented material was

obtained by dividing the peak area by the total rocking curve

area, after subtracting the background area coming from the

random contributions.

The magnetization process was studied with VSM mag-

netometer under an applied magnetic field of 1.6� 106 A/m

maximum amplitude, both longitudinal and perpendicular to

the wire axis. The analysis of distributed magnetic parame-

ters of the hysteresis loops was performed through first-order

reversal curves (FORCs). The FORC diagrams were

obtained from a set of several minor hysteresis loops after

magnetic saturation under a large positive field. The field is

then ramped down to a given reversal field Hr. The FORC is

the measured magnetization M as the field H is increased

from Hr back to the saturation. The FORC distribution is

obtained from a mixed second derivative of the

magnetization17:

q H;Hrð Þ ¼ � 1

2

@2M H;Hrð Þ
@H@Hr

H � Hrð Þ : (1)

An extrapolated FORC diagram is the contour plot of a

FORC distribution, where the experimental curves have been

previously extrapolated in the H< Hr region in a way to

minimize discontinuities at H¼Hr. The abscissa and ordi-

nate coordinates are conveniently substituted by

½Hc ¼ ðHr � HÞ=2;Hu ¼ �ðHr þ HÞ=2�. According to the

classical Preisach model, the FORC distribution represents

the statistical distribution of square hysteresis curves

(coercivity¼Hc, bias field¼Hu) called mathematical hyster-

ons.17 However, it is also possible to apply the FORC

method to systems that do not satisfy the conditions of this
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simple model, which is the case for most magnetic systems.

The analysis of results therefore can be achieved using a

physical analysis model.19 By its nature, the FORC method

allows one to deconvolute individual from global properties,

i.e., obtain both the coercivity and the interaction field of

magnetic entities in a system. These features make it a really

advantageous characterization technique for nanowire

arrays, because of their large interaction field. It was success-

fully used to quantify the interaction field at saturation and

the individual nanowire coercivity of Ni and CoFeB nano-

wire arrays.23,24

III. RESULTS AND DISCUSSION

A. Morphological and structural characterization

Figure 1(a) shows the AAM surface where the hexago-

nal order degree and the homogeneity of the pores can be

observed. Figure 1(a) reveals the presence of uniform pores

with a diameter of 35 nm, arranged with hexagonal symme-

try and a lattice constant (or interpore distance) of about 105

nm. A partial dilution of the alumina matrix with 1 M NaOH

solution allows one to observe the high quality of the depos-

ited Ni nanowires [Fig. 1(b)].

All samples exhibit similar synchrotron X-ray diffrac-

tion curves to the one shown in Fig. 2(a) for Co nanowire

array with L¼ 1700 nm. The positions of the strongest peak

positions are consistent with an hcp lattice, which is the equi-

librium phase of bulk Co. The additional peak located

around 44.5� can be indexed either as the (0002) direction of

the hcp phase or as the (1 1 1) direction of the fcc phase. We

ascribe it to the fcc structure since previous XRD experi-

ments on Co nanowires showed that this peak does not

appear for the almost homogeneous hcp phase, while it is

clearly visible for pure fcc phase nanowires.16 Finally, the

most intense peak is assigned to the Al substrate. The peaks

are indexed according to this identification. The respective

hcp mean crystallite size d for each array was derived from

the peak widths (see Table I). From a quantitative analysis of

results we deduce that nanowires show polycrystalline struc-

ture in all arrays, and that the crystallite size increases with

nanowire length.

On the other hand, the relative peak intensity does not

agree with expected intensities for an hcp lattice. The experi-

mental intensity ratio of Co(1 0–1 0)/Co(1 0–1 1) peaks is

larger than the expected value by a factor of 10, which indi-

cates the presence of a strong preferential orientation (tex-

ture) in the Co(1 0–1 0) direction. In order to better address

this texture, rocking curves were obtained for the (10–10)

and (1 0–1 1) peaks [inset of Fig. 2(a), L¼ 1700 nm]. The

rocking curve for a statistically perfect powder (uniformly

random oriented crystallites) should be flat, since for any

position of the sample there should be the same number of

crystallites fulfilling the Bragg condition. The (1 0–1 1)

rocking curve presents only a broad peak at low angles due

to variations in the irradiated volume and absorption of the

sample. However, the curve for the (1 0–1 0) peak presents a

well-defined peak close to the specular value, confirming the

strong preferential orientation. Thus, the hexagonal unit cell

plane lies normal to the sample plane and consequently, the

c direction is perpendicular to the nanowire axes.

Figure 2(b) presents the normalized rocking curves

using the (1 0–1 0) reflection for the 1125, 1700, and 2250

nm long Co nanowire arrays. As observed, all curves exhibit

a well-defined peak with different widths, reflecting varia-

tions in the degree of orientation (r), and slightly different

positions related to the angle between the preferred orienta-

tion axis and the sample normal (x0). Moreover, the curves

tend to different constant values at higher angles which

indicates that the fraction of oriented material (f) differs for

different samples, since randomly oriented grains give rise

to a constant rocking curve. The texture quantification for

each sample was performed by fitting the rocking curve

using the March-Dollase function (Table I). The inset in

Fig. 2(b) shows the fitted curve for L¼ 1125 nm, obtained

from the rocking curve, after correction for the absorption

and irradiated volume. As observed, a fairly good fit was

obtained.

FIG. 1. HRSEM images of the sample surface top view: (a) as fabricated,

and (b) after partial dilution of the alumina matrix.

FIG. 2. (Color online) X-ray characteri-

zation of the Co nanowire arrays. (a)

Complete X-ray pattern, inset: rocking

curves for the 1 0 – 1 0 (black dots) and

1 0 – 1 1 (open dots) peaks (L¼ 1700

nm). (b) 1 0–1 0 rocking curves. Inset:

Fit with the x curve (L¼ 1125 nm).
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A quantitative analysis of the structural data of the hcp

phase shows a clear correlation between the length of the

nanowires and the volume fraction of oriented material,

degree of orientation, and crystallite size. The values for the

texture axis angle xo, all lying below 1�, confirm that the

hcp c axis is perpendicular to the nanowire axis. This corre-

lation agrees with the assumption that the Co nanowires

present a mixture of fcc and hcp phases, both found in the

XRD pattern. The fcc phase, only formed during the early

stage of electrodeposition, should present a constant length

for arrays deposited with identical parameters. Therefore, as

the nanowire length increases, the fraction of the fcc contri-

bution decreases, leading to a more oriented polycrystalline

hcp signal. The structural fcc phase length (Lfcc) was calcu-

lated from the volume fraction of oriented material, assum-

ing that only hcp and fcc phases are present (Table I). Lfcc

values are similar for all samples with different length, giv-

ing a mean value of around 260 nm, except the result

extracted from L¼ 2250 nm, which was a smaller value.

This discrepancy could arise from the accuracy of the fit of

the rocking curve when the fraction of the predominant tex-

ture is almost 100%.

B. Magnetic characterization

Figure 3 shows hysteresis loops for the studied Co nano-

wire arrays. As observed, the three arrays present an overall

longitudinal easy axis indicating that the axial anisotropy

from the nanowire shape and the fcc phase overcomes the

perpendicular anisotropy of the hcp phase. It is important to

note that for the latter, while the longitudinal direction is a

hard crystalline magnetic axis, the perpendicular one does

not represent an easy axis because of its polycrystalline

structure.

Despite the fact that major hysteresis curves reflect the

magnetic behavior of the whole nanowire array, they can be

used to extract interesting information about heterogeneous

two-phase nanowires. Neglecting the interaction field among

nanowires, the remanent magnetization of the fcc phase is

expected to remain aligned after longitudinal magnetic satu-

ration, being along an easy axis, while the hcp phase rema-

nence should be independent of the nanowire length. This

behavior can be used to evaluate the length of the fcc phase

nanowire pieces by plotting the normalized remanence as a

function of the inverse nanowire length (Fig. 4). A surface or

extremity effect will lead to a linear dependence if the thick-

ness of the fixed magnetization portion remains constant.

The remanence can be expressed as the addition of contribu-

tions from each phase as:

V
Mr

Ms
¼ Vfcc

Mr�fcc

Ms
þ Vhcp

Mr�hcp

Ms
; (2)

where Vi and Mr� i represent, respectively, the volume and

the fractional remanent magnetization of each crystalline

phase. Since the nanowire cross section is constant, taking

the remanent magnetization percentage of the fcc phase as

100% Eq. (2) be rearranged as:

Mr

Ms
¼ Lfcc

L
� 1þ Lhcp

L

Mr�hcp

Ms
: (3)

Finally, considering that L¼ Lfccþ Lhcp, Eq. (3) becomes:

Mr

Ms
¼ Lfcc

1

L
1�Mr�hcp

Ms

� �
þMr�hcp

Ms
: (4)

From the linear fit of Fig. 4, the magnetic fcc phase

length is estimated to be Lfcc¼ 273 6 7 nm, which is near

the mean value calculated from the structural characteriza-

tion. It corresponds to about 7 min of electrodeposition time,

according to previous calibrations. For the hysteresis loops

under a perpendicular applied field, no such behavior of fixed

magnetization was found.

Further magnetic characterization has been achieved

with the help of FORC technique. Its sensitivity allows for

the extraction of information on the magnetic behavior of the

two different phases: the short fcc phase on the bottom of the

nanowires and the predominant hcp phase. Figure 5 presents

typical extrapolated FORC diagrams for the Co nanowire

arrays when the external magnetic field was applied perpen-

dicular [Fig. 5(a)] and parallel [Fig. 5(b)] to the nanowire

axis. For a perpendicular applied field, only one broad

TABLE I. Total nanowire length (L), hcp mean crystallite size (d), degree

of orientation (r), volume fraction of oriented material (f), angle between the

texture axis and sample normal (x0), and fcc phase length calculated from

structural results (Lfcc), with estimated errors.

L (nm) d (nm) r f (%) x0 (degrees) Lfcc (nm)

2250 29 6 5 0.11 6 0.01 98 6 1 0.57 6 0.01 50 6 20

1700 27 6 5 0.12 6 0.02 83 6 2 0.22 6 0.01 290 6 30

1125 25 6 6 0.15 6 0.02 79 6 2 0.87 6 0.01 240 6 20

FIG. 3. (Color online) Major hysteresis

curves of the Co nanowire arrays: (a)

transverse (b) axial.
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coercivity distribution, without interaction field, can be dis-

tinguished [Fig. 5(a)], which is associated with the irreversi-

ble magnetization reversal of the polycrystalline hcp phase.

The magnetic easy axis of each grain (c direction) is ran-

domly oriented in the sample plane, thus broadening the

coercivity distribution. The magnetization reversal of the fcc

phase appears to be completely reversible along this direc-

tion, as is expected since it corresponds to a hard axis orien-

tation. For a parallel applied field the situation becomes

more complex, and two different distributions can be clearly

distinguished. The main one, elongated along the interaction

field axis Hu, reflects the irreversible switching of entities

submitted to an antiparallel mean interaction field, i.e.,

Hint¼ kM/Ms, where the interaction field coefficient k is neg-

ative. This feature is typical of nanowire arrays with an axial

easy axis, where each nanowire reverses magnetization in a

coherent way due to the dipolar interaction fields originated

by the neighboring wires.23–25 The slight counterclockwise

rotation of the distribution, with regard to the parallel Hu

axis, accounts for a coercivity distribution. The second fea-

ture, lying on the coercivity axis Hc, arises from a harder ir-

reversible magnetization reversal, which may be subjected to

a parallel interaction field. According to the fcc/hcp hetero-

geneous structure coming from the structural characteriza-

tion, the FORC features can be associated with the

magnetization reversal of the respective Co phase. The Hu

elongated distribution can be ascribed to the predominant

hcp phase. Its anisotropy is smaller compared to the fcc one,

being along the hard axis. Also, its location at the nanowire

center, in height, makes it subject to the maximum dipolar

interaction field. Therefore, the hcp phase will reverse its

magnetization first, and it is only after this that the fcc phase

can reverse, giving rise to the Hc elongated distribution. The

transition from the fcc to hcp phase is probably not sharp,

leading to a nanowire portion between the two phases that

presents a mixture of both fcc and hcp structures. This could

explain the broad coercive field distribution occurring for

both phases.

In addition, the combined quantitative analysis of the

hysteresis curves and the FORC diagrams reveals trends in

the magnetostatic properties as a function of nanowire

length. All coercivity values decrease as nanowire length

increases (Fig. 6). The FORC coercivity Hc
FORC is defined as

the position on the Hc axis of the FORC distribution maxi-

mum.24 For a perpendicular applied field, Hc
FORC reflects the

mean local coercivity of the hcp grains, while the hysteresis

coercivity Hc
Hyst represents the field at which magnetization

of the array vanishes. Therefore, the much higher values for

Hc
FORC (�1500 Oe vs �600 Oe) arise from the reversible

magnetization reversal of both the hcp grains and the fcc

phase. For a longitudinal applied field, part of the coercivity

discrepancy comes from the coercivity distribution, which

rotates the FORC distribution in the presence of an antiparal-

lel interaction field. Therefore, the exact mean hcp phase

coercivity should be taken at the lower extremity of the dis-

tribution, but its numerical spreading makes this operation

highly imprecise. The correlation of coercivity and nanowire

length agrees with the XRD structural characterization dis-

cussed in the previous section. As nanowire length increases,

hcp crystalline grain size, volume fraction, and degree of ori-

entation of the crystalline material also increase, all of which

contribute to the enhancement of the perpendicular crystal-

line magnetic anisotropy. For perfect perpendicular magnetic

anisotropy, the longitudinal magnetization curve should

present zero remanence and no hysteretic behavior. The fcc

phase average coercivity is seen in the FORC diagrams and

ranges from 4000 to 5000 Oe. It is not correlated to the total

nanowire length, as expected, because the fcc phase length is

expected to remain constant. Finally, a length-independent

FIG. 4. (Color online) Axial normalized remanence as a function of the

nanowire inverse length. The linear fit allows one to calculate the magnetic

fcc phase length.

FIG. 5. (Color online) Typical extrapolated FORC diagrams (L¼ 1700 nm):

(a) perpendicular (b) parallel.

FIG. 6. (Color online) Coercivity as a function of the Co nanowire length

obtained from both major hysteresis curves and FORC diagrams, for trans-

verse and axial applied fields.
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interaction field of around 2300 Oe was extracted from the

axial FORC diagrams.

IV. CONCLUSION

In this work, we have shown the advantages of control-

ling the fabrication of nanowires with two well-separated

coexisting crystalline phases. Also, we have developed a

characterization technique to distinguish the magnetic

behavior of each contribution. Co nanowires fabricated using

a single step electrodeposition technique presented a regular

cylindrical shape. From the magnetic point of view, charac-

teristics such as magnetic anisotropy strength and orientation

and, consequently, other magnitudes (i. e., remanence mag-

netization and coercivity) can be thus tuned according to the

fcc/hcp length ratio.

The Co nanowires consist of a primary fcc phase (Lfcc �
260–270 nm) at the nanowire bottoms, created during the first

7 mins of electrodeposition, followed by a polycrystalline hcp

phase oriented perpendicular to the nanowire axis. Moreover,

the FORC method allows one to obtain specific contributions

for the magnetization reversals from the fcc and hcp crystal-

line phases, by using simple VSM measurements. Co fcc/hcp

multilayer nanowires are thus of interest for their magnetore-

sistance properties as well as for use in more complex spin-

tronic devices such as spin torque oscillators.
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