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Angular-dependent magnetism in Co(001)
single-crystal nanowires: capturing the vortex
nucleation fields

A. H. Montazer,*a A. Ramazani,ab M. Almasi Kashiab and J. Zavašnikc

Experimental realization of analytically predicted behavior for nanoscale magnetic systems can pave the way

for promoting synergistic research and has significant importance for applications and thorough

understanding of nanomagnetism. Here, we report on the magnetism of a nearly ideal nanowire (NW)

system, vertically aligned hcp-Co(001) single-crystal NWs electrochemically deposited inside an aluminum

oxide template, as a function of the angle (01 r y r 901) between the magnetic field and the NW axis.

Using high resolution transmission electron microscopy, detailed structural investigations on the few

micrometers long and approximately 45 nm in diameter NWs exhibit crystalline inhomogeneities at the NW

ends, evidencing magnetic localization in the single crystalline NWs. Using a vibrating sample magnetometer

enabled us to extract different magnetic parameters, thereby evaluating angular dependence of magnetism

in NW arrays and individual NWs. While the conventional hysteresis and first-order reversal curve (FORC)

diagram methods show a monotonic decreasing and increasing behavior for coercivity as a function of y,

respectively, the average coercivity obtained from the irreversible distribution indicates a non-monotonic

behavior, involving a complex magnetization reversal triggered by the propagation of vortex domain

walls (DWs) and single vortex states for high field angles. Additionally, the hysteresis curve coercivity is

phenomenologically parameterized at each y based on the angular FORC (AFORC) measurements.

Comparing the AFORC coercivities (varying between 5 kOe at y = 01 and 9.3 kOe at y = 901) with

absolute values of the angular dependence of the vortex nucleation field confirms an almost complete

concurrence between experimental findings and analytical calculations on individual NWs. Consequently,

our results show the first analytically supported evidence on capturing the nucleation fields and the

occurrence of vortex DW propagation at each y for weakly interacting Co NW arrays with a large

magnetocrystalline anisotropy along the length.

Introduction

The efficient control of low dimensional magnetic systems,
including nanowires (NWs), has spurred research towards the
understanding and tuning of magnetization processes, thereby
realizing their future applications in patterned magnetic media,
data processing and spintronic devices.1–3 As a breakthrough in
this research area, magnetic NW arrays have been considered
for 3 dimensional racetrack memory, storing information by
utilizing domain walls (DWs) with magnetic vortices.4–6 Being
pertinent to the aforementioned applications, magnetic anisotropy

has a pivotal role in determining magnetic properties.7,8 For NWs,
magnetic anisotropy mainly originates from the contribution of
shape anisotropy (SA) and magnetocrystalline anisotropy (MCA).
The MCA in a single crystal is defined as the energy that
is required to rotate the magnetic moment from an easy to a
hard crystalline axis, arising from the interaction between the
magnetic moment of spin and the crystal lattice.9

While most of the early studies on magnetic NWs were
focused on exploratory investigations such as inducing an easy
axis by the SA, recent research subjects have shifted toward the
understanding of angular-dependent properties, involving both
SA and MCA.10–12 In most cases, however, the aforementioned
anisotropies compete with each other, making it difficult to
reveal the effective magnetic contribution.11,13,14 Ideally, SA and
MCA would be aligned along the same axis, thereby reinforcing
each other. This could be realized in large-aspect-ratio (410)
cylindrical NWs with a uniaxial MCA parallel to the long axis. In
the case of hexagonal close-packed (hcp) structures (e.g., Co),
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the easy axis can be uniaxial, giving rise to a large MCA along the
NW length. For single crystalline hcp-Co NWs, this MCA easy
axis is along the [001] direction.12 Therefore, large-aspect-ratio
hcp-Co(001) single-crystal NWs could be an ideal model system
in which to investigate the emerging angular dependence of
magnetism, providing insights into the magnetization processes
and magnetic properties. Under such conditions, the magnetic
properties would appear to be very sensitive to the angle between the
applied field and the NW axis (y), based upon the literature.12,15–17

Consequently, it is necessary to tune the angle for the subsequent
investigations. In this regard, using a solid template-based method
for the fabrication of NWs enables us to have vertically aligned
NWs by which the magnetic field angle can be precisely controlled
with respect to the NW axis. In particular, compared to the track-
etched polycarbonate templates with irregularities (e.g., crossed
nanopores), the anodic aluminum oxide templates provide arrays
of well-defined cylindrical nanopores with tunable aspect-ratios.7

Therefore, in terms of angle-dependent measurements, vertically
aligned NWs electrochemically deposited into anodic aluminum
oxide templates are much more applicable compared to randomly
dispersed NWs made of chemical solution methods,18,19 thereby
leading to reliable magnetic results.

With regard to the recent magnetic trend, the angular depen-
dence of magnetism can be experimentally obtained for NW
arrays and individual NWs based on the conventional hysteresis
curve measurements and advanced approaches including the
first-order reversal curve (FORC), magneto-optical Kerr effect
(MOKE) and magnetic force microscopy (MFM).11,15,17,20,21

The conventional approach is the magnetic response averaged
over an enormous number of NWs, resulting in a major hysteresis
curve with single coercivity and remanence ratio characterizations.
On the other hand, the MOKE and MFM measurements can
provide magnetic results on individual NWs in terms of switching
field, median coercivity and magnetization reversal mode.11,17,22

However, when it comes to angular measurements, the resolution
of both methods is limited up to certain angles (y o 701).17,20

Moreover, surface features cause variations in the MFM con-
trast and oxidation may influence the MOKE signal, requiring
further investigations.11,17 Notably, using the MOKE method on
individual pure Co and NiCo with different compositions, recent
statistical magnetometry resulted in uncertain and poor statistics
when increasing the perpendicular MCA of Co.11 In other words,
the large MCA constant of Co (KMCA = 4.5 � 106 erg cm�3)
perpendicular to the NW axis induces a large reversible switching
component, making subtle magnetic effects hard to characterize
via MOKE measurements. In turn, this creates curvilinear
hysterons instead of basic hysterons with irreversible magneti-
zation processes for the clear-cut properties of individual NWs
in device design applications.11,17,23,24 In this way, the most
promising alternative approach to overcome these hurdles is
the use of the FORC diagram method.23,25–28

Apart from the ease of fine-tuning the field angle for the
vertically aligned NW arrays, the FORC method is capable of
providing the distribution of switching fields for NWs with
different individual properties. Additionally, the FORC diagrams
of NWs manifest the irreversible switching field as a single

peak (HFORC
c ), approximating to the MOKE switching field

and/or nucleation field, particularly for weak interactions and
low MCA perpendicular to the NW axis.11 Therefore, HFORC

c may
represent the nucleation/switching field of individual NWs,
which is experimentally challenging to obtain due to the very small
magnetization of single NWs (in the order of 10�11 emu).28,29 This
can also be applicable for unraveling complicated mechanisms
when the NWs reverse their magnetization.30 However, FORC
diagrams show only irreversible switching events; in other words,
reversible magnetization cannot make any contribution to a FORC
diagram. In particular, this can be observed when changing y, since
the anisotropic magnetic system comprised of NWs is expected
to behave as an ideal Stoner–Wohlfarth hysteron, making no
hysteric event at y = 901 (i.e., a 100% reversible component).31

In this concept, FORC measurements can quantitatively deter-
mine the irreversible and reversible component fractions by
evaluating the difference between magnetization of the major
hysteresis curve and minor FORCs.32 As a result, the angular
dependence of irreversible hysteresis curves extracted from the
FORC measurements can represent the average response of
irreversible events, as discussed by Winklhofer et al.32

There is currently a great deal of FORC investigation on
different types of magnetic NWs reported in the literature,
describing their magnetic states, magnetic phases, coercivity
and magnetostatic interaction distributions and so forth.33–35

However, they have mostly focused on the parallel (y = 01) and
perpendicular (y = 901) FORC diagrams. In the case of poly-
crystalline Co NWs without a preferential MCA, the angular
FORC (AFORC) diagrams indicate complex magnetic behaviors
when 01 r y r 901.15,36 In this regard, while HFORC

c remained
almost constant as a function of y, the angular-dependent
distributions of coercivity and interactions were examined
to determine the magnetization reversal process in the poly-
crystalline Co NWs.15

In this paper, we have been able to fabricate vertically aligned
hcp-Co(001) single-crystal NWs using an electrochemical deposi-
tion technique. The resulting cylindrical NWs embedded inside
an anodic aluminum oxide template are approximately 45 nm in
diameter and a few micrometers in length. These single crystal-
line NWs with large MCA (parallel to the NW axis) and weak
interactions are considered as a nearly ideal nanoscale magnetic
system, enabling the careful study of angular dependence of
magnetism. This is experimentally realized based on conven-
tional and advanced magnetometry using major hysteresis curve
and AFORC analyses, respectively.

Experimental details

The anodic aluminum oxide template was prepared using
the well-known two-step anodization method in oxalic acid.37

In this respect, a high purity aluminum disk (99.999%) was
ultrasonically degreased in acetone and subsequently electro-
polished (at 4 1C in a mixed solution of ethanol and perchloric
acid; 4 : 1 in volume) for 3.5 min using a current density of
approximately 100 mA cm�2. At 17 1C, the first step was performed
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in 0.3 M oxalic acid for 5 h using a potential of 40 V. The
anodized layer was then etched away in a mixed solution of
phosphoric acid and chromic acid at 60 1C for 5 h. With the
same parameters as those of the first step, the second anodiza-
tion was carried out for 3 h, inducing highly ordered nanopores
with a length of approximately 30 mm, a diameter of 30 nm and
an inter-pore distance of 100 nm.38 With a pore-widening
process in 0.3 M phosphoric acid at 30 1C, the diameter of the
pores was increased to approximately 45 nm. Prior to performing
a pulsed electrochemical deposition inside the nanopores,
the anodization potential was exponentially decreased from 40
to 10 V in order to promote the thinning of the insulating barrier
layer of alumina.

Co NW arrays were electrochemically grown inside the
template using a pulsed deposition with optimized fabrication
parameters and electrolyte conditions. The fabrication para-
meters included the sine pulse-shape with reduction/oxidation
potentials of 12/10 V, a pulse time of 3.2 ms with a delay-time
of 37 ms between pulses, a cathodic current density peak of
approximately 30 mA cm�2 and a deposition charge of 3C. The
electrolyte conditions included 0.3 M CoSO4�7H2O with 0.73 M
H3BO3 and a pH of 5.20 at 30 1C under constant stirring. The
remaining aluminum of the template and a piece of graphite
served as the working and counter electrodes, respectively.
Under these conditions, 10 mm long cylindrical NW arrays with
a diameter of approximately 45 nm are synthesized, as will be
characterized later.

After performing the electrochemical process, the remaining
aluminum of the NW sample was etched in a solution of CuCl2

for a few minutes. Then, at 30 1C, the alumina barrier layer was
removed using 0.3 M phosphoric acid for 40 min, as schema-
tically illustrated elsewhere.39 Since the initial growth of the
electrodeposited NWs has been shown to follow a transition
from polycrystal to single crystal,40,41 the length of the Co NWs
was progressively reduced enough (in the order from bottom to
top) to remove the polycrystalline parts, most likely leading to a
development in the crystallinity of the remaining NWs. This
chemical etching was carried out using 0.3 M phosphoric acid
at 30 1C for approximately 120 min. At this stage, the resulting
NWs were a few micrometers in length, as will be shown later.

The morphological properties of the alumina template and
the resulting NWs were studied using a field-emission scanning
electron microscope (FE-SEM; MIRA3 TESCAN) and a 200 kV
LaB6 transmission electron microscope (TEM; JEOL JEM-2100).
The crystalline properties were studied using X-ray diffraction
(XRD, Philips X’Pert Pro; Cu Ka radiation; l = 0.154 nm) and TEM
techniques utilizing structure-dependent electron scattering:
selected area electron diffraction (SAED) and dark-field TEM
(DF-TEM) imaging.

The angular dependence of magnetism was studied using a
vibrating sample magnetometer (VSM; MDKB, Iran) at room
temperature. In this respect, the angular hysteresis curves and
AFORC diagrams of vertically aligned NWs were investigated
for 01r yr 901. At each y, the AFORC diagrams were obtained
by applying a positive magnetic field H, in order to saturate the
NW sample. Thereafter, the applied field H was reduced to a

reversal field Hr. The magnetization curve M(H,Hr) was mea-
sured, which resulted in a minor FORC when increasing H back
to the positive saturation. The FORC distribution of FORC(r)
is given by:26

r H;Hrð Þ ¼ �1
2

@2M H;Hrð Þ
@H@Hr

(1)

For each diagram, the coercive field (Hc) and interaction field
(Hu) distributions are represented as a counter plot with a color
scale from blue to red, corresponding to the minimum and
maximum FORC distributions, respectively. Furthermore, Hc

and Hu axes are defined as: Hc = (H � Hr)/2 and Hu = (H + Hr)/2.
In this way, the maximum peak position of coercivity along the
Hc axis (HFORC

c,max) was extracted from the AFORC diagrams. Moreover,
the irreversible and reversible components of magnetization
were identified from the AFORC measurements. The irreversible
change is the difference between the major hysteresis curve and
FORC magnetizations, given by eqn (2):32

dMIrrev: ¼ lim
H!Hr

MðHÞ �M H;Hrð Þ½ � (2)

The reversible change is given below:

dMRev ¼ lim
H!Hr

M H;Hrð Þ �MðHrÞ½ � (3)

In this way, in addition to calculating the magnetization
components, irreversible and reversible hysteresis curves were
reconstructed from the FORC measurements.32 The coercivity of
the irreversible hysteresis curve was then extracted, indicating
the average value of the irreversible FORC distribution along
the Hc axis (HFORC

c,avg ).

Results and discussion

As elaborated in the experimental details, the Co NWs were
initially pulse-electrodeposited inside the anodic aluminum
oxide template under optimized conditions. Using chemical
etching, the length of the NWs was then reduced (from bottom
to top) to eliminate polycrystalline parts. The morphological and
crystalline properties, and angular dependence of magnetism
were studied, as will be presented and discussed in the follow-
ing sections.

A. Morphological and crystalline properties

Fig. 1(a) shows a TEM micrograph of the anodic aluminum oxide
template with well-aligned nanopore channels and a diameter
of approximately 45 nm. The high resolution TEM (HR-TEM)
micrograph together with the corresponding experimental and
rotationally averaged SAED ring-patterns in Fig. 1(b) demon-
strates randomly oriented crystal grains from the alumina
template, with grains up to 10–20 nm in size. On the other
hand, Fig. 1(c) shows the FE-SEM image of the as-fabricated
10 mm long Co NW arrays embedded in the alumina template
with a thickness of approximately 30 mm. The inset in Fig. 1(c)
depicts the FE-SEM image of the Co NWs with reduced lengths
(a few micrometers in length) after their release from the
template. The XRD pattern of these NWs is shown in Fig. 1(d).
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This indicates the fabrication of vertically aligned hcp-Co NW
arrays with a single crystal structure oriented along the [001]
direction after further processing. Notably, using the Scherrer
equation, the crystallite size is found to be about 40 nm,
approximating to the NW diameter.

Note that the minor peaks detected at 2y E 41.61 and 47.51
can be attributed to the Co(100) and (101) planes, respectively.12

To obtain complementary information on the crystalline proper-
ties of individual NWs, the HR-TEM and DF-TEM micrographs
accompanied with the SAED patterns of single Co NWs were
obtained and the results are presented in Fig. 2. As observed in
Fig. 2(a), the corresponding SAED pattern of the Co NW shows a
high quality hcp-Co single-crystal structure so that the growth
direction is along the [001] direction. In turn, this indicates the
hcp-(001) c-axis parallel to the NW axis, leading to a large MCA
along the NW length at a diameter of about 45 nm. Note that
the blurred rings in the SAED pattern of the Co NW correspond
to the polycrystalline structure of the alumina template (the
remaining residue), as can be inferred from the SAED patterns
inserted in Fig. 1(b). The HR-TEM micrograph of the single Co
NW accompanied with the fast Fourier transform (FFT) pattern
(the top-left inset in Fig. 2(b)) exhibit parallel fringes along the
NW length with a lattice spacing of ca. 0.41 nm, corresponding to

the (002) plane of Co. On the other hand, the crystalline character-
istics of a single Co ‘‘NW end’’ are shown in Fig. 2(c and d). While
the DF-TEM micrograph obtained from the NW end (see Fig. 2(d))
demonstrates a single crystalline section with a length of 170 nm,
the corresponding SAED pattern (the inset of Fig. 2(c)) shows a
less developed hcp-crystalline structure. This is associated with
the presence of diffraction spots originating from neighboring
crystals with a deflected orientation of up to 601 along the NW
length. In this respect, the insets in Fig. 2(d) graphically depict
the crystalline phase analysis, evidencing the overlapping of
crystallographic planes with the growth direction of [001] at
the NW end. This may give rise to random MCA effects at the
NW ends, which in turn can influence the resulting
properties.42,43 Altogether, the resulting hcp-Co NWs are found
to be single crystalline with a growth direction along the [001],
indicating the c-axis parallel to the long axis of the NWs.

B. Angular dependence of magnetism

The angular-dependent magnetism of the vertically aligned
Co(001) single-crystal NWs was studied and compared based
on the different magnetometry described in the experimental
details. The results obtained are presented in Fig. 3–5. Fig. 3(a)
shows the corresponding angular major hysteresis curves

Fig. 1 (a) TEM and (b) HR-TEM micrographs of the anodic aluminum oxide template. The top-right inset in part (b) is the corresponding experimental
and rotationally averaged SAED patterns. (c) FE-SEM image of the as-fabricated Co NW arrays embedded inside the anodic aluminum oxide template.
The top-right inset in part (c) is the FE-SEM image of the Co NWs with reduced lengths after their release from the template. (d) XRD pattern of vertically
aligned Co NWs after reducing their length.
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for 01 r y r 901. This highlights the narrowing of the square
curve, followed by the continual decrease in the major hysteresis
curve coercivity (HHyst

c ) between 5 kOe and 0.65 kOe when
increasing y from 01 to 901.

On the other hand, part (b) in Fig. 3 shows the angular
irreversible hysteresis curves reconstructed from the AFORC
measurements for 01 r y r 901, featuring both the coercivity
and the reversible component (the solid and dotted arrows,
respectively). As seen, the square curve at y = 01 is almost a
perfect irreversible curve (i.e., with a reversible component of
approximately 0%) whereas at y = 901, the corresponding curve
is nearly reversible (with a component of about 98%).

In the case of the ideal hcp-Co NWs with a growth direction
of [001], the angle between the c-axis and NW axis is zero,
indicating a large MCA along the length. Therefore, from an
initial evaluation of the angular-dependent behavior of the Co
NWs, a nearly coherent rotation might be considered, particularly
at y = 901 with the reversible switching. Taking into account
the Stoner–Wohlfarth model for a perfect coherent rotation of
magnetization, the total anisotropy field (Hk) is the sum of the
MCA and SA fields. In the case of bulk Co, the MCA field is
found to be 7.6 kOe at room temperature whereas the SA field,
HSA, for a prolate ellipsoid can be obtained as follows:44

HSA = Js(Nx � Nz) (4)

where Js = 4pMs, in which Ms is the saturation magnetization,
Nx and Nz are the perpendicular and parallel demagnetizing
factors with respect to the long axis of the ellipsoid, respectively.
An infinitely long ellipsoid is the approximation to a single
component cylindrical NW with high-aspect-ratio (410), for
which the Nx and Nz are found to be 1/2 and 0, respectively.31

In this way, Hk for an individual Co NW with a uniaxial
MCA will be the sum of 7.6 kOe and 8.8 kOe (i.e., HSA with
Ms = 1400 emu cm�3) when the magnetic field is applied
parallel to the NW axis. Disregarding the magnetic interactions
and the NW diameter, this magnetic anisotropy field prediction
up to 16.4 kOe theoretically defines the upper limit of the
coercivity for Co NWs at room temperature, which has been
challenging to achieve.44,45 In other words, the experimental
coercive field values are usually much weaker than Hk due to
random anisotropy effects, giving rise to a competition between
the magnetic anisotropy and exchange energies.9,42 This may
involve localized and/or non-coherent magnetization reversal
processes as well, extending throughout the NWs.

In fact, even in single crystalline NWs, these effects are
induced by the structural and geometrical features such
as impurities, structural defects and irregular morphologies,
particularly along the length and at the NW ends,42,46 as also
evidenced in this study (see Fig. 2(c and d)). These deficiencies
may cause a small part of the NW to be magnetically softer than

Fig. 2 (a) TEM and (b) HR-TEM micrographs of a Co(001) single-crystal NW. The insets in parts (a) and (b) correspond to the SAED and FFT patterns along
the NW length, respectively. (c) TEM micrograph of single Co NWs, marking the NW end associated with the corresponding SAED pattern. (d) DF-TEM
micrograph of the single NW in part (c). The insets in part (d) graphically depict the crystalline phase analysis of a single Co NW end.
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the remaining part of the NW.42 Therefore, under these condi-
tions, the localization of magnetization could occur, followed
by a decrease in the coercivity compared to Hk. Phenomenol-
ogically, the experimental coercivity can be expressed according
to eqn (5):47

Hc ¼ a
2Ku

Ms
�NeffMs (5)

where a is a crystallite orientation – and reversal mode –
dependent parameter, Ku is the uniaxial anisotropy constant
and Neff is an effective demagnetizing factor justifying the
magnetostatic interactions. Thereby, the optimized values of
experimental coercivity for advanced magnetic systems are
obtained to be 30–40% of Hk.9

With the above considerations, the coercivity of 5 kOe at
y = 01 for the single crystalline Co NWs with the c-axis parallel to
the NW axis could be rationalized in terms of experimental
optimization, making them a nearly ideal model NW system.
This high coercivity value is further understood by comparing it
to the coercivities in this diameter range reported in the literature
(o2 kOe).47,48 It is important to emphasize that, in principle,
a uniform rotation by the coherent mode in magnetic NWs is
realized at diameters smaller than the coherent diameter
(DCoh), as given below:47

DCoh ¼ 7:31

ffiffiffiffiffiffiffiffiffiffiffiffiffi
A

4pMs
2

r
(6)

where A is the exchange stiffness constant. Taking A E 1.8 �
10�6 erg cm�1, DCoh for Co NWs is found to be about 19 nm.
As a result, the emerging reversal modes in magnetic NWs

including those triggered by DW movement should be taken
into consideration when evaluating the magnetization reversal in
the Co(001) single-crystal NWs with a diameter of 45 nm.12,13,21

In this respect, micromagnetic simulations proposed by Ivanov
et al. on single crystalline Co NWs with diameters up to 50 nm
showed that nucleation and propagation of DWs are responsible
for the magnetization reversal at y = 01.21 However, apart from the
presence of vortex states at the NW ends in the remanent state,
the reversal mode remained the same when increasing y in the
range 01o yo 901.13,21 Alternatively, at y = 901, the reversal mode
changed from vortex and/or transverse DW to a quasi-coherent
rotation mode based on the micromagnetic investigations.21

As mentioned earlier, the AFORC diagram method can be
employed to experimentally extract the magnetization reversal
process.15 Here, angular-dependent magnetism of the hcp-Co
NWs with a parallel c-axis (thus representing a nearly ideal
experimental system) was investigated using AFORC diagrams
when 01 r y r 901, as can be observed in Fig. 4(a–i). The
quantitative results of the different magnetometry as a function
of y have also been compared and summarized in Fig. 5(a and b).

Fig. 4(a) shows a nearly symmetric FORC distribution with a
sharp peak along the Hc axis (HFORC

c,max) at y = 01. This also exhibits
weakly interacting NWs as evidenced from the narrow distribu-
tions with a low FORC density along the Hu axis. At this stage,
HHyst

c , HFORC
c,max and HFORC

c,avg result in almost the same value (E5 kOe)
due to the nearly perfect irreversible magnetization component
at y = 01 (i.e., a reversibility of ca. 0%; see Fig. 3(b) and 5(b)).
Furthermore, the occurrence of the high coercivity (HHyst

c = 5 kOe
at y = 01) in the Co(001) NWs with a large MCA might be
attributed to a magnetization reversal mechanism by the nucleation

Fig. 3 (a) Angular dependence of the major hysteresis curves and (b) angular dependence of the irreversible hysteresis curves for Co(001) single-crystal
NW arrays when 01r y r 901. The top-left inset schematically illustrates the magnetic field angle y with respect to the NW axis (the easy axis). Ms in part
(a) is the saturation magnetization and Mmax in part (b) is the maximum magnetization of the major hysteresis curve. The solid arrows in parts (a) and (b)
show the coercive field position and the dotted arrows in part (b) indicate the reversible components.
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and propagation of vortex DW, as previously predicted by Vivas
et al.12 for [001]-textured Co NWs with a diameter of 50 nm and
a length of a few micrometers.

While increasing y from 01 to 451 increases the reversible
component up to 25%, there are no considerable differences in
the shape of the AFORC diagrams and/or between HFORC

c,max and
HFORC

c,avg . In fact, the irreversible events have remained almost
the same during the magnetization reversal for 01 r y r 451
due to the strong alignment of the c-axis with the NW axis.
Nevertheless, as can be seen in Fig. 5(a and b), the reversible
switching has influenced the HHyst

c and remanence ratio
(Mr/Ms), thereby decreasing them from 5 to 4.2 kOe and 0.97
to 0.73, respectively. With a similar FORC distribution shape,

increasing y up to 601 significantly increases the reversible
component to 50%, because of which HFORC

c,max and HFORC
c,avg increase

up to 5.4 kOe and 5.1 kOe, whereas HHyst
c and Mr/Ms decrease to

3.7 kOe and 0.53, respectively. As a result, the enhancement in
the reversibility efficiently contributes to the major hysteresis
curve characteristics. This follows the general experimental
behavior of the angular dependence of coercivity and remanence
in magnetic Co NWs.12,21 At y = 701, a low density positive
coercive field region (ranging between 450 and 2600 Oe) is
observed near the origin of the corresponding AFORC diagram
(see Fig. 4(e)), indicating the addition of an irreversible switching
mechanism with a small coercivity. Moreover, a negative feature
in the lower quadrant of the diagram starts to appear, arising

Fig. 4 AFORC diagrams of Co(001) single-crystal NW arrays for (a) y = 01, (b) y = 301, (c) y = 451, (d) y = 601, (e) y = 701, (f) y = 751, (g) y = 801, (h) y = 851
and (i) y = 901. Note the different magnitude of the external magnetic field H.
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from the coupling between the irreversible and reversible mag-
netization components as discussed elsewhere.49 Concomi-
tantly, however, both HFORC

c,max and HFORC
c,avg are enhanced up to

20% and 10%, respectively, compared to y = 01. As a conse-
quence, the newly emerged irreversible features have contribu-
ted to the decrease of HHyst

c (to 3 kOe) and less developing HFORC
c,avg

(as compared to HFORC
c,max) in the wake of the reversible component

of 65% (see Fig. 5(b)).
In continuance, the variation behavior of HFORC

c,max remains
similar, whereas HHyst

c significantly decreases to 1.6 kOe, followed

by a reversible component of 80% when increasing y by only
51 (y = 751). In turn, this results in a decrease in HFORC

c,avg , as can
also be evidenced from the noticeable FORC distribution of the
low coercivity region, according to Fig. 4(f). In other words,
while HFORC

c,max and HHyst
c follow their analytically predicted behavior

(based on the nucleation field of vortex DW)12 and experimentally
observed variation as a function of y,21 respectively, HFORC

c,avg can
provide better insights into the complex angular-dependent
magnetism behavior of the Co(001) single-crystal NW arrays.
Furthermore, HFORC

c,max appears to be an interesting experimental
parameter to explore the nucleation/switching field of individual
NWs for each y. This will be discussed in detail later.

Thus, for y 4 701, the decrease in HFORC
c,avg is indicative of the

increasing development in the irreversible low coercivity region
around the origin of the diagram, accompanied by an enhance-
ment in the reversibility up to 98% and a decrease in Mr/Ms to 0.07
at y = 901. For clarity, we have defined d(y) = HFORC

c,avg � HHyst
c and

d0(y) = HFORC
c,max � HFORC

c,avg for 01 r y r 901, as shown in Fig. 6(a). As
inferred, d(y) indicates the significant increase in the reversibility
(451 o y r 751) and the development of the low coercivity region
(751 o y r 901). On the other hand, d0(y) demonstrates the
perfect irreversible evolution of the magnetization reversal
induced by the propagation of the vortex DW, in particular,
for y 4 701. Now, we can also define f(y) = HHyst

c � HFORC
c,avg , in

order to examine the concept of average coercivity at each y and
see whether it is possible to find a new way of calculating the
hysteresis curve coercivity based on the AFORC measurements.
f(y) for each y is shown in Fig. 6(b), indicating a monotonic
decreasing behavior (0.29 r f(y) r 1) when 01 r y r 801.
Coincidentally, the corresponding irreversibility (i.e., 1� reversibility
fraction) is found to be between 0.98 and 0.10 for 01r yr 801,
as shown in Fig. 6(b).

As a result, f(y) and irreversibility follow each other in terms
of variation fraction (between 1 and 0), although they differ
when y 4 801. The correlation of f(y) with irreversibility leads
us to compare HHyst

c and HFORC
c,avg � Irrev., according to Fig. 7(a).

Interestingly, although the corresponding values do not coincide
with each other, the variation behavior is nearly the same.
Importantly, this phenomenologically provides the relationship

Fig. 5 The comparison between the angular-dependent magnetism
of Co(001) single-crystal NW arrays based on the major hysteresis
curve, AFORC diagram and irreversible hysteresis curve measurements:
(a) coercivity and (b) Mr/Ms and reversibility, as a function of y.

Fig. 6 (a) d(y) and d0(y); (b) f(y) and irreversibility; extracted from the angular hysteresis curves and AFORC measurements.
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between the angular dependence of coercivity (i.e., HHyst
c (y)

from the hysteresis curve method) and the angular dependence
of irreversible coercivity distribution (i.e., HFORC

c,avg from the
AFORC measurements) as expressed below:

HHyst
c (y) = b � Irrev.(y) � HFORC

c,avg (y) (7)

where b may be a magnetization reversal mode-dependent
parameter. As seen in Fig. 6(b), the behavior of f(y) and the
irreversibility is different when y 4 801. Essentially, the per-
ceptible low coercivity distributions with a FORC peak at
2.2 kOe (prominently for y4 801) may be attributed to a combined
magnetization reversal by vortex and single vortex (SV) states with
broad nucleation/annihilation fields.50,51 Therefore, in addition to
the vortex DW mode evidenced by the continual increase in HFORC

c,max

up to approximately 9.3 kOe at y = 901 (Fig. 4(i) and 5(a)), the
combined vortex states with low coercivity distributions are
efficient in decreasing HHyst

c and HFORC
c,avg to 0.65 kOe and 1.4 kOe,

respectively. The complexity of the magnetization reversal
might then be reflected in the parameter b as y increases,
thereby deflecting HHyst

c . Note that, all the switching distributions

depicted in Fig. 4(i) result from the irreversible magnetization
component by a fraction of about 0.02. Thus, there might be
switching events, which would not be necessarily detectable in
the AFORC diagrams.

Note also that, using experimental findings assisted with
analytical solutions, previous investigations on polycrystalline
Co NWs have assumed a perfect transition between vortex and
transverse DWs when increasing y (o901), evidenced by the
non-monotonic behavior of HHyst

c and/or abrupt increase in the
FORC distribution.15,52 Herein, the AFORC diagram method
assisted with the irreversible/reversible component fractions
has enabled us to reveal the subtle differences in the complex
switching behavior of the magnetization at each y for single
crystalline Co NWs.

In fact, with the c-axis parallel to the NW axis, the changes in
the reversibility as a function of y are credible in interpreting
and precisely extracting the angular dependence of magnetism.
For this reason, the irreversible switching of the vortex DW
follows its predicted behavior based on the analytical methods.
In this regard, HFORC

c,max may quantitatively provide information on
the nucleation field of the DWs, which has been an important
challenge to be obtained experimentally. As a proof of concept,
we have performed extended analytical calculations of the
angular dependence of nucleation field based on the vortex
DW mode, HV

n(y), as given below:53

HV
n(y) cos(y � g) = {Nx(L) sin2(g) + Nz(L) cos2(g)

� C � D[3 cos2(g) � 1]}Ms (8)

HV
n ðyÞ sinðy� gÞ ¼ NxðLÞ �NzðLÞ þD½ � sinð2gÞ

2

� �� �
Ms (9)

where C ¼ q2Lex
2

R2
and D ¼ KMCA

Ms
2

in which R is the NW radius;

Lex is the exchange length and g is the angle at which
the nucleation starts. In the case of a cylindrical geometry,
q2 = 1.08p.53 Therefore, to obtain HV

n(y), we simultaneously
solved eqn (8) and (9) for each applied field angle after taking
Lex = 3.8 nm and Ms = 1400 emu cm�3. The best agreement
with experimental points was obtained using KMCA E 0.2 �
106 erg cm�3. The results for the HV

n(y) were compared with the
HFORC

c,max, as presented in Fig. 7(b).

As inferred, apart from the same variation behavior, the
absolute values calculated for the nucleation field are very
similar to those of HFORC

c,max when 01 r y r 901. This indicates
a significant agreement between the FORC data and the theo-
retical prediction on the angular dependence of the nucleation
field of vortex DW in an individual Co NW and the Co(001)
single-crystal NW arrays, respectively.

Considering the previous literature reports on the compar-
ison between the analytical computations and experimental
measurements using angular dependence of coercivity,12,52,53

the almost complete concurrence between HV
n and HFORC

c,max at
each y has no precedent for Co and Co-based magnetic NW
systems (especially when y 4 601). Since the general trend of
HHyst

c in the NW arrays with aspect ratios 410 is to show a
decreasing behavior (at high field angles) due to the shape

Fig. 7 (a) The comparison between coercivities, HHyst
c and HFORC

c,avg � Irrev.;
the inset shows the HFORC

c,avg and irreversibility as a function of y. (b) The
comparison between the FORC data (HFORC

c,max) and the analytical calcula-
tions (HV

n(y)) on the angular dependence of nucleation field of vortex DW in
the Co(001) single-crystal NW arrays and a single Co NW, respectively. The
inset in part (b) is a schematic representation of the magnetization reversal
by the vortex mode, in which the arrows depict the orientation of
magnetic moments inside the single NW.
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anisotropy reduction, experimental efforts have been unable to
provide credible evidences for the occurrence of the magnetiza-
tion reversal by the propagation of vortex DW.15,52

Indeed, in 1997, Aharoni54 initially calculated the angular
dependence of the nucleation field in an ellipsoid for a mag-
netization reversal triggered by a curling rotation, which is
similar to the vortex DW mode if within a finite volume.21 In this
case, an abrupt change in the magnetization of the individual
system could take place at or near the vortex nucleation field.53

This concept was then extended to evaluate the magnetization
reversal mechanism in cylindrical NW arrays by fitting of analytical
calculations to experimental points (obtained from the angular
dependence of coercivity using major hysteresis curve measure-
ments). In other words, the angular dependence of the coercivity
(HHyst

c ) was assumed to be a close approximation to that of the
nucleation field of the vortex mode HV

c in which it constantly
increases with increasing y.12,21 Therefore, extracting HFORC

c,max

from the AFORC diagrams enables us to capture the nucleation/
switching field of individual single crystalline Co NWs with a large
MCA along the NW length, realizing clear experimental evidences
for the analytical model predictions. It should be noted that the
previous studies have ascribed the overestimations of the calcu-
lated coercivity values to the magnetostatic interactions between
the NW arrays,12,55 as was expressed in eqn (5). Here, the AFORC
distributions along the Hu axis of the highly coercive region show
the weak magnetostatic interactions involved in the magnetization
reversal process. For this reason, Neff may be ignored, thereby
realizing the nearly ideal magnetic NW system.

Summary and conclusions

Nearly ideal Co single-crystal NWs (ca. 45 nm in diameter with a
growth direction of [001]) were fabricated using electrochemical
deposition inside an aluminum oxide template, thereby provid-
ing vertically aligned arrays. This enabled us to precisely inves-
tigate the angular-dependent magnetism of Co NWs with a large
MCA along the length using major hysteresis curve, irreversible
hysteresis curve and AFORC diagram methods assisted with
analytical computations for 01 r y r 901. The TEM analysis
(including HR-TEM, SAED and DF-TEM) on individual NWs
revealed the presence of structural defects such as the over-
lapping of crystallographic planes in the single crystalline NWs,
especially at the NW ends. This may justify the overestimation
of Hk (E16.4 kOe) compared to the optimized experimental
coercivity (E5 kOe), thus inducing a localized nucleation field
and magnetization reversal by non-coherent rotation modes.
Extracting the corresponding coercivities from the aforemen-
tioned magnetometry, HHyst

c , HFORC
c,max and HFORC

c,avg provided comple-
mentary information on the magnetization reversal mechanisms
in NW arrays and individual NWs. In this way, we phenomenol-
ogically expressed the relationship (eqn (7)) by which to calculate
HHyst

c at each y, originating from the average magnetic response
of irreversible coercivity distributions.

When y o 451, the magnetometry parameters resulted
in similar values, indicating that the magnetic field angle

can be safely ignored in the resulting magnetism, followed by
the reversible magnetization component of up to 25%. For
451o yr 901, HFORC

c,avg provided better insights into the complex
angular-dependent magnetism behavior of the Co(001) single-
crystal NW arrays, comprising a combined magnetization
reversal by the propagation of vortex DWs and SV states,
prominently when y4 801. On the other hand, HFORC

c,max increased
up to 85% when increasing y between 01 and 901, realizing
experimental evidences on the vortex nucleation fields as
compared with the analytical method. The remanence ratio
followed the irreversible magnetization component as reduced
from 0.97 to 0.07 with decreasing irreversibility from approxi-
mately 0.98 to 0.02. Moreover, AFORC diagrams showed the
weak magnetostatic interactions involved in the magnetization
reversal process. These results may invigorate experimentalists to
provide ideal model magnetic NW systems in which to investigate
magnetism and find applications, while also encouraging
theorists to make vigorous predictions about the corresponding
nanoscale behavior.
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