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Ni polycrystalline nanowires with diameters of 50, 80, and 100 nm were electrodeposited in cylindrical
pores of track-etched polycarbonate membranes. Their magnetic properties were determined as a function of
temperature using ferromagnetic resonance and magnetization measurements. At room temperature, the uniaxial
anisotropy is equal to the shape anisotropy whereas an additional contribution is evidenced at low temperature.
This additional contribution is attributed to magnetoelastic effects induced in the nanowires due to the different
thermal expansion constants of Ni and polycarbonate. The analysis of magnetization processes in Ni nanowire
arrays evidenced strong dipolar interactions inside the wires due to the domain structure. The coercive field of the
nanowires was shown to be nearly a linear function of the temperature and could be accounted for temperature

dependence of the uniaxial anisotropy.

PACS numbers: 62.23.Hj, 75.80.+q, 75.30.Gw

1. Introduction

Ferromagnetic nanowires have recently been inten-
sively studied due to their potential application in high
density perpendicular recording media and magnetoelec-
tronic systems [1]. At the same time, the highly oriented
arrays of magnetic nanowires are excellent model ma-
terials to study magnetism of low-dimensional systems.
In order to understand magnetization processes in these
polycrystalline soft magnetic materials one should con-
sider interplay between the intergrain exchange coupling
and magnetic dipolar interactions. Additionally, the
shape anisotropy as well as the magnetoelastic anisotropy
due to the internal stresses have also considerable effect
on magnetic properties of the nanowire arrays. All these
interactions determine the energy balance and the stabil-
ity of magnetic system.

In this work two arrays of Ni nanowires of similar ge-
ometry embedded in different matrixes — a polycarbon-
ate or aluminate nanoporous membranes — are studied.
These matrixes are characterized by entirely different
thermal expansion coefficients which allows us to eluci-
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date the role of the magnetoelastic anisotropy in the over-
all magnetic behavior of Ni nanowire systems. The im-
portant role of the magnetoelastic effects for the nanowire
arrays has been pointed already by Navas et al. [2].

2. Experimental details

The electrodeposition bath was prepared from analyt-
ical grade Ni(SO4)-7H2O (44 g/1) and H3BO;3 (40 g/1),
and deionized water. The nanowire samples were ob-
tained by electrochemical reduction of the Ni salt into the
pores of nuclear-track-etched polycarbonate membranes
(Whatman) with one side covered by a sputter-deposited
Cu layer (300 nm in thickness). The pore length was
about 6 pym, and the pore diameters 50, 80, and 100 nm,
respectively (Fig. 1). Nickel electrodeposition was con-
ducted at constant potential in a three-electrode configu-
ration using an Ag/AgCl reference electrode and a glassy
carbon counter electrode. All the electrodeposition ex-
periments were carried out at room temperature with no
stirring. Monitoring the shape of the current vs. time
response allowed us to stop the electrodeposition process
before the covering of the membrane surface by a nickel
layer [3]. Arrays of individual nickel nanowires were thus
obtained, in which the majority of the wires tilts ran-
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domly of a few degrees with respect to the normal plane
of the polycarbonate membrane. In a similar way the Ni
nanowires in alumina films were obtained.

Fig. 1.

Scanning electron microscopy (SEM) images of
a nuclear-track-etched polycarbonate membrane with
80 nm pores, before Ni electrodeposition.

The ferromagnetic resonance (FMR) and magnetiza-
tion investigations of Ni nanowires embedded in a poly-
carbonate membrane with the wire diameter of 50, 80
and 100 nm and in the alumina films with diameter 20
and 100 nm have been performed. For this a standard
electron paramagnetic resonance spectrometer (Bruker
EMX-10/12) and standard vibrating sample magnetome-
ter were used over the temperature range from liquid he-
lium to room temperature (RT).
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Fig. 2. Ferromagnetic resonance derivative spectra of

80 nm Ni nanowires embedded in polycarbonate ma-
trix for parallel and perpendicular configuration at RT
and 4.2 K.

3. Results and discussion

The electron paramagnetic resonance spectrometer
was employed in the FMR measurements. The sample
was placed in the cavity that the angle () between ap-
plied field (Hyp) and the wire axis can be adjusted from
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0° to 90° with a perpendicular microwave pumping field
(hyt). All the measurements were performed at the fre-
quency of 9.39 GHz (X band). As examples the FMR
derivative spectra for 80 nm Ni nanowires for parallel
and perpendicular orientations measured at 4.2 K and
RT are shown in Fig. 2. Similar results were obtained for
samples with 50 and 100 nm wires. Due to the absence
of the bulk magnetocrystalline anisotropy, resulting from
the polycrystalline structure of the nanowires, the geom-
etry of the system is axial. Taking this into account and
assuming uniform distribution of magnetization the reso-
nant frequency, w, of the system can be obtained as [4-6]:

2
(%) = [Heg cos 20y + Hp cos(0y — O )]

X [Heﬁ‘ cos? g + Hy cos(f — GH)] , (1)
where 7 is the gyromagnetic ratio, Heg is an effective
uniaxial field along the wires axis, which contains three
main parts: the uniaxial magnetic anisotropy (Ha), the
shape anisotropy of the wire itself (2rMg) and the dipo-
lar coupling between wires (6mMsP). 0y and 0y are the
angle between the wire axis and the magnetization M
and applied field Hy, respectively. The equilibrium angle
0 is determined from the minimum of the free energy
of the system. The dipolar interaction is expressed as an
uniaxial mean field which can be considered proportional
to the porosity P = (27/v/3)(R/d)? [6] where R — ra-
dius of the wire and d is the inter-wire distance. The
effective field taken from the shape demagnetization is
2w Mg. Then, for effective field we have

Heg = Hp + 2nMg — 6 Mg P. (2)

In our case the porosity is very small (1% for 50 nm
wires and 2% for 80 nm wires). Therefore the dipolar in-
teraction between nanowires is very small in comparison
with other terms and its contribution to the effective field
will be neglected. In this analysis no domain structure
was taken into account. It is oversimplification, because
additional low field microwave absorption seen in Fig. 2
gives experimental evidence for a presence of domains
in Ni wires [6]. Such behaviour is expected, since the
polycrystalline nanowires cannot be the single domain
objects. This conclusion is confirmed in this paper using
the Henkel plot (see Eq. (5)).

The temperature dependence of the effective field
(Heg) and the demagnetizing field (27rMsg) for 50 nm
wires are shown in Fig. 3. It is seen that the effective
field strongly depends on the temperature in contrast to
the demagnetizing field which is only weekly tempera-
ture dependent. Similar situation is observed for 80 nm
(Fig. 4) and 100 nm wires. According to Eq. (1) it means
that anisotropy field Hy should strongly depend on tem-
perature. Figure 5 confirms such behaviour of Hp for all
three samples. Generally, H5 in polycrystalline wires is
expected to arise due to the surface anisotropy or due to
magnetoelastic interactions. While the first mechanism
is not effective, the second one seems to be able to explain
Ha(T) dependence. It was presented in Refs. |7, 8] that
the uniaxial anisotropy may be related to the presence of
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Fig. 3. Perpendicular resonance field, effective field

and demagnetizing field 2w Ms for 50 nm Ni nanowires
embedded in polycarbonate matrix.
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Fig. 4. Perpendicular and parallel resonance fields, ef-
fective field and demagnetizing field 2 Ms for 80 nm Ni
nanowires embedded in polycarbonate matrix.

1x10°
1x10° 4 L
. LA = 80nmPC
9x10° Ll . e 50nmPC
8x10° | n 100 nm PC
‘e 7x10°
L
g ex10°4  ® . L]
L 5x10° A =
X °
4x10° A n
3x10° -
2x10° -
[ ]
1x10° =
0] , °
-1x10° T T T T T T 1
0 50 100 150 200 250 300
TIK]
Fig. 5. Temperature dependence of the uniaxial

anisotropy constants for Ni nanowires with diameters of
50, 80, and 100 nm embedded in polycarbonate matrix.

1041

the polycarbonate membrane and to the chemical bond-
ing existing between polycarbonate matrix and Ni wires.
The thermal stresses induced in the nanowires due to the
different thermal expansion constants of the Ni and poly-
carbonate result in magnetostrictive effects which should
be taken into account. These Ni deformations, induced
upon temperature changes, have their consequences in
the magnetoelastic energy. For the polycrystalline Ni
wires this energy can be written as [9-11]:

Eme = —(3/2)As (Urrair + Uwpaiup + Uzzazz) ;3
where ) is saturation magnetostriction constant, o;; are
the diagonal components of the residual stress tensor in
cylindrical coordinates and «;; are the components of the
unit magnetization vector. The stress depends on the ra-
tio of linear expansion coefficients of polycarbonate and
Ni. It could be calculated according to the Dubois et al.
model [8] and it is responsible for the temperature de-
pendence of the Ha.

It is confirmed additionally by the temperature de-
pendence of magnetic anisotropy in Ni wires embed-
ded in aluminate. The linear expansion of the alu-
minium oxide (sapphire) is smaller than that of nickel
(for the nickel it is 13.0 x 107/K and for alumina it
is 8.4 x 107%/K) and therefore the temperature depen-
dence of magnetic anisotropy has different sign compared
to the wires embedded in polycarbonate matrix (the av-
erage thermal expansion coeflicient for polycarbonate is
equal to 65.0 x 107%/K). It is shown in Fig. 6. These
results are similar to these obtained by Navas et al. [2].
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Fig. 6. Temperature dependence of the uniaxial
anisotropy constants for Ni nanowires with diameters
of 20 and 100 nm embedded in aluminate.

The stress dependence of the magnetic anisotropy was
confirmed by the magnetization measurements. Hystere-
sis loops have been measured using the vibrating sample
magnetometer with an external magnetic field applied
parallel or perpendicular to the wire axis in the tempera-
ture range from the liquid helium up to the room temper-
ature. Figure 7 presents the hysteresis loops for two tem-
peratures: 4.2 K and the room temperature. The tem-
perature dependence of the coercive field, H¢, is shown
in Fig. 8. The H¢(T) is practically a linear function of
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Fig. 7. Hysteresis loops for an assembly of Ni

nanowires with diameter of 80 nm embedded in poly-
carbonate matrix at 4.2 K and RT. The applied field
was oriented parallel and perpendicular to the wires.

temperature. Similar temperature dependence of the co-
ercive field was observed in [7]. This is in contrast with
predictions of models of nucleation by thermal activation
over an anisotropy barrier, leading to a T''/2 variation.
Even if a reasonable distribution of barriers is assumed,
the temperature dependence is still reminiscent of a 7/2
dependence [12]. The observed here temperature depen-
dence of the coercive field suggests that it is dominated
by magnetostrictive effects. The coercive field can be es-
timated by [13]:

Hc:3|>\50'|/Ms. (4)
According to this model the coercivity Hc(T') should be
proportional to Ky (7). The results presented in Figs. 7
and 8 confirm the expected dependence and indicate that
the magnetoelastic interactions play important role in de-
termining the magnetic properties of Ni nanowires em-
bedded in polycarbonate membranes.
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Fig. 8. Temperature dependence of the coercive field

for Ni nanowires with diameters of 50 and 80 nm em-
bedded in polycarbonate matrix.
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Fig. 9. Isothermal remanent magnetization Mirm(H)

curve, DC demagnetization remanence Mpcp curve,
and M (H) curve for 50 nm Ni nanowires embedded
in polycarbonate matrix.

Another types of interactions responsible for magnetic
properties of Ni nanowires are interactions between the
grains. Generally, there are two types of such interac-
tions: the intergrain exchange interactions and the dipo-
lar interactions. In order to obtain information about
relative role of these interactions the isothermal rema-
nent magnetization Mgy (H) and the DC demagnetiza-
tion remanence Mpcp(H) have been measured (Fig. 9).
According to [14, 15] the M (H) curve (the Henkel plot)

SM(H) = Mpcep(H) — [1 — 2Mirm(H)) (5)
may be used to evidence what type of interaction is dom-
inant in a magnetic system. Positive peak indicates in-
tergrain exchange interactions, while negative peak in-
dicates dipolar interactions between individual wires or
inside the wires. As shown in Fig. 9, the large negative
peak shows that there is a strong dipolar interaction and
no exchange coupling interaction in this medium. But it
is unlikely that this effect is due to the dipolar interac-
tions between wires, as the porosity in the studied system
is very low. It is possible that this effect is caused by the
domain structure within each wire.

4. Conclusions

The FMR and magnetization measurements of Ni
nanowires embedded in polycarbonate matrix have been
analyzed in order to obtain information on the effects of
the competing interactions on magnetic properties of the
system. At room temperature, the uniaxial anisotropy is
dominated by the shape anisotropy whereas an additional
anisotropy is evidenced at low temperatures. This addi-
tional uniaxial anisotropy has the magnetoelastic origin
because of the mismatch of the matrix — and Ni thermal
expansion coefficients. The analysis of the magnetization
processes in Ni nanowire arrays evidences strong dipolar
interactions inside the wires and no intergrain exchange
interactions. The strong dipolar interactions are due to
the domain structure within each wire.
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