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Magnetic properties of nanowire arrays
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This paper shows a general study of the magnetic properties of Ni nanowire arrays; specifically the influence of the electrodeposition
potential, length, diameter, and the magnetostatic interaction between nanowires electrodeposited in alumina membranes. The behavior of
the coercivity as a function of the length and diameter of the nanowires is explained through an analytical model. Additionally, the magnetic
properties as function of the temperature in Ni and the hysteresis curves of segmented Ni/Co nanowires are presented.
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Este ariculo muestra un estudio general sobre las propiedadeséticam de arreglos de nanohilos de Ni; esfigamente la influencia

del potencial de electrodepodiai, longitud, dametro, y la interacbn magnetositica entre nanohilos electrodepositados en membranas de
alumina. ElI comportamiento de la coercividad en faéncile la longitud y dimetro de los nanohilos es explicado a &ade un modelo
analtico. Adicionalmente son presentadas las propiedades &tiags en fundn de la temperatura en nanohilos de Ni y las curvas de
histeresis de nanohilos multisegmentados de Ni/Co.

Descriptores: Nanohilos; propiedades magfitas; anisotrda magietica; coercividad.

PACS: 75.30.Cr; 75.75.Cd; 81.07.De

1. Introduction JEOL 5900 LV and transmission electron microscopy using
a JEOL 2010F, checking the high ordering of the hexago-

The study of magnetic nanostructured systems is a topic thaial arrays and the large aspect ratio of the nanowires [12].

attracted considerable interest due to their interesting physiFhe chemical characterization of the nanowires was made by

cal properties and potential technological applications [1-3Jmeans of energy-dispersive analysis of X-rays [12] and X-

In particular, highly ordered arrays of magnetic nanowiresray diffraction [17]. The magnetization measurements were

produced inside the pores of anodic alumina membranes [4Jerformed with a vibrating sample magnetometer and mea-

by electrochemical deposition have been the focus of intenseurements at low temperatures were performed in a Quantum

research [5-7]. Different groups have investigated the stabesign MPMS system.

ble magnetic configurations in function on the aspect ratio

of the magnetic cylinders [8,9], the reversion mechanisms

of the magnetization in nanowires [10,11], the influence of3. Results and disccussion

magnetostatic interactions among nanowires [12-14], and in

general, the behavior of the magnetic properties in functior8.1. Ni nanowire arrays

of different parameters [15-16]. This paper shows the influ-

ence of the electrodeposition potential, length, diameter anth this section it is studied the influence of the electrode-

temperature of the nanowires on the magnetic properties. position potential, length and diameter of nanowires on the
magnetic properties of Ni nanowire arrays. Figure 2 shows
the hysteresis loops with the external field, parallel and

2. Experimental setup perpendicular to the nanowires axis, for samples with length
L=1 and 4um, diameterd=2R=50 nm, and lattice constant

Hexagonal arrays of Ni nanowires of diametdess2R=50  D=100 nm, as function of the electrodeposition potential V.

and 60 nm and different lengths have been prepared by eleGhe difference between the parallel and perpendicular hys-

trodeposition into nanopores of alumina membranes with interesis loops defines the uniaxial anisotropy; the coercivity

terpore distanc®= 100 nm [12] (see Fig. 1). The electrode- and remanence in the parallel configuration are larger than

position of nanowires was performed at different potentialsn the perpendicular configuration, indicating that the mag-

of V=-0.9, -1.0, and -1.1 v. The morphology of the individ- netic easy axis is along the nanowire axis. The magnetic be-

ual nanowires after the dissolution of the alumina was studhavior of magnetic nanowire arrays is strongly dependent on

ied by means of scanning electron microscopy (SEM) with ahe magnetic anisotropies (mainly the shape and crystalline



FIGURE 1. SEM image of surface of alumina membrane produced pared to other anisotropy terms [18,19]. Thus, the effective
after the two anodization process.
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of electrodeposition potential when the external field is ap-
plied parallel to the nanowire axis for the samples of the
Fig. 2(a).

The effective magnetic anisotropy of the nanowire arrays
is determined by four contributions: (i) the shape anisotropy,
which will induce a magnetic easy axis parallel to the
nanowire axis, (ii) the dipolar interaction between nanowires,
which will induce a magnetic easy axis parallel/perpendicular
to the Ni/Co nanowire axis, (iii) the crystalline anisotropy and
(iv) the magnetoelastic anisotropy, due to stress between the
template and the nanowires, which will induce a magnetic
easy axis parallel or perpendicular to the stress direction.
In Ni and Co nanowires the contribution of the magnetoe-
lastic anisotropy at ambient temperature is negligible com-

anisotropic field of a nanowire array &= H s+ H;+ His,
where the first term is the shape anisotropy field, the second
term is the dipolar field acting on one nanowire due to all
other nanowires in the array, and the third term is the crys-
talline anisotropy field, that is dependent on the growth con-
ditions of the nanowires [17]. In reference [17] shows that
Ni nanowires grown at V = -0.9 v, present only the diffrac-
tion peak corresponding to the (111) plane, indicating that
the growth axis of the nanowires is along the [111] direction,
while at V = -1.1 v, Ni nanowires have a preferred orienta-
tion along the [110] direction, and at intermediate potential,
V =-0.9 v, X-ray diffraction patterns showed the presence of
both, (111) and (110) diffractions peaks. Therefore, the con-
tribution of the crystalline anisotropy field is a function of the
electrodeposition potential, as can be observed in Fig. 2(b).
In summary, the growth axis of the nanowires depends of the
electrodeposition potential, and the crystalline anisotropy de-
pends of the growth axis of the nanowires. Thus, samples of
the Ni nanowire arrays grown at different electrodeposition
potentials will have different crystalline anisotropy. This is
the phenomenon responsible by the dependence of the mag-
netic properties (coercivity and remanence) as function of the
potential.

FIGURE 2. (a) Hysteresis loops of Ni nanowire arrays with
d=2R=50 nm and lattice constam = 100 nm at different lengths,
L, and electrodeposition potentials, V. (b) Coercivity and rema-
nence as a function of the electrodeposition potential.

3.1.1. Geometry dependence and interaction in Ni

nanowire arrays

The magnetization reversal in a magnetic nanowire, that is,

anisotropy) and the dipolar interaction betweenthe change in the magnetization from one of its minih& 2
nanowires [16]. In nanowires with a large aspect rafitlf  to the other 44,2 may occur by means of three main ideal-
the shape anisotropy will induce a magnetic easy axis parallézed modes of magnetization reversal process that have been
to the nanowire axis, and it is expected that the easy axis willdentified depending on the geometry and the composition of
lie along the nanowire axis, as can be observed in Fig. 2(athe wires[20-23]. These modes are known astiteerent ro-
(exceptatV =-0.9vand =1 um). tation, with all the spins rotating simultaneouslyansverse

For the array with lengti. = 1 um the coercivity mea- wall, in which spins invert progressively via propagation of a
sured (with H|) at the electrodeposition potentials V = -0.9 transverse domain wall; and tertex wall in which spins
and -1.1 v changes from 605 Oe to 436 Oe respectively, whil@vert progressively via propagation of a vortex domain wall.
for L =4 yum changes from 647 to 595 Oe respectively. Coerdn a previous work [12] we have calculated the stray field
civity values show different variations with the potential for produced by the array on one nanowire when the reversion of
two lengths, due to different aspect ratio of the nanowiresmagnetization occurs in transverse mode, which occurs for
Figure 2(b) shows the coercivity and remanence in functiomanowires with large aspect ratié/() [22]. The coercive
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FIGURE 3. (Dash lines) Calculated coercivity obtained from an- <, COW‘ e
alytical model as a function of the length of the Ni nanowire ar- = |
rays (for different radii of nanowires), and (dots) coercivities ex- o=
perimentally measured; the triangular dots corresponds to the data |, l

taken from [24], and the others dots corresponds to measured data.  -12 s 4 0 4 8§ 12-2 -5 4 0
External field H (kOe) External field H (kOe)

. . . L. FIGURE 5. Hysteresis curves for Ni/Co segmented nanowire ar-
field in this case is given byl = H; — Hint [12] where Hin rays, at different aspect ratios of the segments.

corresponds to the stray field induced within the array and

given by Hine =[2K (L) 10 Mo][e| Eimt|/K(L)]*/? with K(L)  creases two orders of magnitude when temperature decreases
the shape anisotropy constant afgh the interaction field from 300 to 5 K. The magnetoelastic anisotropy, on the
between two nanowires [12]. Figure 3 shows (dash linespther hand, depends on the stress applied to the nanowires
the coercivity calculated as a function of the length of thepy the alumina matrix and is affected by the different
nanowires for tree different diameters. In this Figure the blughermal expansion coefficients of the alumina porous and
and green dots illustrate the coercive fields measured, and thige nanowires [18]. A more systematic characterization of
triangular dots illustrate the coercive fields taken from [24].nanowire arrays measured at different angles and as function
Using this approach, the coercivity calculated in functionof temperature could help us to identify the different reversal
of the length for different diameters gives coercivity valuesmodes that take place at different temperatures and under-

more close to the ones observed in the experimental pointgtand better the complexity of the low temperature effects.
as can be observed in Fig. 3. Also it is important to point out

that in this model we have not considered any kind of crys—4 o
talline anisotropy, which is present in the samples, depending
on the electrodeposition conditions. The addition of the crys-
talline anisotropy (dependent of V) does not modify qualita-Figure 5 shows the hysteresis loops at 300 K for two seg-
tively the results, and its effect is equivalent to changing themented Ni/Co nanowire arrays electrodeposited in alumina
aspect ratio of the nanowires, as can be observed in Fig. @embranes, both samples have same diamiet&0 nm and

Hysteresis loops of segmented Ni/Co nanowire ar-
rays

(circular dots) for nanowires with diametér= 2R=50 nm. |attice constanD = 100 nm. This Figure shows that the mag-
) netic anisotropy can be adjusted alternating the magnetic ma-
3.1.2. Anisotropy and temperature terial in different proportions of the segments.

Figure 4 shows the temperature dependence of the coerciv-

ity for Ni nanowires arrays with lengths of = 4 um 4. Conclusions

and L=12 ym, measured parallel and perpendicular to the

wire axis. For both arrays the coercivity measured paralleHighly ordered nanowire arrays with different lengths and di-
to the nanowires increases with the temperature and the cameters of nanowires, were successfully fabricated by elec-
ercivity measured perpendicular slightly decreases when thigochemical deposition in alumina template with pore diame-
temperature increases. Coercivity values show different variter d = 50nm and 60 nm, and interpore distarize= 100 nm.
ations with the temperature for two lengths. In order to ex-The electrodeposition potential also was varied in order to ob-
plain these different dependences in Ni one has to consideserve the influence of these parameters on the magnetic prop-
the contribution of the magnetocrystalline and magnetoelaserties of the arrays. The increase of length of the nanowires
tic anisotropies. The crystalline anisotropy constant of Ni in-result in the increase of the coercivity and remanence for all
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diameters and the electrodeposition potentials studied herthese parameters and composition of nanowires (alternating
By means of analytical calculations we have investigated théhe magnetic composition of nanowires).

dependence of the coercivity as a function of the length and
diameter of the nanowires. A good agreement between exper-
imental and theoretical results is obtained. In conclusion, irAcknowledgements
nanowire arrays the magnetic anisotropy is dependent of the
electrodeposition potential, temperature, length and diamelhis work was supported by the Proyecto Fondecyt Postdoc-
ter of nanowires. Therefore, the magnetic properties of intertorado (Grant No. 3100117), and the Fondecyt (Grant Nos.
est (coercivity and remanence) can be adjusted by controlling080164 and 3080058).
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