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Abstract

Macroscopic and local magnetic anisotropy of the FeNi(P) pillars deposited using electroless plating in the pores of the
nuclear track-etched polycarbonate membrane has been studied. The alloy fills the pores and forms a nail-shaped pillar.
The macroscopic easy magnetization axis was found to be perpendicular to the membrane plane due to magnetic shape
anisotropy. The macroscopic magnetic anisotropy constant decreases with decreasing pillar diameter from 0.4 to 0.1 um
supposedly due to increase of the pillar cap contribution. Approach to magnetic saturation analysis indicates that the order in
local easy magnetization axis is localized on a nanoscale. The correlation length of the local easy axis and the local magnetic
anisotropy field in (Fejgo—xNiy)ogP> pillars of different compositions with diameter of 0.4 um are studied.
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1 Introduction

Ferromagnetic (FM) nanowires and microwires, pillars
or columns are attracting considerable interest due to
their unique and tunable magnetic properties and their
potential in a wide range of applications: spintronics [1—
3], data storage [4], magnetic-field-driven nanowire devices
[5], biomagnetism [6-8], bio-sensing [9], microrheology
[9], variety of potential medical [8, 10] and therapeutic
uses [0, 8]. The shape-induced magnetic anisotropy of
magnetic nano- and microwires creates a relatively simple
magnetization structure that is being exploited for scientific
and technological studies. The high anisotropy of the shape
leads to a high uniaxial magnetic anisotropy and associated
with it a bistability of magnetic filaments [11-14], as
well as the thermal stability of their magnetic properties
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[15-18]. Morphological defects such as surface roughness,
variable diameter, porosity and outgrowths at the ends of
filaments due to the features of the particular synthesis
technology can greatly influence the magnetic anisotropy
[7, 19, 20]. Therefore, a detailed study of the morphology
and properties of wires obtained by a particular method is
important.

Electrodeposition is the method that can overcome
the geometrical restrictions of inserting metals into very
deep canals [2, 16, 19, 21-26]. Electroless plating
is characterized by much lower deposition rates than
electrodeposition [27]. The nucleation can be achieved both
at the bottom and on the walls of the pore, thus both
the metallic tubes and the wires can be fabricated inside
the pores [28-30]. Macroscopic magnetic anisotropy is a
natural feature of template-synthesized magnetic materials
induced by the shape of the magnetic component and the
porosity [19, 22, 31-35]. It restricts the above-mentioned
applications. Another important type of anisotropy is the
so-called local magnetic anisotropy. It characterizes on-site
magnetic anisotropy in amorphous alloys and the magnetic
anisotropy of individual crystallite in polycrystalline alloys
and it is of interest in concern of tailoring improved
soft magnetic properties [35-37]. In this work, both
macroscopic and local magnetic anisotropy of the FeNi(P)
pillars in polycarbonate membrane are studied.
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Fig.1 SEM image of cross
section (a) and above view (b)
of the PCTE membrane after
electroless plating

2 Experiment

A track-etched 8-um thick polycarbonate (PCTE) mem-
brane was used as a template for electroless deposition
of the (Fejoo—xNiyx)og(P), alloy. The monodisperse pores
in PCTE membrane are perpendicular to the surface and
are distributed randomly over the surface with the mean
packing density of 4%. The membranes with different pore
diameters from 0.1 up to 0.4 um were used for electroless
deposition. To perform the metal deposition inside PCTE
channels, one side of the membrane was coated by a thin
layer of thermal-sputtered copper to create an electrochem-
ical potential. Each plating bath was comprised of a source
metal ion (FeSO4-(NHy)2S04-6H,0 and NiCly), a metal
chelator, pH stabilizer (NazC¢Hs507, CH3COONa, buffer
solution NH4Cl), and a reducing agent (NaPO,H,). The
pH of the solution during electroless plating of FeNi(P)
columns was kept at 10 and the solution temperature was
kept at 80 °C. Deposition was stopped as soon as the metal
film on the membrane surface appeared. Afterwards, that
film was mechanically removed using tape.

The phosphorus content was determined by the x-ray
fluorescence spectrometer (S4 PIONEER, Bruker). Scan-
ning electron microscope SEM-JEOL JSM-840 equipped
with energy-dispersive x-ray analysis (EDX) was used for
morphologic analysis of the fabricated deposits and exact
determination of metal content. X-band ferromagnetic res-
onance spectra at 9.2 GHz were recorded at room temper-
atures using a standard EPR spectrometer. The field and
temperature dependence of magnetization was measured by
a vibrating sample magnetometer.

3 Results and Discussion

Column-shaped metallic inclusions inside the pores aligned
perpendicularly to the polycarbonate membrane plane can
be seen in the SEM image of cross section of the PCTE
membrane with the pore diameter of 0.4 um after electroless
plating (Fig. 1a). The EDX scans that covered the pillars
and the caps make it possible to conclude that the pillars and
caps are iron-nickel alloy. Quantitatively, the composition
was determined by point EDX analysis from the central
part of the cap. The hemispheric caps of FeNi(P) columns
with diameters in the range from 0.7 to 1.5 um are revealed
at the top surface of the PCTE membrane (Fig. 1b). The
composition of pillars FeNi(P) according to EDX analysis
is (Fejpo—xNiy)og(P)2. The detailed composition of the
samples (x value) is given in Table 1.

Magnetization curves measured for different orienta-
tions (field applied parallel M!I(H) and field-applied per-
pendicular M+(H) to the PCTE membrane plane) reveal
macroscopic magnetic anisotropy of the fabricated samples
(Fig. 2). A quantitative measure of the magnetic anisotropy
energy (MAE) is the area enclosed between the M l(H) and
M=+(H) curves [17]. Magnetization curves of three elec-
troless plated PCTE membrane with the same composition
of the (FegsNijs)ogP> alloy but different PCTE membrane
pore diameters (0.1, 0.2, and 0.4 um) show different macro-
scopic magnetic anisotropy. The maximal MAE with easy
magnetization axis perpendicular to PCTE membrane is in
the sample with 0.4-pum pore diameter. The sample with 0.2-
pm pore diameter is characterized by smaller MAE value
but the same easy magnetization axis direction. Finally, the

Table 1 Local magnetic anisotropy field in the (Fejgo—,Niy)9gP2 columns with a diameter of 0.4 um

x, at% 5+1 12+2 15+2
H,, kOe 1.9 1.6 1.1
Rc, nm 6+1 61 T2

26£3 32+3 4213 54+4
1.7 1.0 1.2 1.2
8§12 82 == 72
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Fig. 2 Magnetization curves in magnetic pillars measured with field applied parallel M!I(H) (red empty squares) and with field applied

perpendicular M+ (H) (blue filled circles) to the PCTE membrane plane

sample with 0.1-um pore diameter is almost magnetically
isotropic. This difference is assumed to be due to morpho-
logical diversity of the iron-nickel deposit including a pillar
and a hemispherical cap. The pillar with high aspect ratio is
characterized by easy magnetization axis perpendicular to
PCTE membrane plane and the MAE value £}, = 7 -(MS)Z
associated with magnetic shape anisotropy. The hemispher-
ical cap is slightly flattened and should be characterized
by easy magnetization plane with certain MAE value E,.
The total MAE value associated with the magnetic shape
anisotropy would be the sum Ej, - v — E¢y-(1 —v) where
v is the volume fraction of the pillars. The value of v is
close to the unity for the sample with 0.4-um pore diam-
eter. But the total MAE value decreases with v as the
pore diameter decreases. Actually, dipol-dipol interaction
between columns would contribute to the total MAE value
as 3P -7 -(M,)? where P is the material porosity [38]. In our
samples, P is about 0.04 and contribution from magnetic
dipol-dipol interaction would be about 0.12-7 - (M. S)z, ie. it
can be considered negligible in comparison with magnetic
shape anisotropy 7 - (M;)?. Indeed, the magnetic anisotropy
field for the sample with 0.4-um pore diameter is close to
magnetic shape anisotropy of elongated column 27 - M;.

FMR signal (arb.units )

Fig. 3 FMR signal in the pillars with applied field transverse to the
PCTE membrane

This explanation is confirmed by FMR data (Fig. 3).
Resonance field with the applied field perpendicular to the
PCTE membrane plane or along column axis is minimal
in the sample with 0.4-um pore diameter and increases
with decreasing pore diameter. This behavior is also due to
different shapes of magnetic deposits discussed above [39,
40]. Indeed according to Kittel equation resonance field H,
is [41]:

0= y-y[Hr + (Ne = N2) - M) [H, + (Ny = N2) - Mc]
(1)

where y = 1.7 - 107 Hz/Oe, f = 9.2 GHz, (0 =
2.7 - f), M; is effective magnetization, and N,, Ny and
N, are components of demagnetizing factor that directly
corresponds to the shape of the ferromagnetic sample (z
is along the pillar axis). Since the membrane filled with
magnetic pillars is isotropic in the plane, we have Ny =
Ny # N;. Defining the parameter AN = Ny — N; =
Ny — N, we obtain an equation for the resonance field of
a sample in applied field transverse to the membrane and
parallel to the pillars:

H, = Cf—AN-MZ )
We apply (2) only for qualitative consideration since it
implies shape of effective ellipsoid instead of the real
sample shape. Taking into account that Nx+Ny+N,= 4.7,
for a uniform ferromagnetic cylinder elongated along the
z-axis (N,= 0), we have AN= 2-w. Assuming M, of the
measured samples (FegsNij5)9gP> to be of about 1500 G
[42-44], for a ferromagnetic cylinder, we get a physically
meaningless value H,<(0. On the other hand, the shape of
pillar’s cap is close to the oblate ellipsoid. Thus, for the
cap AN < 0, i.e. according to (2), H, > % ~ 2.9 kOe.
We observe a single resonance peak in fields of definitely
below 2.9 kOe (Fig. 3). This allows us to conclude that
the effective value of AN > 0. Assuming that elongated
cylinder contributes to AN as 2 - = and the contribution of
the cap AN < 0, we could expect that the effective value
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(according to the experiment AN > (), will decrease with
increasing the volume fraction of the cap. Assuming that
elongated cylinder contributes to AN as 2.7 and the cap
contributes as AN < 0, we could expect that the effective
value (let us mention that according to the experiment
AN > 0), will decrease with increase of the volume
fraction of the cap. According to (2), this would result to
an increase in the resonance field. In view of the above
discussion of the effect of the pillar’s morphology on the
magnetization curves (Fig. 2), this behavior is observed in
Fig. 3.

Information on local magnetic anisotropy field one can
extract investigating approach magnetization to saturation
[37, 45-47]. Next, we discuss approach magnetization to
saturation in a series of samples with the same pore diameter
(0.4 pm) but different compositions of the FeNi(P) alloy.
Such a choice is related to the shape anisotropy of magnetic
deposits with the pore diameter 0.4 pum close to elongated
cylinder with high aspect ratio. This means that for the
M (H) curves measured along pillar axis, the demagnetizing
field is negligible and, hence, one can interpret M (H) in
terms of internal structure heterogeneity, such as randomly
oriented easy magnetization axis of crystallites.

Approach to magnetic saturation plotted in the log-log
scale (Fig. 4) according to analyses developed in [32].
Figure 4 reveals 1 — M(H)/M; o H~? dependence for
H from 6 to 10 kOe and in the field range from 0.5 to
4 kOe, the magnetization approaches saturation as 1 —
M(H)/Mg; < H™® with a = 0.65 £ 0.15. The crossover
in power behavior is observed in the vicinity of the field
Hr = (5.0 £ 0.1) kOe. This is how magnetization is
expected to approach saturation in the exchange-coupled
system of randomly oriented crystallites [37, 45, 48,
49]. According to theory, the Hg is the exchange field
Hr = 2A/M, - R?, where A is the exchange stiffness

c?

1000 10000
H (Oe)

Fig. 4 Approach magnetization to saturation in the pillars with a
pore diameter of 0.4 um (double logarithmic scale). Red triangles
correspond to (FeggNij2)ogP> pillars, blue circles correspond to
(Fe74Niae)9gP7 pillars. Solid lines visualize power dependences below
and above Hp
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constant, R, is the structural correlation length or the
average crystallite size D = R, and M is saturation
magnetization [45, 50-52]. We fit the piece of M (H) curve
where 1 — M(H)/M; «x H™2 by expression M (H) =
M; (1 — % (Ha/H)2> according to the theory of AMS

law, where H, is the local magnetic anisotropy field or
magnetic anisotropy field of one individual crystallite.
Obtained values of H, are listed in the Table 1. Using
Hp value (Hg = 5.0 kOe), value of exchange stiffness
and magnetization value for the Fe-Ni alloys [53], we

2A
M-Hg*

the R, in different samples are in the range from 6 to
8 nm that implies the order in local easy magnetization
axis is localized on a nanoscale and therefore the pillars are
nanocrystalline [37].

The values of grain size only slightly vary with
alloy composition but crystallite anisotropy is very sen-
sitive to alloy composition. The effective constant of
local magnetic anisotropy of iron-nickel alloys includes
magneto-crystalline anisotropy, anisotropy induced by
internal stresses in crystallite, shape anisotropy and surface
anisotropy. In nanocrystalline alloys, these contributions can
turn out to be comparable to each other [54]. Here, we can-
not separate these contributions but still give a qualitative
discussion of the data within at least one of the contri-
butions. The H, is minimal at two concentrations 15 and
32 at.% Ni (Table 1). The concentration of 32 at.% Ni is
associated with the formation of Invar alloy, the magnetiza-
tion in which is sharply reduced, which in turn leads to a
decrease in the magnetic anisotropy constant. This feature
is observed experimentally [55]. In the bcc Fe-Ni alloys
with the Ni content up to 18 at.% the anisotropy constant
decreases with increasing nickel concentration [56]. The
increased H, at x = 26% may be due to the growth of inter-
nal stresses near the invar composition, due to the formation
of a two-phase structure of bce + fcc.

estimate R, as R, =

According to Table 1,

4 Conclusions

The macroscopic and local magnetic anisotropy of the
FeNi(P) pillars electroless deposited in the pores of the
nuclear track etched polycarbonate membrane has been
studied. The morphological diversity of iron-nickel deposit
includes pillars and hemispherical caps. The macroscopic
magnetic anisotropy is maximal for the pillars with a diam-
eter of 0.4 um and its easy magnetization axis is along the
pillar axis and therefore is perpendicular to the membrane
surface. The energy of macroscopic magnetic anisotropy
decreases with decreasing pore diameter and almost disap-
pears in pillars with a diameter of 0.1 um. Approach to
magnetic saturation indicates that the investigated FeNi(P)
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pillars are nanocrystalline. The local magnetic anisotropy
energy and the correlation radii (about 7 nm) of the local
magnetic anisotropy in nanocrystalline Fe—-Ni(P) micro-
columns are determined. These radii only slightly vary with
alloy composition but the crystallite anisotropy field is very
sensitive to alloy composition.
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