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Arrays of electrodeposited CoCu/Cu multilayered nanowires have been characterized by ferromagnetic
resonance and magnetometry measurements in order to study the effect of the dipolar interactions on the
effective anisotropy field as a function of the magnetic and nonmagnetic layer thicknesses. Breaking the
continuous cylinder geometry results in a reduction of the effective anisotropy field, which can be modified
over a large range of values starting from 7 kOe in the case of nonlayered continuous nanowires down to
nearly zero for the thinnest magnetic layers. An analytical model is presented to describe the magnetostatic
interactions between magnetic layers and their effect on the total anisotropy field which shows a very good
agreement with the experiments. Moreover, the model allows generalizing the description of the effective
magnetostatic field as a function of the aspect ratio of both the magnetic and the nonmagnetic layers for
multilayered nanowires of any combination of materials. A general anisotropy diagram is presented that
describes the geometrical conditions required to obtain an easy axis parallel or perpendicular to the wire axis,

thus providing a guide for the engineering and fine-tuning of the magnetic properties of these systems.
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I. INTRODUCTION

Multilayered magnetic heterostructures have been widely
studied for almost 20 years since the discovery of the giant
magnetoresistance (GMR) effect.! Multilayered magnetic
nanowires appeared as an invaluable tool to study GMR ef-
fects in the current perpendicular to the plane configuration.?
Since their introduction in 1994,* arrays of multilayered
nanowires have been fabricated by potential modulated
single bath electrodeposition combining a wide variety of
materials such as Co/Cu,> ' NiFe/Cu,*!" Fe/Cu,!?
Co/Au,’® NiCo/Cu,'*> Ni/Pt,'® Ni/Cu,!” CoFe/Cu,!8
CoPt/Pt,' and CoFeNi/Cu.?®

Most GMR studies were done on multilayers formed by a
large number of ferromagnetic/nonferromagnetic (FM/NM)
layers, nevertheless, recent developments in both micro-/
nanolithography and measuring techniques have made it fea-
sible to perform two- and four-probe MR measurements in
single nanowires?!~23 and, as shown more recently, in single
very short cylindrical wires containing a very small number
of layers.”* This has launched great interest in using these
geometrically simple structures to study spin polarized ef-
fects such as electrical spin injection,”> domain wall MR,?%%’
magnetic field sensors,”® and spin dependent thermoelectric
effects.?

These results have stressed the need to reconsider the
methods and techniques used to grow these multilayered
nanowires. In particular, the overall magnetic properties of
these structures will depend sensibly on the specific mag-
netic properties of each of the different magnetic layers of
the system, such as their coercive or switching fields, satu-
ration fields, magnetic anisotropies, and different coupling
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mechanisms that might occur among the layers and among
the wires.

In this sense, significant advancements have been
achieved in these type of multilayered structures. For in-
stance, Chen et al. have shown using Ni/Cu multilayered
nanowires, that the effective anisotropy can be controlled
over a wide range of values by adjusting the layer thickness
and the corresponding shape anisotropy of the magnetic
layers.17 Moreover, several studies have underlined the role
of the magnetostatic coupling as a function of the geometri-
cal parameters of the system.’® More recently, it has been
shown that in the case of Co/Cu multilayers, the crystallo-
graphic structure of the CoCu layers can be controlled by
deposition parameters such as the pH of the electrolyte and
the applied voltage.’! Indeed, by proper adjustment of these
parameters, the CoCu magnetic layer can be obtained as a
fcc type, with no magnetocrystalline anisotropy, or with a
hcp structure in which the orientation of the ¢ axis can be
fixed either parallel or perpendicular to the wire axis, intro-
ducing an important magnetocrystalline anisotropy
contribution.’!

Despite these advancements, control of the microstructure
in order to modify the magnetic properties seems restricted
to noncubic materials such as Co and Pt based alloys (CoPt,
FePt). This is due to the fact that cubic materials (Ni, CoFe,
CoNi, NiFe) have lower magnetocrystalline anisotropy con-
stants, which are often negligible because of the tendency of
obtaining polycrystalline layers when using electrodeposi-
tion.

Under these conditions, control of the magnetic properties
depends entirely on magnetostatic effects, specifically, the
shape anisotropy and dipolar coupling mechanisms. As
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shown by Sun er al., the shape anisotropy can be controlled
as a function of the magnetic layer thickness, which defines
the aspect ratio.’> At high aspect ratio, the magnetic layers
behave like cylindrical rods with their easy axis along the
cylinder axis, while at low aspect ratio, cylindrical disks are
obtained, which favor an easy magnetization direction per-
pendicular to the cylinder axis. However, this behavior is
also influenced by the magnetostatic coupling between the
magnetic layers, which depends on the thickness of the non-
magnetic layer.3>3* Indeed, for large spacer layer thickness,
the magnetic layers are almost decoupled and behave as iso-
lated magnetic units, while at lower separation, the dipolar
coupling between layers tends to lower the rate at which the
magnetic layer aspect ratio forces the easy axis transition
from parallel to perpendicular to the cylinder axis. These
studies have been based on the measurement of hysteresis
loops or GMR cycles, and the magnetic properties have been
analyzed qualitatively based on parameters such as coercive
field, remanence, and saturation field.

A more detailed analysis of the effect of layering on the
magnetic anisotropy is needed to gain a better understanding
of the dipolar interactions within the entire system. In the
present study, CoCu/Cu multilayers are considered. In par-
ticular, the case of fcc-like magnetic layers are used in order
to avoid magnetocrystalline contributions.3! Furthermore,
low density arrays are used to minimize the interwire inter-
actions. The effect of layering is considered as a function of
the magnetic layer thickness for series of samples having
different nonmagnetic layer thicknesses. An analytical mag-
netostatic model is proposed in order to consider both the
effect of the magnetic layer thickness and the dipolar cou-
pling between layers, which is complemented by ferromag-
netic resonance measurements that allow an accurate deter-
mination of the effective anisotropy field. The measured
variation of the effective anisotropy field shows a very good
agreement with the model, which can predict both the effect
of the magnetic layer aspect ratio and the spacer layer thick-
ness within the validity of the approximations used. More-
over, the model allows generalizing the description of the
effective magnetostatic field as a function of the aspect ratio
of both the magnetic and the nonmagnetic layers for multi-
layered nanowires of any combination of magnetic and non-
magnetic materials. From this generalization, a general an-
isotropy diagram is presented that describes the geometrical
conditions required to obtain an easy axis parallel or perpen-
dicular to the wire axis, thus providing a guide for the engi-
neering and fine-tuning of the magnetic properties of these
systems.

II. EXPERIMENTAL SETUP

Arrays of multilayered CoggsCug s/ Cu nanowires have
been fabricated by standard three-probe electrodeposition
into the pores (140 nm in diameter) of 21 wm thick track-
etched polycarbonate membranes produced at the laboratory
scale. Owing to the improved properties of these membranes,
the electrodeposited nanowires are almost perfectly cylindri-
cal, parallel (deviation is less than 5°), and present a very
low surface roughness.®
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In order to ensure a low magnetostatic coupling between
nanowires, a low porosity membrane (4%) was used. A
Cr(20 nm)/Au(600 nm) layer was evaporated on one side of
the membrane to serve as a cathode for the electrodeposition.
Multilayered nanowires have been grown at room tempera-
ture using the so-called single bath technique. The composi-
tion of the electrolyte was  238.5 g/1 CoSO,
+0.75 g/1 CuSO4+30 g/1 H3;BOs;. In order to assure that the
Cog9sCug s layers have no magnetocrystalline anisotropy,
the pH was lowered down to 2.0 by adding concentrated
H,S0,4.3! The potential, measured vs a Ag/AgCl reference
electrode, is alternatively switched between —0.95 V to de-
posit CoCu and —0.5 V for Cu. Additionally, continuous,
nonlayered reference samples of the Co ocCug 4 alloy were
grown under a constant reduction potential of —0.95 V. Fi-
nally, pure Co nonlayered samples have also been prepared
using a 238.5 g/1 CoSO,4+30 g/1 H3BO5 electrolyte with
the pH adjusted to 2.0, under a constant potential of
-0.95 V.

For this study, two series of multilayered samples having
a diameter of 140 nm were fabricated in which the thickness
of the CoCu magnetic layers was varied between 17 and
213 nm. In one series, the copper layer thickness was kept at
constant value of 4 nm, while on the second series, the Cu
thickness was 20 nm. A statistical analysis using transmis-
sion electron microscopy (TEM) imaging was carried out
over an extensive number of isolated nanowires from differ-
ent samples in order to estimate the average layers’ thickness
and their dispersion. The extraction of the nanowires from
the membrane is done by dissolving the membrane using hot
dichloromethane (CH,Cl,), then removing the gold cathode
with KI. Dichloromethane nanowire droplets are then spread
onto a grid for TEM observation.

Ferromagnetic resonance (FMR) measurements were car-
ried out at room temperature using a microstrip transmission
line technique. The stripline was fabricated by evaporation of
a Cr(20 nm)/Au(100 nm)/Cu(800 nm)/Au(200 nm) layer
through a 150 um wide metallic mask on the free membrane
surface. A typical FMR spectrum is obtained by sweeping
the magnetic field applied parallel to the nanowires, from
saturation (10 kOe) down to zero at a given constant excita-
tion frequency. These measurements are then repeated at dif-
ferent frequencies up to 50 GHz to obtain the dispersion re-
lation from which the different contributions to the effective
anisotropy field can be extracted.

Hysteresis loop measurements were performed at room
temperature using an alternating gradient magnetometer
(AGM). The magnetic field was applied in the directions
parallel and perpendicular to the nanowire’s axis and swept
between =10 kOe.

III. MODEL

In order to gain a more detailed understanding of the ef-
fects of the magnetic interactions in an array of multilayered
nanowires, an analytical model that depends on geometric
parameters and demagnetizing factors for cylinders is pro-
posed. First, the simple case of an array of nonlayered mag-
netic nanowires having no magnetocrystalline anisotropy
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FIG. 1. Lateral sketch of a multilayered nanowire with diameter
d. The cobalt and copper layer of thickness are / and g, respectively.
The demagnetizing fields H, appear as a result of the polarization of
the magnetic layers under biasing by magnetic field Hp.

contribution is considered, and the multilayered case will be
treated subsequently.

At room temperature, the main contributions to the effec-
tive field of an array of magnetic nanowires are the magne-
tocrystalline and the shape anisotropies.’®3” When the mag-
netocrystalline anisotropy contributions are negligible, the
effective field is purely magnetostatic, and it can be written
in terms of the self-demagnetizing field for an isolated infi-
nite cylinder with a saturation magnetization M, and the di-
polar interactions between wires in the following form:3¢

quf=27TMS(1_3P)7 (1)

where P is the porosity or filling factor, defined as the prod-
uct of the areal pore density by the pore surface. As seen
below, this expression provides an upper bound to the value
of the total magnetostatic field once the continuous wires are
segmented to form a multilayered system.

In the case of an array of multilayered nanowires mag-
netically saturated parallel to their axis, other dipolar inter-
actions appear as a result of the creation of a larger number
of interfaces, as shown schematically in Fig. 1. In principle,
each magnetic layer will interact with other magnetic layers
of the same wire as well as with those of neighboring wires.
To simplify the model, the following is limited to low den-
sity (low porosity) arrays of multilayered nanowires, so that
the layer to layer interaction is considered only between lay-
ers in the same wire separated by nonmagnetic layers of
thickness g, which is considered smaller than the interwire
separation /,,. Moreover, under the action of a magnetic field
applied parallel to the wire axis, this approximation seems
reasonable since dipolar interactions between magnetic lay-
ers from different wires are minimized when the wires are
saturated along the cylinder axis. Finally, as mentioned pre-
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viously, the magnetocrystalline anisotropy contribution in the
magnetic layers will be neglected.

Rewriting the shape anisotropy field of a single continu-
ous isolated cylinder with a diameter d and length [, as a
function of the demagnetizing factors in the directions paral-
lel (N') and perpendicular (N9') to the axis of the cylinder
and using the expression 2N‘f’l+Nﬁyl:1 (in System Interna-
tional), the effective magnetostatic field is expressed as fol-
lows:

Hg;l = 4’7TMs(NCiVl - N\L\‘YZ) = 27TMY(1 - 3N\(\‘y[)’ (2)

where N and Nﬁ‘yl are the demagnetizing factors in the di-
rections perpendicular and parallel to the axis of the cylinder.
The demagnetizing factor N’ can be expressed as the ratio
of the average demagnetizing field to the average magneti-
zation of the entire sample.’® This definition corresponds to
the magnetometric demagnetizing factor developed by
Brown,* where a uniform magnetized cylinder is modeled
as a solenoid. The formula for the magnetometric demagne-
tizing factor

Ne1_ %{\u + PLPK(k) + (1= PEG)] -1}, (3)

is an exact analytical expression for a cylinder with the di-
mensions given as before,*® where K(k,) and E(k,) are the
complete elliptical integrals of the first and second kinds of
modulus k,=1/\1+7% being r=1[/d the aspect ratio of the
cylinder.

Let us now consider an isolated multilayered wire of di-
ameter d with magnetic and nonmagnetic layers of thickness
[ and g, respectively, as shown in Fig. 1. The total demagne-
tizing field along its axial direction is the sum of subfields
created at the internal layers interfaces, which are taken into
account using the scheme proposed by Pant.*! That is, con-
sider the central magnetic layer with its corresponding inter-
faces, labeled 0 and 0’ and magnetostatic field H,. As the
number of layers is increased, so is the number of interfaces,
their effect on the total magnetostatic energy of the central
element can be described considering the fields generated
from the pair interaction among sequentially ordered inter-
faces. This is illustrated in Fig. 1, in which a magnetostatic
field H; is considered for each pair of interfaces, i and i’". As
seen in this figure, as more layers are considered, the corre-
sponding stray field is lower in magnitude with direction
opposite to the previous one.

In the case of an isolated multilayered nanowire with a
large and finite number n of magnetic layers, the dipolar
interactions along the direction of the wire axis can be ex-
pressed as a finite monotone alternating sum of demagnetiz-
ing fields H,, in analogy with the analysis developed by Pant
for rectangular slabs.*! Therefore, the total demagnetizing
factor in this direction N, is also expressed as an alternating
sum of demagnetizing factors N;, which correspond to each
demagnetizing field H;:
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J
= | 2 (Vo= Nags)) | » (4)
=0

Ni= | 2 (- 'N,
i=0
where j=(n—1)/2. The two possible orientations of the ex-
ternal magnetic field along the wire axis are comprised in the
absolute value in Eq. (4). The ith demagnetizing factor N; is
given by Eq. (3), in which, for convenience, the aspect ratio
r is replaced by a value that depends on i:

(2k+ 1)r;+ 2kr, if i =2k 5)
T @k D20k + Dy i i=2k+ 1,
where k=0,1,2,...,j and r;=1/d and r,=g/d are the aspect

ratios of the magnetic and the nonmagnetic layers. Let us
suppose that the isolated multilayered wire behaves magneti-
cally in the same way as the isolated continuous cylinder
does. Under this assumption, the effective field of the multi-
layered wire is represented by the right hand side of Eq. (2),
where in this case, the demagnetizing factor N, is calculated
by Eq. (4).

However, in practice, measurements are performed on ar-
rays of nanowires and not on single wires, so the effective
dipolar interaction between them has to be taken into ac-
count. In the limit /,,> g, the dipolar field experienced in a
single multilayered wire from the whole array can be re-
garded as a dipolar field generated by an array of nonlayered
wires. In other words, the effective anisotropy field for an
array of multilayered nanowires HEO/C” must be weighted
only by multiplying the demagnetizing field of an isolated
multilayered wire by the factor 1-3P, in analogy with the
case of an array of nonlayered wires.3® As a result, the effec-
tive field for an array of multilayered nanowires is given as
follows:

J
e;f(Cu =27M (1 - 3P)<l -3 2 (N2k - N2k+l) ) , (6)
k=0

where the coefficient has been taken as in Eq. (1), which is
the reference value of the continuous infinite wire embedded
in an array with packing fraction P. Equations for the de-
magnetizing factor (3), the modulus &, and the magnetic and
the nonmagnetic aspect ratios r; and r, are considered in the
whole calculation. This expression contains two factors: the
first one corresponds to the effective magnetostatic field of a
single infinitely long continuous wire which interacts with
the rest of the wires in the array, Eq. (1); the second factor
takes into account the additional magnetostatic effects that
result once the wire is segmented into smaller magnetic units
to form the multilayer.

Finally, this effective field (Hg?f/cu) can be determined ex-
perimentally by ferromagnetic resonance using the disper-
sion relation obtained, with the magnetic field applied paral-
lel to the wires, by performing a linear fit to the resonance
condition,

<R [~

= H,+ HG/". (7)
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FIG. 2. TEM image for 140 nm CoCu/Cu nanowires electrode-
posited using a pH 2 electrolyte. The inset shows a detail of the
nanowires and their geometrical parameters.

In the above equation, 7y is the gyromagnetic ratio
(3.05 GHz kOe™! for Co) and H, the resonance field mea-
sured at the given excitation frequency f.

IV. RESULTS AND DISCUSSION

Before considering the case of an array of CoCu/Cu mul-
tilayered nanowires, FMR was used to measure an array of
continuous CoCu nanowires in order to quantify parameters
such as the saturation magnetization of the alloy and the
effective field which will serve as reference values. For this
purpose, an array of nonlayered CoCu nanowires has been
grown and measured using ferromagnetic resonance. The
values of M and HSJ%/C“ determined with the field applied
parallel to the wires were 1172 emu/cm? and 6.84 kOe, re-
spectively. This value of M, is 14% smaller than for pure
cobalt (1370 emu/cm?) and it will be considered the same
for all the multilayered samples fabricated from the above
solution. Using these experimental parameters and Eq. (6),
the changes of the effective anisotropy field with layering
will be calculated and compared with the experiment.

A. Influence of layering

Figure 2 shows a TEM image of a segment of a multilay-
ered wire where the geometrical parameters /, g, and d are
indicated in the inset. Since the actual layer dimensions are
not fully constant due to fluctuations of the amount of
deposited materials during electrodeposition, a wide statisti-
cal analysis of these parameters was carried out over a con-
siderable number of segmented wires. Hereafter, the quoted
values for the thickness of both magnetic and nonmagnetic
layers correspond to the average thickness determined by
TEM.

It is well established that the magnetic properties of an
array of multilayered nanowires can be tailored with the
magnetic and nonmagnetic layer thicknesses.!”*03% Several
authors have pointed out the role played by the changes in
the shape anisotropy contribution as a function of the thick-
ness of the magnetic layer, and the dipolar coupling between
layers as a function of the spacer layer thickness.
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FIG. 3. Hysteresis loops measured with the external field applied parallel and perpendicular to the wire axis for multilayered CoCu/Cu

nanowires with different copper and cobalt layer thicknesses:

CoCu(134 nm)/Cu(4 nm), and (d) CoCu(213 nm)/Cu(20 nm).

In order to evidence the variation of the magnetic proper-
ties of arrays of CoCu/Cu nanowires with the layering, hys-
teresis loops for the two series of samples were measured,
with the magnetic field applied parallel and perpendicular to
the wires axis. Two samples from each series (g=4 and
20 nm) were considered. The samples were chosen such that,
for the first series (g=4 nm) [ were 17 and 134 nm and for
the second one (g=20 nm) [ were 36 and 213 nm, which
correspond to the shortest and largest magnetic layers thick-
nesses in each series of samples.

As can be seen from the normalized hysteresis loops
shown in Fig. 3, the magnetic properties of the nanowires’
arrays are strongly affected with layering and particularly,
with the magnetic layer thickness. Comparing between the
thinnest and the thickest magnetic layers in each series, Figs.
3(a) and 3(c), or 3(b) and 3(d), it can be seen that the mag-
netic anisotropy is significantly reduced when the magnetic
layer thickness is reduced. In particular, when the field H is
applied parallel to the wires, the magnetic saturation is
reached at lower fields for the thicker magnetic layers and it
increases as thickness is decreased. For the first series (g
=4 nm), the saturation field H! for this direction decreases
from 5 to 2.7 kOe when [ increases from 17 to 134 nm. For
the second series (g=20 nm), HL', decreases from
6.5 to 3.3 kOe when [/ increases from 36 to 213 nm.

Inversely, when the magnetic field is applied along the
direction perpendicular to the wires axis, the saturation state
is reached at lower fields in the samples with the thinner
magnetic layers. That is, in this applied field direction, the
saturation field H;" is about 7.5 and 9 kOe for samples with

(a) CoCu(17 nm)/Cu(4 nm), (b) CoCu(36 nm)/Cu(20 nm), (c)

smaller / values corresponding to the first and second series
of samples, respectively, whereas for the thicker magnetic
layers, the saturation field HSl remains near 10 kOe. Thus,
the easy magnetization direction along the wires axis is re-
inforced for larger magnetic layers. Conversely, thinner mag-
netic layers favor the direction perpendicular to the wires
axis as an easy magnetization direction.

In order to have an accurate determination of the effective
field, the FMR properties of these multilayers have been
measured. Figure 4(a) presents a set of transmission spectra
recorded at 34 GHz for both reference samples, that is, con-
tinuous Co and CoCu nanowires and three multilayered
samples with a spacer layer thickness of 4 nm and different
magnetic layer thickness, while Fig. 4(a) shows their corre-
sponding dispersion relations, where the straight lines corre-
spond to the fit of the experimental data to Eq. (7).

From the spectra shown in Fig. 4(a), it can be observed
that at the same frequency, the multilayered samples present
higher resonance fields than the reference samples. In
particular, the shift of the resonance field increases as the
magnetic layer thickness decreases. In this case, the high-
est resonance field (8 kOe) is measured on the
CoCu(17 nm)/Cu(4 nm) sample, which represents a change
of 3 kOe with respect to the effective field of the reference
CoCu sample.

From Eq. (7), it can be seen that at a given frequency, an
increase of the resonance field corresponds to a decrease of
the effective anisotropy field, suggesting that the effective
anisotropy of the wires is lowered once the wires are seg-
mented to form a multilayer, and decreases as the magnetic
layer thickness is further reduced. This can clearly be seen in
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FIG. 4. (a) Transmission spectra recorded at 34 GHz and (b) the
corresponding dispersion relation for each sample for arrays of non-
layered and multilayered nanowires electrodeposited at pH=2. The
type of sample and values for the layers thickness in nm are indi-
cated in the figure.

Fig. 4(b) from the measured dispersion relations. From this
figure, it can be noticed that the shift of the dispersion rela-
tion is not constant with the magnetic layer thickness /, but
rather asymptotic, up to the resonance field corresponding to
the nonlayered CoCu nanowires array (circles). Thus, for a
constant spacer layer thickness, the effective field for multi-
layered CoCu/Cu nanowires increases with the magnetic
layer thickness up to the value of the CoCu sample.

B. Validity of the model

The variation of the effective field with the magnetic and
the nonmagnetic layer thickness was analyzed in terms of the
effective anisotropy field determined by FMR for the two
series of samples with magnetic layer thickness / varying in
the range from 17 up to 213 nm for two constant spacer layer
thicknesses g (4 and 20 nm).

The effective field as a function of the magnetic layer
aspect ratio r;=I[/d, for both series of samples, is shown in
Fig. 5(a). From this figure, we can see an increase of the
effective field approaching a constant limiting field Hy,
=06.5 kOe as the aspect ratio increases. This limiting value
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FIG. 5. (a) Anisotropy field as a function of the magnetic layer
aspect ratio r; for arrays of multilayered CoCu/Cu nanowires. The
two series of samples are compared corresponding to the magnetic
interlayer separation g=4 nm and g=20 nm. Experimental data for
each series of samples are fitted with the analytical model given by
Eq. (6). (b) Anisotropy diagram as a function of the aspect ratios of
the magnetic r;=1/d and the nonmagnetic r,=g/d layers. The con-
tinuous line shows the values of r; and r, for which the effective
anisotropy is zero. Above this curve, the effective field is positive,
while below it is negative. The magnetization easy axis is repre-
sented by the white arrow.

corresponds to the effective field for an array of nonlayered
CoCu nanowires (horizontal dashed line at the top of the
figure). On the other hand, as the aspect ratio is lowered, the
effective field decreases. Notice that the departure from the
upper limit takes place at different aspect ratios, depending
on the thickness of the nonmagnetic layer. Moreover, as
mentioned above, the effective field is always positive (fa-
voring an easy axis parallel to the wires) and only the Co/Cu
multilayered sample with /=36 nm and g=20 nm has an ef-
fective field close to zero, showing a nearly isotropic behav-
ior as observed from its corresponding hysteresis loop in Fig.
3(b). From the results shown in this figure, the effect of the
nonmagnetic layer thickness on the dipolar interaction and
the effective magnetostatic field can be evidenced. Indeed, it
can be noticed that although H, s increases with the magnetic
layer aspect ratio r; for both series of samples, the limiting
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value Hj;, is reached at lower aspect ratios for the series with
thinner copper layers (g=4 nm). Moreover, for a given as-
pect ratio, the effective field is lower for the multilayers hav-
ing a thicker spacer layer. These differences in the effective
field are attributed to the dipolar interaction between the
magnetic layers which depends on the spacer layer thickness.

In order to give a more detailed insight of the effective
field behavior and dependence on the interlayer dipolar cou-
pling, the effective field given by Eq. (6) has been calculated
and compared to the experimental data for the two series of
samples, as shown in Fig. 5(a). This calculation is done using
the effective field of the nonlayered CoCu sample measured
by FMR and the average spacer layer thickness measured by
TEM. For reference, the effective shape anisotropy field of a
single isolated cylinder as a function of the aspect ratio is
also plotted (continuous line). As can be seen from the fig-
ure, the model describes with excellent agreement and re-
markable accuracy the behavior observed from the experi-
mental data within the range of aspect ratios considered.
Moreover, this figure allows a direct interpretation of the
effect of the spacer layer thickness in the interlayer coupling
and the effective magnetostatic field.

First, let us recall that the effective field is considered to
be purely magnetostatic, that is, magnetocrystalline aniso-
tropy contributions are neglected. Furthermore, the magneto-
static interactions between layers in different wires are also
neglected. Under these conditions, the effective field of a
multilayered nanowire results from the combination of the
shape anisotropy of the magnetic layers and the dipolar in-
teraction between them. In order to understand how this ef-
fect contributes to the effective magnetostatic field, consider
first the limiting case of noninteracting magnetic layers, that
is, g> 1. The effective, or total, anisotropy field is given only
by the shape anisotropy of the magnetic layers which corre-
sponds to that of an isolated cylindrical rod with an aspect
ratio r;. The shape anisotropy of an isolated magnetic cylin-
der as a function of the aspect ratio is well known,* and
corresponds to the continuous line shown in Fig. 5(a), which
has been calculated using Egs. (2) and (3). At high aspect
ratios, r;=[/d=10, the cylinder is considered infinite, and
the value of the shape anisotropy converges to an upper limit
given by Eq. (1). This upper bound is shown as a horizontal
dotted line in Fig. 5(a). As the aspect ratio decreases, so does
the shape anisotropy, the system becomes isotropic at a criti-
cal aspect ratio value of 7,=0.906. Above this critical value,
the system corresponds to a cylindrical rod and favors an
easy axis parallel to the cylinder axis, whereas for r;
<0.906, the systems correspond to a cylindrical disk and the
easy axis is perpendicular to the cylinder axis.?#?

Upon reducing the spacer layer thickness, the interaction
between layers increases and the effective field can no longer
be considered as that of an isolated cylinder. The variation of
the effective field with the magnetic layer aspect ratio should
depart from that of the isolated cylinder. This is seen from
the results shown in Fig. 5(a), which suggest that for a given
spacer layer thickness, HS;}(C“ varies as a function of the
aspect ratio according to Eq. (6). The curve describing this
variation for a given spacer layer thickness lies between the
limit of the isolated cylinder (continuous line) and the con-
tinuous and infinite wire (horizontal dotted line). In particu-
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lar, as the spacer layer thickness becomes smaller, the func-
tion describing the effective field will move toward the limit
of the infinite continuous wire. For a given magnetic layer
thickness, or aspect ratio, the effective field will be higher as
the spacer layer thickness is decreased and in consequence,
the reduction of the effective field will shift toward lower
values of r;, as seen in Fig. 5(a). These results are consistent
with those reported for NiCo/Cu?® and Ni/Cu*? multilayered
nanowires.

From the schematics shown in Fig. 1, it can be seen that
the effect of the dipolar interaction is to reduce the demag-
netizing field of an individual layer favoring a head-to-tail
alignment of the magnetization between adjacent layers. That
is, dipolar interactions tend to move the boundary between
the rod-shaped segments and the disk-shaped segments to
lower magnetic aspect ratios.’*3> Physically, the shift of this
boundary is equivalent to stretching the magnetic segments
as if they had a larger aspect ratio.

The model provides very good agreement and an accurate
description of the behavior of the effective field as a function
of the main geometrical parameters of the multilayered sys-
tem. As mentioned before, a main issue regarding these types
of magnetic systems is the possibility to tailor and control
their magnetic properties. Equation (6) describing the effec-
tive field is expressed as the product of two terms. The first
one is given in terms of the saturation magnetization of the
magnetic material, the wire packing fraction, and that corre-
sponds to limit of the homogeneous nonlayered array of
nanowires. The second term depends on the wire diameter
and both the magnetic and the nonmagnetic layer aspect ra-
tios. On observing the results presented in Fig. 5(a), it is
clear that for a given spacer layer thickness the effective field
will go through zero at a given magnetic layer aspect ratio.
Inversely, for a given aspect ratio of the magnetic layers, it
should be possible to find the spacer layer thickness at which
the effective field will be zero. In other words, it is possible
to determine the geometrical conditions needed to obtain
multilayered nanowires with an effective field, which favors
an easy axis parallel or perpendicular to the wire axis, and
even the case of an isotropic nanowire, which can serve as a
design guide in order to tailor specific magnetic properties.
For this purpose, the geometrical conditions needed for the
effective field to be zero have been calculated in the general
case of a multilayered cylindrical wire. This is done from
Egs. (3), (5), and (6), where it can be seen that the zeros of
the effective field are determined as a function of only the
dimensionless parameters corresponding to the aspect ratios
of both the magnetic (r;) and the nonmagnetic (r,) layers.
Figure 5(b) shows the anisotropy diagram for a single mul-
tilayered nanowire. The continuous line represents the set of
aspect ratios of both magnetic and nonmagnetic layers, for
which the effective magnetostatic field is zero, and defines
the regions, for which the magnetostatic anisotropy favors an
easy axis parallel (H,;>0) or perpendicular (H,;,<0) to the
cylinder axis.

This diagram shows that in the limit of thick nonmagnetic
layers, the magnetic layers are decoupled and the rotation of
the easy axis from the direction parallel or perpendicular to
the cylinder axis can only take place below a critical aspect
ratio value of r,=0.906, which is the one predicted for a
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single magnetic metal cylinder. As expected, above this criti-
cal value, the easy axis is parallel to the wires, whereas be-
low this value, the magnetic layers are in the cylindrical disk
regime and favor an easy axis perpendicular to the cylinder
axis. As the spacer aspect ratio is reduced, the interlayer
coupling increases and the easy axis transition takes place at
lower magnetic aspect ratio values. Since the dipolar inter-
action moves the boundary where the isotropic point is ob-
tained, the aspect ratio r; at which the easy axis rotation takes
place decreases as the aspect ratio r, decreases.

In other words, the diagram describes how the boundary
between the rod-shaped segments and the disk-shaped seg-
ments moves to lower magnetic layer aspect ratios as a func-
tion of the spacer layer aspect ratio. The critical value at
which the system becomes isotropic, H,;=0, describes how
much the magnetic layer aspect ratio needs to be reduced so
that for a given thickness of the nonmagnetic layer, the tran-
sition boundary is equal to that of the isotropic isolated cyl-
inder (0.906).

Finally, it is worth mentioning that this diagram is general
and valid for a single multilayered nanowire that alternates a
magnetic and a nonmagnetic layer, for whatever combination
of materials. Indeed, the existence of the isotropic point and
the possibility to induce a rotation of the easy axis is purely
geometrical and, as seen from Eq. (6), depends only on the
aspect ratio of both the magnetic and nonmagnetic layers. As
mentioned before, this description is limited to the case in
which the effective anisotropy field of an array of multilay-
ered nanowires is purely magnetostatic, and for wire densi-
ties in which the dipolar interaction between layers in neigh-
boring wires can be neglected.

In this sense, detailed studies of dipolar interactions in
multilayered Ni/Cu nanowires have been reported and com-
pared with micromagnetic simulations.!”3?-3* In particular,
these systems are purely magetostatic and have a relatively
low porosity. The isotropic point has been observed at mag-
netic layer aspect ratio very close to unity when the nonmag-
netic layer is thick. On the other hand, the structures with a
magnetic easy axis perpendicular to the wires have magnetic
and nonmagnetic layer aspect ratios which are consistent and
in good agreement with the diagram in Fig. 5(b), namely,
r;=r,=0.1. Other recent studies of the effects of the inter-
layer interaction include both Co/Cu and CoNi/Cu multilay-
ered wires grown in anodized alumina templates.'>3° Unfor-
tunately, these templates have a much higher porosity, which
hinders a direct comparison with our results. Moreover, as
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pointed out by the authors, magnetocrystalline anisotropy
contributions cannot be overruled. However, in NiCo/Cu
multilayers, the isotropic point is obtained at a magnetic
layer aspect ratio of 0.2, when the nonmagnetic layer aspect
ratio is 0.014, which is consistent with the results in Fig.
5(b), reflecting the need of very thin magnetic layers when
the dipolar interaction is strong (thin spacer layers).

V. CONCLUSIONS

The influence of the layering on the dipolar interactions in
arrays of electrodeposited multilayered CoCu/Cu nanowires
has been studied as a function of the magnetic layer thick-
ness for several spacer layer thicknesses. Both FMR and
AGM measurements have shown that the reduction of the
CoCau layer thickness as well as the increase of the Cu spacer
layer thickness lead to a reduction of the effective anisotropy
field. An analytical magnetostatic model has been proposed
which takes into account the shape anisotropy and dipolar
interactions in order to describe the behavior of multilayered
nanowire arrays as a function of the main geometrical pa-
rameters of the system. An excellent agreement was found
between the analytical model and the experimental FMR
measurements. A general anisotropy diagram has been deter-
mined from the model, which defines the geometrical rela-
tion between the aspect ratio of both the magnetic and the
nonmagnetic layers for which the effective anisotropy is
zero. This diagram provides the values of the aspect ratio of
the FM and the NM layers for which the easy axis is parallel
or perpendicular to the cylinder axis. The diagram is general
and valid for multilayered cylinders of any combination of
FM and NM materials, within the validity of the consider-
ations made, making it potentially useful for the design of
multilayered nanowires with specific anisotropy properties.
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