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The present study is focused on the investigation of the magnetic properties of hexagonally ordered iron
nanowire arrays electrodeposited into anodic alumina templates. A series of 9 arrays of nanowires with a
diameter of 52 nm, an interwire distance of 100 nm, and a length varying from 3.6 to 21.2 pm is analyzed.
Scanning electron microscopy, X-ray diffraction, SQUID magnetometry, and first-order reversal curves (FORC)
analysis are used for the characterization of the nanowire arrays. The increase in coercivity with nanowire length
is well described by a model of interacting wires, which are magnetized likely by a vortex domain wall mech-

2020 MSC:
00-01 anism. According to the width of distribution observed in the FORC diagrams, interaction fields decrease with
99-00 increasing length, which supports the proposed model.

1. Introduction

Magnetic nanowire arrays (MNA) are of great interest owing to their
possible applications and fundamental challenges [1-3]. Modern inex-
pensive synthesis techniques allow for production of high-quality
structures with well-controlled preparation parameters [4]. However,
the absence of a complete understanding of the correlation between
these parameters and the magnetic properties of the arrays requires
plenty of new studies.

The magnetic behavior of MNA is determined by the properties of an
individual wire as well as the interaction between the nanowires. The
former includes wire shape anisotropy, which depends on diameter and
length, magnetocrystalline anisotropy, specified mostly by the material
of the wire, and magnetoelastic anisotropy. Overall, magnetic properties
are the result of the interplay between all these terms. Thus, under-
standing of this interplay opens up a pathway to novel devices based on
MNA.
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Coercivity and squareness (the ratio of remanent magnetization M,
to saturation magnetization Mg) are widely used to characterize the
magnetic behavior. Since shape anisotropy and magnetostatic in-
teractions strongly depend on geometrical parameters of MNA [5], the
influence of wire diameter, length, and interwire distance on the coer-
civity and squareness has been widely addressed [6-11]. On the other
hand, the role of magnetocrystalline anisotropy is also crucial and could
drastically affect the magnetic properties [12,13]. This leads to a wide
diversity of works, devoted to the changes of coercivity upon variation
of the composition in multicomponent alloys [14-16].

Using pure Fe as a material for nanowires offers plenty of advan-
tages. It saves one from troubles during alloy deposition. Besides that, Fe
possesses a large magnetization, which is important for storage appli-
cations, and a cubic crystalline structure exhibiting relatively small
magnetocrystalline anisotropy (K; = 48kJ/m?). Thus, only shape
anisotropy and magnetostatic interactions mostly determine the mag-
netic behavior of such arrays. A strong disadvantage of Fe is its tendency
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to oxidize, which has probably made it less studied than Ni [17-21], Co
[22-24], and alloys [25-27] in recent years. At the moment, however,
synthesis techniques have already overcome this problem [28].

Here we study the dependence of the magnetic properties of Fe-based
MNA on the length of nanowires. A model of interacting long wires is
exploited to describe the coercivity behavior. Additionally, first-order
reversal curves (FORCs) analysis is used in order to scrutinize mag-
netic interactions in the MNA.

2. Experimental
2.1. Samples preparation

Arrays of Fe nanowires were obtained by templated electrodeposi-
tion into porous anodic aluminium oxide (AAO). AAO porous films were
prepared by a two-step anodization technique in 0.3 M oxalic acid at
constant voltage of 40 V and electrolyte temperature of 0 °C as described
elsewhere [29]. The thicknesses of the AAO layers formed at the first and
at the second anodization steps were 10 and 35 pm, respectively. In
order to remove the barrier oxide layer, the AAO film was etched in 3 M
H3PO4 with electrochemical detection of the moment when the pores
begin to open [30]. To achieve a pore diameter of about 50 nm, the
etching process was stopped 30 min after pore opening. Finally, 200-nm-
thick Au layer was deposited at the bottom side of the template by
magnetron sputtering. Electrodeposition of Fe was performed at room
temperature in a three-electrode cell from an electrolyte containing 0.5
M FeSO4, 0.5 M N32504, 0.4 M H3B03 and 0.006 M C6H806- APt ring
served as a counter electrode, a saturated (KCl) Ag/AgCl electrode
connected with the cell via a Luggin—Habber capillary was used as a
reference electrode. During electrodeposition, the electrolyte was
intensively agitated in order to remove hydrogen bubbles from the
external surface of AAO template. To minimize the possibility of
oxidation, a freshly prepared electrolyte was used for the fabrication of
each sample. The Fe deposition was performed in potentiostatic mode at
—1.0V. At the first stage of electrodeposition, a potential pulse of —1.2 V
was applied for 0.1 s to induce instantaneous nucleation. The length of
the nanowires was controlled coulometrically. Using this process,
nanowire arrays with lengths ranging from 4 to 21 pm were fabricated.

2.2. Samples characterization

Phase composition of Fe nanowire arrays was analysed using Rigaku
D/MAX 2500 X-ray diffractometer. The measurements were performed
in Bragg-Brentano geometry using CuK, radiation (1 = 1.5418 A) in the
26 range from 30 to 120 degrees.

Geometrical parameters of the nanowire arrays (distance between
nanowire centers Dj;, diameter D, and length L of nanowire) were
determined by scanning electron microscopy (SEM) using a Zeiss Merlin
Gemini II instrument. In order to obtain the nanowire lengths with
higher accuracy, EDX analysis was involved. Fe content maps were
recorded at the Fe K,, line by using Oxford Instruments INCA x-act de-
tector. For each sample, several images at different magnification and
for different sample areas were made. After that, all images were pro-
cessed using the ImageJ and Statistics 2D [31] software, and the final
values of Dy, Din;, and L were averaged by all images for each sample.

Remagnetization curves were measured using a Quantum Design
MPMS-5S SQUID-magnetometer in the field range H from —20 kOe to
20 kOe, applied both parallel and perpendicular to the long axis of the
nanowires. Field steps were set to 100 Oe in the range from —1 to 1 kOe,
and to 1 kOe at higher fields. All measurements were performed at 300
K.

First-order reversal curves (FORCs) were measured using LakeShore
7410 vibration magnetometer. The conventional procedure of the
measurement was exploited as follows. A sample magnetized in a
magnetic field +Hgs was placed into a certain field H,, and the magnetic
moment M depending on the current field H, was measured until +Hjs
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was reached again; then H, was reduced by AH, followed by the mea-
surement of the next FORC. This procedure continued until H, reached
—Hs. Thus, the magnetization of the sample is a function of actual
applied external field Hp, as well as of H;. Following the approach of
Mayergoyz [32], we calculated the two-dimensional FORC distribution
as follows:

0" Mrore (Hy, H,)

0H,0H, )

Prorc =

The measurements were carried out at room temperature with Hg
=11 kOe and AH, = 170 Oe only for four samples. The field was applied
parallel to the long axis of the nanowires. FORC diagrams in coordinates
HY = (H, —H,)/2 and H, = (H, +H,)/2 [33] were plotted employing the
software FORCinel [34] using a smoothing factor of 4. In order to
distinguish the coercivity obtained from SQUID experiments and FORC
measurements, the latter is denoted as HE.

3. Results and discussion

X-ray diffraction patterns of Fe-based MNA are presented in Fig. 1. In
order to minimize the intensity of reflections corresponding to Au cur-
rent collector, this layer was removed from the bottom side of the
nanocomposites by ion etching. The main diffraction peaks are attrib-
uted to Fe bcc phase. Some samples, however, demonstrate the addi-
tional peak at 20 = 38°, which can be attributed to Au particles
remained after ion etching. Although peaks for Fe and Au are located
close to each other, Figure 1b unambiguously shows that (110) and
(211) reflections are attributed exactly to iron phase. Any other iron-
containing phases were not detected (the weak peaks near 48° corre-
spond to plasticine, which was used for holding the samples during the
analysis). It is clearly seen that the intensity of the peaks expectedly
decreases with the nanowire length changing from 21.2 to 3.6 pm. The
integral intensity ratio of the (110) and (211) peaks is close to the cor-
responding ratio of bulk a-Fe (PC-PDF 2 Database Sets (1-85) (6-63))
and, thus, implies that the nanowires are polycrystalline without any
texturing. Moreover, the ratio between magnetocrystalline anisotropy of
Fe and shape anisotropy of nanowires is small even for the shortest
nanowires [35]. These facts allow one to exclude magnetocrystalline
term from the consideration.

A typical top-view SEM image of the AAO template is presented in
Fig. 2a. Although long-range order is mostly absent, locally the pores are
arranged hexagonally. Processing of the SEM image reveals a pore
diameter distribution and an interpore distance distribution shown in
Figs. 2b and 2c, respectively. The values for D, and D;, are close to the
averaged (by all images) results and equalto 51 + 4 nm and 100 + 10
nm, respectively.

The length of the wires was determined by processing of cross-
sectional SEM images of Fe/AAO nanocomposites (Fig. 3, first col-
umn) and corresponding EDX maps of Fe distribution (Fig. 3, second
column). Most of the nanowires are uniform in length. However, in three
of nine samples a bimodal length distribution was observed. In this case
the final value was calculated as weighted average, where weight was
taken as the fraction of the wires of corresponding length. Errors were
set asymmetrical (see figures below). The lengths of nanowires, calcu-
lated using Faraday’s law from the electric charge passed during Fe
electrodeposition, vary from 4 to 21 pm in the series and are in good
agreement with the SEM data.

In Fig. 3 (third column) normalized remagnetization curves obtained
by SQUID magnetometry are shown. Hysteresis loops measured with the
field applied perpendicular to the long axis of wires are almost inde-
pendent of the nanowire length and result in Hs =~ 10 kOe. On the
contrary, curves measured in the parallel field direction become more
rectangular due to increasing shape anisotropy of the nanowire.
Although for the shortest wires (L = 3.6 pm) the curves are almost
superimposed, the easy axis of magnetization is parallel to the wire axis.
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Fig. 1. X-ray diffraction patterns: full range (a), in vicinity of Fe peaks (b). Curves are shifted in vertical direction for clarity.
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Fig. 2. (a) A top-view SEM image of the AAO template, (b) pore diameter distribution and (c) interpore distance distribution.

The coercivity H, as a function of the nanowire length L for the field
applied parallel to the long axis of wires is shown in Fig. 4a. H, increases
non-linearly from 325 to 530 Oe with increasing L. From previous results
for MNA, based on Fe [36,37], Ni [38-41], Co [12,42-46], FeNi [47,48],
CoFe [49,50,48], NiCoFe [51,52] the observed trend is expected but not
predictable, since too many factors play a role in this scenario. For
instance, it is clear that the presence of Co with its magnetocrystalline
anisotropy can lead to a decrease of the coercivity upon increasing
length. However, in CoFe; nanowires a rise of H, was observed [49],
whereas in NiFe [47] and some CoFeB [38] nanowires with easy axis
parallel to the wire, a decreasing trend was revealed.

In the case of Fe-based MNA, magnetocrystalline and magnetoelastic
terms are negligible and, thus, the observed magnetic properties are the
result of a competition between shape anisotropy and magnetostatic
interactions. In order to describe the behavior of coercivity in a magnetic
field parallel to the nanowires, a model of long interacting nanowires
was applied [49,53,54]. According to this model, the macroscopic
coercivity H, can be expressed as a function of the length L as follows:

eMD, 1
4HD, L | 1

int

(2)

where Hj is the coercivity of an infinitely long isolated nanowire, Mg =
21.3 kOe is the saturation magnetization of bulk Fe, ¢ is a parameter that
depends mostly on the arrangement of the magnetic wires and takes
account of an energy barrier, which decreases due to magnetization
reversal of the wires [49], induced by interactions, D, = 52 nm and Dy
= 100 nm.

The best fit of the experimental data using Eq. (2) (solid line in
Fig. 4a) yields the following parameters: Hy = 615+ 38 Oe and ¢ =
3 + 1. Additionally, the value obtained by Qin et al. [55] for the similar

nanowire array was also plotted in Fig. 4a. Thus, the experimental data
are in good agreement with the used model.

Non-monotonic behaviour of coercivity for the short wires is most
likely connected with inhomogeneities of the wires like diameter devi-
ation, defects of the structure, and so on, which are more crucial for the
smaller length. Besides that, as it was mentioned above, there is signif-
icant length deviation for three samples (with the largest errors for the
samples with nanowires shorter than 7 pm), but only one of them
strongly deviates from the common trend, supposing weak dependence
of coercivity on the small deviation. This finding confirms the results for
Ni nanowires, where such deviation does not lead to strong longitudinal
coercivity changes for the average sample length of about 7 pm [56].

The coercivity of an isolated nanowire can be obtained by an
analytical model. The nanowire reversal mode is governed by a domain
wall, which arises in nanowire during remagnetization. The domain wall

24/ (poM3))
to nanowire diameter D, ratio, where A is the exchange stiffness con-
stant and i, is the vacuum permeability. For 50 nm diameter Fe nano-
wires, lxn/Dp =~ 15. In this case, one can apply the model of vortex
domain wall (VDW) [57,58]. The Vortex length L, is given by (we have
found that phenomenological factor 1/14 leads to better agreement
between experiment and model in Ref. [57] than the original 1/30 one):

type is in turn determined by the exchange length (lpx, =

018 D; 1

" \/E lcxch 27
)

3

1L
14

where A, = \/A/(uoMsH). The denominator of Eq. (3) is zero for a
certain field and hence the vortex length becomes infinite. This field
value is defined as nanowire coercivity. The calculated coercivity Hy =
630 Oe is close to the fitted value [29,59]. This confirms that the
remagnatization process is governed by the motion of VDW.

The results obtained for the perpendicular field-to-wire orientation
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Fig. 3. Cross-sectional SEM images (left column), EDX maps of corresponding cross-sections (central column), and magnetization reversal curves (right column) of

the Fe/AAO nanocomposites with various length of nanowires.

also demonstrate the increasing trend (Fig. 4b), although the range is
four times smaller than for the parallel case.

Correlated with coercivity, the squareness also increases with the
length when the field is applied parallel to the long axis of the nanowires
(Fig. 5a). This is in agreement with a decreasing interaction, which is in
the base of the used model.

For the perpendicular field direction the squareness changes almost
randomly (Fig. 5b), but the absolute values are so small that relative
changes can be too high. This deviation can be caused by a small
misalignment of the angle between the wires and field leading to a
significant parallel projection of the field direction.

The contribution of the shape anisotropy can easily be revealed by
integral magnetization measurements, whereas the interactions can not

be probed in the same manner. A widely used approach in order to
understand the magnetostatic interactions accurately is to determine the
first order reversal curves (FORC). Based on the Moving Preisach Model
(MPM) [60], FORC distributions obtained for nanocomposites with
nanowires of different lengths were analyzed. It is worth to note that a
FORC diagram which is measured experimentally does not unambigu-
ously correspond to the Preisach distributions of switching and inter-
action fields [61]. Nevertheless, one can use FORC to perform
qualitative analysis and analyze its dependence on the system parame-
ters (e.g. with length changing).

FORC results are shown in Fig. 6. All figures demonstrate a narrow
distribution along the HY axis and a broad one along the H, axis. Closed
contours are considered as indicators of a single-domain behaviour. This
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conclusion is supported by the fact that single-domain nanowires are
magnetized most likely by vortex propagation [62] (in agreement with
the results discussed above). Besides that, the critical single-domain
radius for Fe wires of considered aspect ratio is much larger than their
diameter [9]. However, we have to emphasize that since we did not
perform any studies of an individual nanowire, the presented pieces of
evidence of single-domain behaviour are rather indirect ones.

Fig. 7a displays the FORC distribution along Hf at H, 0. This
dependence is well fitted by a Gaussian function with a HWHM of about
200 Oe. The peak position of the distribution as function of the length is
presented in Fig. 7b. It also increases upon the length like the array
coercivity H,, indicating a growth of individual nanowire switching
field. This growth occurs abruptly demonstrating some critical length

near 10-11 pm. Generally speaking, the FORC distribution does not
coincide with the Moving Preisach Model distribution since interactions
can cause changes in switching field values [61]. Probably, the change of
the interaction mode leads to a sharp transition with length. Addition-
ally, length deviation affects the interactions and should lead to “ridge”-
like features in FORC-diagrams, which we do not observe in Fig. 6,
confirming uniform length distribution.

The distribution of H, taken as a cross-section of FORC diagram at
the corresponding peak position is shown in Fig. 7c. Some intensity
occurs between —6 and 6 kOe for all measured lengths, indicating mean-
field interactions. At the same time, local interactions manifest them-
selves by additional narrower peak near H,, = 0. This peak can arise due
to higher relative deviation of the length from the average value, which
is more significant for shorter wires [56]. For longer wires, mean field
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interactions mostly dominate. The width of the distribution is a measure
of interactions in the saturated state [63] and it decreases from about 11
kOe to 5 kOe with length agreeing with integral coercivity behavior.
Higher intensity at negative values emphasizes a demagnetizing char-
acter of the interactions usual for nanowire arrays.

4. Conclusions

Magnetic nanowire arrays made of Fe nanowires possessing constant
diameter and interwire distance, but a length varying from 3.6 to
21.2 pm were synthesized. It has been demonstrated that the length
dependence of coercivity is well described by the model of long inter-
acting nanowires, with interactions decreasing with length. An estima-
tion of the coercivity of an isolated wire has shown that the
remagnetization process occurs likely via vortex domain wall motion.
Analysis of the first order reversal curves has revealed that the wires
demonstrate single-domain behavior with narrow switching field dis-
tribution. Local interactions presented in short wires concede to mean
field interaction with increasing length. A decrease in width of the H,
distribution additionally confirms a reduction of the interactions.
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