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In this letter we present a convenient way of controlling the direction of the uniaxial
magnetocrystalline anisotropy in arrays of electrodeposited hcp Co nanowires. Combining electron
microscopy and ferromagnetic resonance measurements, it is shown that using an appropriatepH of
the electrolytic solution, the hcpc axis can be oriented parallel or perpendicular to the wires axes
simply by changing the deposition current density or deposition rate. This reorientation of thec axis
leads to a drastic change in overall magnetic anisotropy as the crystal anisotropy either competes for
perpendicular orientedc axis or adds to the shape anisotropy for parallel orientedc axis. © 2005
American Institute of Physics. fDOI: 10.1063/1.1866636g

Among the different magnetic nanowires produced until
now, cobalt has been the focus of much attention motivated
by its large crystal anisotropy when growth occurs in the hcp
structure. Indeed, numerous reports have shown that elec-
trodeposition of Co nanowires leads to a “polycrystalline”
structure in which hexagonal close packingshcpd is the usual
structure for most grains. Under usual deposition conditions,
these grains exhibit preferred orientation of the hexagonal
axis within a few degrees normal to the wire axis and are
randomly distributed.1,2 In this case, the large magnetocrys-
talline anisotropy competes directly with shape anisotropy
which tends to align the magnetization along the wire axis,
giving rise to a lowering of the effective anisotropy. Further-
more, the coexistence of varying amounts of the two hcp and
fcc cobalt phases was found by several groups.3–5 These ob-
servations constitute a major drawback in the use of Co
nanowire arrays in applications such as perpendicular record-
ing media, where an alignment of thec axis along the wire
axis is desired. This underlines the importance of controlling
the microstructure and in particular the magnetic easy axis of
the electrodeposited nanowires.

Though a thorough understanding of the mechanism par-
ticipating in the formation of Co films by electrodeposition is
still lacking, the phase selection as related to deposition con-
ditions or substrate influence has been studied in detail.6–8

From these studies, the electrolytic bath acidity, orpH, is
known to be the most important parameter in determining the
structure of electrodeposited cobalt. Other relevant param-
eters of the operative conditions in cobalt electrocrystalliza-
tion, though minor ones compared to thepH, are the current
density and temperature of deposition.9

In a previous study our group has shown the role of the
pH for the control of the orientation of the hcpc axis in
arrays of Co nanowires. In particular a reorientation of the

hcp c axis along the wires axes could be obtained forpH
above 6.0.10 In contrast to this previous study, we show here
that besides thepH, the deposition rate, or current density,
strongly affects the growth process of the cobalt nanowires.
In particular, it leads to a significant shift of the criticalpH
range where the reorientation of thec axis from a perpen-
dicular to a longitudinal direction occurs. As a consequence,
for a limited pH range s5–6d, it is possible to selectively
obtain high quality Co nanowires with either a parallel or a
perpendicular orientation of thec axis only by changing the
deposition current. This makes it possible to control in a very
simple way the overall magnetic anisotropy.

Arrays of Co nanowires are grown by electrodeposition
into the cylindrical pores of lab-made track-etched polycar-
bonate membranes using a standard three-probe technique.
The diameter of the pores is 30 nm with membrane porosity,
P, of 3.5% s53109 pores per cm2d. Prior to deposition a
Cr s20 nmd /Au s300 nmd layer is evaporated on one face of
the membrane to serve as a cathode. The electrolyte is
250 g/ l CoSO4, 7H2O and 30 g/ l H3BO3, thepH of the as-
prepared solution is 4.0 and adjusted with diluted NaOH.
Galvanostatic room temperature deposition is done with cur-
rent densities set from 5 to 50 mA/cm2, over a constant
membrane surface of 1.2 cm2. Structural characterization has
been done by transmission electron microscopysTEMd after
dissolving the polycarbonate membrane and spreading of the
wires onto a grid.

As shown in a previous report,10 the average, or domi-
nant orientation, of thec axis induces significant changes in
the total effective anisotropy of the system. Therefore, the
effects of the deposition current on the electrocrystallization
characteristics have been determined by measuring the
uniaxial crystal anisotropy fieldHU in arrays of nanowires as
a function of both the deposition current and thepH of the
electrolyte. For this purpose, ferromagnetic resonance
sFMRd measurements were carried out using a microstrip
transmission line.10
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At a given constant frequencyf, the ferromagnetic reso-
nance conditions when the magnetic field is swept parallel to
the wires are:
sid c axis and, hence, magnetocrystalline easy axis parallel to
the wire axissHU.0d:

f

g
= HR + 2pMSs1 − 3Pd + HU, s1d

sii d c axis and, hence, magnetocrystalline easy axis perpen-
dicular to the wire axissHU,0d:

S f

g
D2

= fHR + 2pMSs1 − 3Pd + HUg

3fHR + 2pMSs1 − 3Pdg. s2d

In Eqs. s1d and s2d, gsCod=3.05 GHz/kOe,HR is the reso-
nance field, 2pMS,8.8 kOe is the shape anisotropy field
fMSsCod,1370 emu/cm3g and 6pMSP is the dipolar cou-
pling field between the wiress,900 Oe for P=3.5%d.10

Therefore, FMR studies provide a direct quantification of the
anisotropy crystal field.

Measurements were performed at room temperature by
sweeping down the magnetic field applied parallel to the
wires from 10 kOe to zero, at different constant excitation
frequencies up to 50 GHz, see Ref. 10 for further details. The
crystal anisotropy field is obtained by fitting expressionss1d
ands2d once the resonance field has been determined at dif-
ferent frequencies.11

Figure 1 shows the variation of the crystal anisotropy
field as a function of thepH for samples deposited using a
high current density of 50 mA cm−2 scirclesd and a low cur-
rent density of 5 mA cm−2 ssquaresd.

For both deposition currents, the overall dependence of
the crystal anisotropy field is similar. In particular,HU is
negative at lowpH and positive at highpH, which is con-
sistent with a dominant fraction of grains havingsad the c
axis perpendicularsHU,0d and, sbd the c axis parallelsHU

.0d to the wires axes. However, the change in sign forHU

takes place around differentpH values depending on the
deposition current density. At higher deposition currents, the
crystal anisotropy fields are in the range of −4.0 to
−5.5 kOe forpH values between 4.0 and 5.5. Above thispH
value, HU rapidly increases and reaches values around
+2 to +3 kOe for apH above 6.0. For low deposition cur-
rents, the increase inHU, takes place at considerable lower
pH values, around 5.0, and the transition is also more abrupt

than at high currents. AtpH 5.2, HU reaches a maximum
value of +4.6 kOe, and then decreases slowly as thepH in-
creases until it reaches a value of 2 kOe at apH of 6.6.

As suggested by these resultssFig. 1d, the effect of the
current is to shift thepH value at which the structural and
magnetic changes take place. Specifically, the lowering of
the deposition current shifts this transition to lowerpH val-
ues.

Another remarkable and important property derived
from Fig. 1 is that, in a limitedpH range, both structural
phasessc axis parallel and perpendicular to the wiresd can be
obtained from the same electrolyte simply by changing the
deposition current. This is illustrated in Fig. 2sad which
shows the resonance spectra measured in two Co nanowire
arrays deposited from apH 5.2 electrolyte using high and
low currentssindicated in the figured. As can be observed, by
changing the current density from 50 down to 5 mA cm−2,
the resonance field can change as much as 8 kOe, which is
consistent with a dominant fraction of hcp Co grains having
their c axis perpendicularshigh currentd and parallelslow
currentd to the wires axes. Figure 2sad also shows an absorp-
tion curve measured on a sample grown at an intermediate
deposition currents30 mA cm−2d. In this case, a much
broader peak appears as a clear signature of the inhomoge-
neous crystallographic structure of the so-prepared Co
nanowires. In these same lines, and in agreement with the
results in Fig. 1, below and above apH of 5.0 and 6.0,
respectively, the orientation of thec axis is independent of
the deposition current. This is shown in Fig. 2sbd for high pH
s6.4d, and lowpH s5.0d. To be noted is that for thepH 5.0
samples, the resonance fields for the two deposition currents

FIG. 1. The value of magnetocrystalline anisotropy field as a function of the
pH for 30 nm Co nanowires electrodeposited at current densities of 5 and
50 mA/cm2.

FIG. 2. FMR spectra with a magnetic field applied parallel to the wires for
30 nm Co nanowires grownsad at pH 5.2 and current densities of 5, 30, and
50 mA/cm2 recorded at 43 GHz and,sbd at pH 5.0 and 6.4 with current
densities of 5 and 50 mA/cm2 recorded at 35 GHz.
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differ, but these values are consistent with ac axis oriented
perpendicular to the wire axis.

The dependence of the hcpc-axis orientation on the
deposition current is corroborated by TEM investigations as
shown in Figs. 3sad and 3sbd for Co wires deposited at apH
of 5.2. In the case of low current densityfFig. 3sadg, the TEM
bright field and diffraction images clearly show an orienta-
tion of thec axis oriented parallel to the wire axiss+/−5°d.
Similarly, in the case of high current densityfFig. 3sbdg, the
TEM bright field and diffraction images clearly show an ori-
entation of thec axis oriented perpendicular to the wire axis
s+/−5°d. Although only short sections are shown in the im-
ages, no grain boundaries were observed along longer sec-
tions of the ten wires that have been examined in detail.

As pointed out in previous works involving electroplated
Co films, these structural changes can be attributed to the
influence of absorbed hydrolysis products at the cathode as
well as to evolution of hydrogen, which are known to depend
on thepH and the plating current.9,12 For bulk hcp Co, the
magnetocrystalline anisotropy has an upper bound of
7.8 kOe13 sK=5.33106 erg/cm3 and HU=2K /MSd. It is
noted that for perpendicularly orientedc axis, the maximum
crystal anisotropy field found in this studys,7.8 kOed cor-

responds closely to the earlier mentioned upper bound. Such
large values are consistent with the very good structural
quality demonstrated by our TEM studies. In contrast, values
for HU are well below the maximum expected value when
the c axis is parallel to the wires. Furthermore, a gradual
decrease ofHU with increasingpH clearly appears. This be-
havior can be associated to the influence on crystalline
growth by adsorbed hydrolysis productsssuch as Co hydrox-
idesd at the cathode when thepH is sufficiently high. Another
possible reason for the reduction ofHU are stacking faults,
which might increase in number in the highpH samples.14

However, further structural characterization is required to
provide a better understanding on the relation between the
growth, crystalline structure and the value of the magneto-
crystalline anisotropy field.

In conclusion, the crucial role of the deposition current
on the preferential orientation of the hcpc axis in Co nanow-
ires with respect to the wire axis has been shown. In particu-
lar, both structural phases, hcp Co with thec axis parallel
and thec axis perpendicular to the wires, can be obtained
from a single electrolyte by changing the deposition current
in a limited pH ranges5.0–5.5d by one order of magnitude.
This reorientation of thec axis leads to changes in sign of the
crystalline anisotropy field. This allows not only to chose the
desired orientation of thec axis, but also to simply grow
wires in which both phases are alternated, providing a simple
and convenient way to control the magnetic properties of
electrodeposited cobalt nanowire arrays to a large extent.
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