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25 nm to 50 nm Co2FeAl (CFA) thick wire arrays with varying widths and spacing have been patterned
from continuous CFA films deposited on MgO(001) using e-beam lithography and Ar ion milling. Mag-
neto-optical Kerr effect, transverse bias initial inverse susceptibility and torque measurements reveal
that the in-plane magnetic anisotropy of the wires is dominantly monitored by a uniaxial term, in
contrast with the continuous films where it is governed by the superposition of a fourfold term and of a
smaller uniaxial term. The microstrip ferromagnetic resonance spectra performed using a magnetic field
H, applied in the plane of the studied sample along various directions, or perpendicularly to this plane,
gave us access to various quantized modes originating from the patterning. In addition, Brillouin light
scattering also exhibits quantized modes. A large part of the experimental observations can be quanti-
tatively interpreted as resulting from the demagnetizing terms induced by the geometrical patterning.
However, the presented model, simply built on the effect of the demagnetizing field, is not able to give
account of all the quantized modes present in the resonance spectra. When H is parallel to the wires, a
more complete description is used: it considers the wave-vector quantization induced by the patterning.
For the magnetic modes concerned by both approaches, the correspondence between the 2 models is
easily established. When H is not parallel to the wires quantitative descriptions of the behavior of the
field dependence of the observed modes still can often be performed. Finally, in all the studied patterned
samples, the uniform magnetic mode, termed “film mode”, relative to the parent continuous film is
observed by ferromagnetic resonance: such a behavior, which has been reported previously, remains to
be completely interpreted.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Spintronics is, nowadays, facing challenges such as spin injec-
tion into semiconductors [1,2], obtaining high magnetoresistance
values and low current density for spin transfer-based devices [3].
Highly spin polarized materials with low Gilbert damping para-
meter such as Co-based Heusler alloys are good candidates to
overcome these difficulties. Co2FeAl (CFA) is one of the most
prominent Co-based Heusler [4] alloys. Its Curie temperature is
very high (1000 K), and this alloy is theoretically predicted to be
half-metallic, thus yielding a full spin polarization. It can provide
giant tunneling magnetoresistance (360% at room temperature)
[5], when used as an electrode in magnetic tunnel junctions.
Consequently CFA is promising for practical applications. The
is13.fr (M. Belmeguenai).
storage density in continuous magnetic media is, nowadays, lim-
ited by the superparamagnetic effect. Nano-patterned media are
expected to significantly increase the super-paramagnetic limit
[6]. However, the high frequency magnetization dynamics in
nano-objects is related to non-uniform spin wave modes in con-
trast to the almost uniform precession of magnetization in con-
tinuous thin films. Therefore, the knowledge of the high frequency
dynamics of submicronic magnetic systems is of critical im-
portance both for fundamental and technological reasons. Indeed,
in view of the potential applications in magnetic recording and
smart sensors technology [7,8], the magnetization dynamics of
nano-objects is critically important for the understanding and the
improvement of the noise and magnetization reversal character-
istics. It defines the timescale of the magnetization reversal pro-
cess, and therefore, the switching time of a memory unit.

From the fundamental point of view, both the size and the
spatial arrangement of these nanostructures significantly influ-
ence their magnetic properties, leading to the appearance of new
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Fig. 1. Scanning electron microscope (SEM) image of an array of Co2FeAl wires,
with a width W spaced of S, illustrating the different configurations used in MS-
FMR measurements, where H is the applied static field and hrf is radiofrequency
field generated by the microstrip line. The numbers 1, 2, 3 and 4 are used in the text
for referring to these configurations. Axes x, y and z are along the wire axis, the
wire width and perpendicular the wire plane, respectively.
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physical phenomena not existing in the continuous films. The size
reduction of the structures can lead to new interesting phenom-
ena: the geometrical confinement induces a quantization of the
spin waves [9,10], giving rise to magnonic bands [11,12] showing a
dispersion versus their wave-vector which depends on the peri-
odical arrangement of the studied array. The spin waves confine-
ment has usually been probed using Brillouin light scattering (BLS)
[13–17]. Ferromagnetic resonance (FMR) is another technique, up
to now less used to study these effects [18,19]. The FMR presents
several advantages compared to the BLS. Indeed, the FMR provides
high accuracy in determining the positions of the resonance peaks,
which results from much higher resolution in the determination of
natural frequencies of the studied system. In addition, FMR ex-
periments with a magnetic field applied perpendicular to the
plane of the studied nanostructures are easier than the BLS ones.
Moreover, due to its small damping values [20] providing a much
longer FMR coherent length, CFA is much more suitable for mag-
nonic devices and therefore, the high frequency magnetization
dynamics of CFA-based nanostructures is of important research
interest. In this paper, we mainly used ferromagnetic resonance in
microstrip line (MS-FMR) under in-plane and out-of-plane applied
magnetic fields, combined with magneto-optical Kerr effect mag-
netometry and BLS spectroscopy, in order to perform a complete
correlated analysis pointing out striking effects related to the size
reduction of Co2FeAl based arrays of wires. We show that the re-
duction in size of our samples leads principally to quantization
effects, which change dramatically the spin waves spectrum,
compared to that of continuous films.
2. Samples preparation and experimental methods

To observe the quantization and to facilitate the interpretation
of the of spin waves spectra, the thickness d of the studied samples
must be well chosen. It has to be large enough in order to insure
that the frequencies of the quantized modes resulting from the
patterning significantly differ from the frequency of the con-
tinuous film and small enough in order to avoid strong interaction
between the magnetic excitations arising from the uniform mode
of the continuous film and the perpendicular standing spin waves
(PSSW). Therefore, thicknesses in the range 20–50 nm are an op-
timum choice for spin waves quantizing study.

CFA films were grown on MgO(001) single-crystal substrates
using a magnetron sputtering system with a base pressure lower
than 3�10�9 Torr. Prior to the deposition of the CFA films, a 4 nm
thick MgO buffer layer was grown at room temperature (RT) by
radio frequency sputtering from a MgO polycrystalline target un-
der an Argon pressure of 15 mTorr. Next, the CFA films, with
variable thicknesses (25 nm, 43 nm and 50 nm), were deposited at
RT by dc sputtering under an Argon pressure of 1 mTorr, at a rate
of 0.1 nm/s. Finally, the 25 nm and 50 nm CFA films were capped
with a MgO(4 nm)/Cr(10 nm) bilayer while the 43 nm thick CFA
film was capped with a MgO(4 nm)/Ta(10 nm) bilayer. After the
growth of the stack, the structures were ex situ annealed at 600 °C
during 15 min in vacuum (pressure lower than 3�10�8 Torr) in
order to improve their structural and chemical order [21]. A de-
tailed investigation of the thickness and annealing temperature
dependences of the magnetic and the structural properties of the
continuous films is presented in [20,21]. 500�500 μm2 wire ar-
rays of different widths W ( W0.5 m 2 mμ ≤ ≤ μ ) and arranged with
different spacing distances W ( S0.5 m 2 mμ ≤ ≤ μ ) were then ela-
borated, as illustrated by the scanning electron microscope image
shown in Fig. 1. The thin wire arrays were fabricated using electron
beam lithography followed by Ar ion milling through the alumi-
num mask defined by the lift-off technique.

For the dynamic measurements, microstrip ferromagnetic
resonance [20], where the studied sample is mounted on a 0.7 mm
microstrip line connected to a vector network analyzer and to a
lock-in amplifier, is used The instrumental set-up provides the
field first derivative of the absorbed power versus the applied
magnetic field. During the measurements, the external magnetic
field H can be applied in the film plane, along any chosen direction
(e.g.: parallel (Fig. 1: 1) or perpendicular (Fig. 1: 2) to the wires) or
perpendicularly to this plane (Fig. 1: 3 and 4) as illustrated in Fig. 1.
Depending on the directions of H and of the radiofrequency field
(hrf), the above described different configurations are labeled 1, 2,
3 and 4 in the following parts of the paper.

Magnetization at saturation of the continuous films (found
average value: Ms¼1000750 emu cm�3) and hysteresis loops
were studied at room temperature for each sample, using a vi-
brating sample magnetometer (VSM) and a magneto-optical Kerr
effect (MOKE) system, respectively. Moreover, transverse biased
initial inverse susceptibility and torque method (TBIIST) [22] was
used to study the in-plane anisotropy for comparison with MS-
FMR. In addition, X-rays diffraction spectra revealed that the cubic
[001] CFA axis is normal to the substrate and that all the CFA films
exhibit full epitaxial growth according to the expected CFA(001)
[110]//MgO(001)[100] epitaxial relation [20].
3. Synthetic description of static and dynamic magnetic
properties

As previously published [20], in the case of a thin CFA film, the
frequency of the uniform magnetic mode is easily derived from the
expression of the magnetic energy. In the case of an array of wires,
this frequency is modified. This variation can be simply interpreted
as originating from the demagnetizing field induced by the geo-
metrical transformation of the initial continuous film into such
array. Schematically, the components of the effective demagne-
tizing field derive from the demagnetization coefficients N 0x = , Ny

and Nz. Assuming a uniform magnetization, the demagnetizing
field inside a wire is easily calculated and depends on the position.
At the center of the rectangular section, it is significantly smaller
than its average value across the whole section. Ny and Nz depend
on d W/ and on W L/ (where L W S= + is the period of the studied



Fig. 2. (a) Evolution of the calculated values of the parameter u at the centre (uc)
and averaged through the wire-section (um) as function of d W/ for the minimal
(0.12) and maximal (0.8) studied coverage ratios W L/ . (b) The parameters u ex-
tracted from the best fits to the data related arising from the various experimental
techniques described in the text; the abscissa axis shows the d W/ values used in
this work. The experimental data are compared to the (d W/ and W L/ depending)
values of um and of uc calculated for each studied sample. The bold lines are used as
eyes guide and the shadowed area is used to clearly show that the experimental
data are in the range between um and uc. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this paper.)
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Fig. 3. (a) Typical MOKE hysteresis loops of a 25 nm Co2FeAl arrays of wires. The
in-plane magnetic field is applied parallel ( 0Hφ = °) or perpendicular ( 90Hφ = °) to
the wires axis. The easy axis hysteresis loop ( 0Hφ = °: field applied along the [110]
CFA axis) of the continuous film is shown for comparison. (b) d W/ dependence of
the easy axis ( 0Hφ = °) coercive field (Hc), of the saturation field (Hsat) along the
hard axis ( 90Hφ = °) deduced from hysteresis loops and of the uniaxial anisotropy
field (Hu) deduced from TBIIST measurements. Symbols refer to the experimental
data and solid lines are fits using the model described in the text with u¼1 for Hu

and Hsat; for Hcthe fit is obtained assuming a proportionality to d W/ with a slope
equal to u/5 0.2= .
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array). If W L/ 0= (isolated wire), N N1z y= ( − ), while this equality
remains practically exact for all the studied geometrical condi-
tions. Ny is roughly proportional to d W/ and decreases versus W L/ .
Defining u through Eq. (1), the variation of u is reported in Fig. 2
(a) as a function of d W/ for the two extreme values of W L/ present
in our samples. Its values for all the W L/ present in our samples
are shown in Fig. 2(b) (red and black symbols), where the bold
lines are used as guides for eyes and where the area delimited by
these values of u is shadowed

⎛
⎝⎜

⎞
⎠⎟N u

d
W

N Nand: 1
1

y z y= ( ≈ − )
( )

The coefficient u was calculated assuming two hypotheses: (i)
uc: effective demagnetizing field equal to the obtained value in the
center of the wire section or (ii) um: averaged value across this
section. Notice that, in most of the experimentally studied cases,
d W/ 1⪡ : with this condition, uc is given by a simple expression:

⎛
⎝⎜

⎞
⎠⎟u

W
L

W
L

cot an
2 2c
π≃

( )

When W/L{1: uc≈2/π.
Concerning um, its calculated value lies between 1 and 2 for the

studied geometrical conditions. In order to validate the model
presented above, we have proceeded to magnetometric MOKE
measurements, as described in the following subsection.
3.1. Magnetometric measurements (MOKE)

The demagnetizing field is expected to act as an in-plane ani-
sotropy field H M N N H4u s y y demπ= = : it strongly modifies the hys-
teresis loops, as shown in Fig. 3a, where the MOKE hysteresis loops
for an in-plane magnetic field applied along different orientations
( Hφ is the angle between H and the [110] axis of the 25 nm thick
CFA sample) are presented. In Fig. 3a, typical hysteresis loops of a
0.5 μm width wire array are compared to the observed one in the
continuous film. Using an applied field parallel to the wires
( 0Hφ = °), a square-shaped loop is obtained with a rather high
coercive field Hc and a full normalized remanence (M M/ 0.99r s = ).
In contrast, with an in-plane field applied perpendicular to the
wires (along the hard axis y: 90Hφ = °), the magnetization shows a
linear dependence versus the field, up to its saturation occurring
near Hu. The TBIIST measurements also allow for deducing the Hu.
The coercive field (Hc) deduced from hysteresis loops obtained for
a magnetic field applied along the direction of the easy axis, the
saturation field along the hard axis (Hsat) and the uniaxial aniso-
tropy field (Hu derived from the TBIIST measurements) are shown
in Fig. 3b as functions of d W/ . Using the above-mentioned value of
Ms (1000 emu cm�3), Hu gives access to u. The results are shown in
Fig. 2b (green triangles). The observed u values do not significantly
differ from the mean calculated parameter um (black squares). Fi-
nally, as usual, the observed coercive field Hc increases as the
anisotropy field but lies well below Hu, as shown in Fig. 3b, where
H H /5c u∼ .

3.2. Ferromagnetic resonance

3.2.1. Magnetic field along the wire axis (configuration 1)
In the case of the magnetic field applied along the wire axis,



Fig. 4. MS-FMR spectra of 25 nm Co2FeAl wire arrays of various widths measured
at 10.4 GHz driven frequency and for a magnetic field applied along the wire axis.
The spectra are shifted vertically for clarity.
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Fig. 5. Field dependence of the resonance frequencies of the observed modes in
25 nm Co2FeAl arrays of wires with various widths. The magnetic field is applied along
the wires (a) axis or (b) along their width. (c) Angular dependence of the observed
resonance field of the wire and of the film modes in 25 nm Co2FeAl arrays of wires of
W¼0.5 and S¼0.5 μm and 12 GHz driven frequency. The solid lines refer to the fit
using Eqs. (4)–(8) and (10) with / 2 2.92 MHz/Oeγ π( ) = , H 220 Oe4 = , M 1000 Oes = ,
H 0 Oe=⊥ and H 500u = , 140 and 120 Oe for W¼0.5, 1 and 2 μm, respectively.
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3 types of resonance modes can be observed simultaneously in the
studied samples as shown in Fig. 4, which shows typical spectra
obtained with 25 nm thick wire arrays. Notice that most of spectra
shown in the following concern 25 nm thick samples, but that,
indeed, for the other above mentioned thicknesses, we performed
the equivalent investigations. One mode, presenting the lowest
frequency (higher resonance field), appears to have characteristics
strictly identical to the uniform mode occurring in a CFA un-
patterned (continuous) film. The variation of its frequency versus
the applied field is shown in Fig. 5a. It can be fitted through the
following expression:

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥f H

H
H

H
H H

2 2 2 3
dem

4 4
0.5γ

π
= + + − +

( )∥ ⊥

The appropriate gyromagnetic factor 29.2 GHz T
2

1=γ
π

− , the per-
pendicular anisotropy field H⊥, the in-plane fourfold anisotropy field
H4 and the demagnetizing field H M4dem sπ( = ) can be found in one of
our previous publications [20] and are indicated in the figure caption.
Notice that H4, which is of magneto-crystalline origin [20], is rather
large and, thus, cannot be neglected. Conversely, the weak in-plane
uniaxial anisotropy field and the exchange contribution can be ne-
glected and, consequently, do not appear in the above equation. The
presence of this mode, which is labeled as the “film mode” in the
following, is not clearly understood. We observe it in all the studied
arrays. Notice that in some previous works concerning ferromagnetic
resonance or Brillouin scattering data [17,23–25] this mode was also
found. Moreover, within the frame of the dipolar approximation, it
corresponds to an existing (but singular) solution [26].

The recorded spectrum also contains one or two resonance
modes lying at frequencies slightly higher than that of the “film
mode”. We will design them as the “wire modes”. Focusing on the
nearest mode from the film mode, its frequency variation versus the
applied field is well described by introducing in Eq. (3) an additional
term taking account of the modification of the demagnetizing effects,
induced by the patterning of the film in order to form a wire array

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
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f H
H

N H H
H

H N H
2 2 2

1w y dem y dem1
4 4

0.5

( )
γ
π

= + + + − + ( − )∥ ⊥

The fitted values of Ny allow for defining an effective u
(u N W d/y= ) parameter (blue triangles in Fig. 2b), which is compared
in Fig. 2b to the measured one through MOKE and to the calculated
ones (uc (red circles) and um (black squares)). The above simple
model does not allow for treating the higher frequency wire modes,
which are eventually observed in our FMR spectra (and, as discussed
below, in Brillouin light scattering spectra). The simplest way to give
account of the occurrence of a manifold of wire modes starts from
the propagating modes in a thin film: the patterning induces a lateral
quantization of their wave-vector along the y-axis, which gives rise
to stationary modes along y. Their expected frequencies lie around
the calculated ones for propagating modes in a semi-infinite film
with a wave-vector qn in the vicinity of n W/π , where n is a positive
integer. Such a model provides [26–28]:
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An appropriate choice of qn gives good fits with the experi-
mental data. It can be deduced from numerical calculations [26,29]



Fig. 6. Variations of the shape anisotropy field (Hu), extracted from the fit of MS-
FMR measurements, as function of d W/ . The solid lines are the fits using u¼1.
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that qn is given as

q n a W/ 6n π= ( + ) ( )

In a previous paper concerning permalloy wires [26], we found:
a 0.3= − . For n¼1, when the relative frequency variation induced
by the patterning is weak, this model is equivalent to the pre-
ceding one [30], which leads to

a u2/ 1 7π= ( ) − ( )

Notice that our classification of these laterally quantized modes
starts with n¼1 while some other authors [17,31,10,29] describe
the same set of modes by starting with n¼0, which implies that
they use a value of a equal to u2/π( ) . For instance, a¼-0.3
corresponds to u¼1.1. The values of u fitted with the experimental
data, reported in Fig. 5, do not strongly differ from 1.1. In addition,
when the mode n¼2 is observed by ferromagnetic resonance, its
frequency variation versus the applied magnetic field is well re-
presented by Eq. (5) assuming that q2 is given by Eq. (6). In ad-
dition to the above-mentioned modes the FMR spectra allow for
observing perpendicular stationary spin waves (PSSW modes)
which reveal magnetic excitations strongly affected by the mag-
netic exchange and related to a wave-vector quantized along the
thickness ( p d/π where p is a positive integer). For a continuous
film, the frequencies of these perpendicularly quantized modes
[20]:
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In Eq. (8), Aex is the exchange stiffness. In a wire array, one
expects to observe PSSW modes at the following frequencies:
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Due to the large values of these frequencies our instrumental set-
up gave us access to PSSW modes resonance only for the thickest
studied samples. In fact, the p¼1 mode only appears in Cr-capped
50 nm films, and it is not unambiguously possible to conclude that
it corresponds to a film mode (Eq. (8)) rather than to a wire mode
(Eq. (9)). Anyway the exchange stiffness constant lies around
1.5 μerg/cm [20].

3.2.2. Magnetic field along any in-plane direction
The systematic presence of a film mode is always observed for

any direction of the applied field (defined by its angle Hφ with the
x wire axis). Here again, the spectra contain the film mode beside
at least one wire mode and, depending on the studied sample, a
PSSW mode. The systematic presence of a film mode is always
observed for any direction of the applied field. Here again, the
spectra contain the film mode, at least one wire mode and, de-
pending on the studied sample, a PSSW mode. The simple model
based on the modification of the demagnetizing effects due to the
patterning can indeed be used when the applied field is not par-
allel to the wire. For an in-plane magnetic field significantly larger
than H N Hu y dem= , the magnetization is practically parallel to the
applied magnetic field and it is easy to show that the frequency of
the first wire mode can be approximately written as follows:
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Indeed, the film mode frequency is also obtained using the
above expression, but with the condition N 0y = . In the case of

90Hφ = °, for which the in-plane field is perpendicular to the wire
axis (configuration 2), the variations of the frequencies versus the
amplitude of the magnetic field are shown in Fig. 5b for 25 nm
thick wire arrays of various widths. Concerning the film mode and
the first wire mode, they follow Eq. (10) using the same para-
meters as the fitted ones for a field applied parallel to the wires
(with, indeed, N 0y = for the film mode). In Fig. 5c, we show the
corresponding variations of the resonance fields versus Hφ , mea-
sured at fixed frequency (12 GHz) for wire array of W¼0.5 μm, for
both the film mode and the first wire mode. As expected, they are
very different: the thin film mode resonant field shows an angular
dependence with a periodicity of 90°, monitored by the four-fold
in-plane anisotropy term H4, while, for the wire mode, the peri-
odicity is 180° and is mainly monitored by
H N H u W d H/u y dem dem= = ( ) . This study of the angular variation of
the resonance field allows for an improved determination of Hu

(shown in Fig. 6) and therefore of u. Coming back to the case
90Hφ = °, notice that the wire mode frequency is expected to

cancel at H H H /2u 4= − , as observed in Fig. 5b. However, the ob-
served softening is not complete, which prevents for a precise
determination of u. For H varying from 0 to (H H /2u 4− ), the fre-
quency can easily be calculated using the same formalism as in
[32]: it decreases from H H/2 /2u 4γ π( )( − ) to 0 when H increases
from 0 to ( H H /2u 4− ). Notice that, for H H H /2u 4> ( − ) the wire
modes frequencies lie below the film mode frequency, in contrast
with the case 0Hφ = °. For such high fields, beside the first wire
mode, well described using Eq. (8) with 90Hφ = °, additional wire
modes are often observed, as evidenced in Fig. 5b (wire mode 1,
wire mode 2,…). However, these additional features cannot be
interpreted in terms of wave-vector quantization: such an ap-
proach is only valid for 0Hφ = °. The labelling of the observed
modes using parallel and perpendicular wave-vector quantizations
becomes irrelevant. When the applied field is not parallel to the
wires, the derivation of the resonant frequencies related to these
supplementary features does not follow from a simple evident
estimation and needs for a numerical treatment [33,34]. However,
in the case of wires with elliptic section, it can be easily shown
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Fig. 8. Field dependence of the resonance frequency of the wire modes and of the
film mode observed in Co2FeAl arrays: (a) d¼25 nm, W¼2 μm, Ta capped; (b)
d¼25 nm, W¼0.5 μm, Ta capped; (c) d¼50 nm, various widths, Cr-capped. The
applied magnetic field is perpendicular to the sample plane (configuration 3 for
(a) and (b); configuration 4 for (c)). The fits are obtained using the parameters
given in Ref. [20] and Eq. (13) (for (b) and (c)) or Eq. (14) (for (a)).
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[32] that, above the softening field, the uniform wire mode splits
into different branches, the frequencies of which can be calculated
analytically. Finally, for 90Hφ = °, here again a PSSW mode only
appears in Cr-capped 50 nm films and its frequency variation
versus the applied field is appropriately fitted using the above
cited magnetic parameters and a perpendicular quantization with
p¼1.

3.2.3. Out-of-plane magnetic field
Our out-of-plane experimental studies were mainly performed

using an applied magnetic field perpendicular to the plane of the
studied sample (configurations 3 and 4). The model used in the
preceding sub-section is easily adapted through the adequate
permutation of the directions involved in the calculation. The
equilibrium magnetization lies along the applied field when
H H H H Ndem dem y> ( − − )⊥ (instead of: H H Hdem> − ⊥ in the con-
tinuous film). Then, above this field, the frequency of the first wire
mode is given by

⎡⎣ ⎤⎦ 11f H H N H H H N H
2

1 2 1w y dem y dem1
0.5( )( ) ( )

γ
π

= − − ( − ) − − ( − )⊥ ⊥ ⊥

Indeed, the film mode frequency is given as

⎡⎣ ⎤⎦f H H H
2 12f dem( )γ

π
= + − ( )⊥ ⊥

Taking into account that N 1y⪡ , it results from Eq. (11) that

⎛
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⎞
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⎞
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f H H H
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⊥

In the typical experimental spectrum (Fig. 7), measured for the
25 nm thick wire array for 12.5 GHz driven frequency, the film
mode and the first wire mode are always observed. We should
mention that in order to increase the signal to noise ratio, the
experimental set-up includes the simultaneous observation of two
wires arrays having identical width but different spacing values
(configuration 3). In configuration 4, two wire arrays of different
widths but of common spacing value are simultaneously studied.
The field-dependences of the resonance frequencies of the film
mode and of the wire modes are shown in Fig. 8 for 25 nm and
50 nm-thick wires of different widths. The frequencies vary line-
arly with the perpendicular applied magnetic field. They allow for
a determination of u, which is shown in Fig. 2b and which rea-
sonably agrees with the other presented values. Notice that we
observe additional wire modes: their frequency linearly varies
versus the applied field with the same slope as the observed one
for the film mode and for the first wire mode (Fig. 8). The se-
paration from the film mode frequency of the wire mode indexed
16.5 16.8 17.1 17.4

0

20

40

Fig. 7. MS-FMR spectra of 25 nm Co2FeAl wire arrays measured at 12.5 GHz driven
frequency. The applied magnetic field is perpendicular to the sample plane (Con-
figuration: 3). Arrows indicate the mode positions.
by n can approximately be written as

f n
H d

W
u

2
3

2 14n
demγ

π
Δ = ( )

The field separation, defined as, where H0 refers to the film
mode and where n 1, 2, 3= … corresponds to the successive ob-
served modes, varies linearly versus n, as shown in Fig. 9. Except
for n¼1, the interpretation of this behavior still needs to be clar-
ified. In the case of the 25 nm thick sample illustrated in Fig. 7, the
observed series of modes seems to start with n¼2, suggesting that
the first wire mode is not detected. Consequently, for the 25-nm
thick sample, we used Eq. (14) in order to derive the value of u
(reported in Fig. 2), assuming that n¼1 does not appear in the
recorded spectra, which, in contrast, exhibit the modes corre-
sponding to n 2, 3, 4= and 5. As shown in Figs. 2 and 8(a), this
hypothesis leads to an excellent fit associated to a very plausible
value of u.



Fig. 9. Field separation HΔ (see text for definition) as function of the index (n) of
the wire modes observed in 25 nm Co2FeAl arrays of various widths.
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Fig. 10. BLS spectrum showing the two first wire modes (n¼1 and n¼2) observed
in a Co2FeAl array: d¼25 nm, W¼0.5 μm, S¼0.5 μm. In-plane magnetic field of
1 kOe applied along the wires axis; back-scattering with an angle of incidence (θinc)
of 15°.
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3.3. Brillouin scattering

The Brillouin spectra were studied with the help of a previously
described [35] experimental set-up, using a back-scattering geo-
metry with a plane of incidence of the illuminating beam normal
to the array of wires, under a varying magnetic field parallel to the
wires axes. Among the thinnest (25 nm) studied wire arrays, one
of them shows 2 magnetic Brillouin peaks related to the above
described wire modes (Fig. 10): the model based on the wave-
vector quantization, which is appropriate for the chosen geome-
trical arrangement provides adequate values of q1 and q2. We
measure q q W / 1.12 1 π( − ) = , in agreement with the expected value
equal to 1. In the other samples, only one wire mode is clearly
identified: using Eqs. (6) and (7), the Brillouin spectra provide an
additional evaluation of u , which is reported in Fig. 2b (cyan
symbols) as a function of d W/ among the other determinations
discussed in the previous sub-sections. In contrast with the results
obtained by FMR and by Brillouin scattering concerning wires ar-
rays of other chemical compositions [23–25], there is no trace of
the film mode in the recorded spectra. Finally, Brillouin scattering
due to PSSW modes is detected when the sample thickness is large
enough. It appears that the interaction between the PSSW modes,
strongly subjected to the magnetic exchange, and the other mag-
netic excitations which are treated above with the help of a purely
dipolar model, is far to be negligible. A more complete theoretical
approach taking into account both dipolar and exchange interac-
tions could indeed be performed: it would allow for more rigorous
results but would obscure the qualitative understanding of the
effects of patterning. Moreover, the unavoidable lack of precision
concerning the thickness of the films, their width, their distance
and the absence of information about the roughness at the boar-
ders of the wires, does not argue for the use of a more accurate
theoretical model.
The u values, extracted form the best fits of the experimental

data using the various static and dynamic techniques and sum-
marized in Fig. 2b, reveal that those obtained by TBIIST and BLS are
very close the calculated um and remain higher than the deduced
ones from FMR measurements. In fact, in TBIIST and BLS experi-
ments, the spot size is less than 100 μm and therefore, the hy-
pothesis of N 0x = is fulfilled since the probed part of the wire is
very small compared to the wires length (500 μm). In contrast, in
MS-FMR method, the whole wires are probed and, then, the
contribution of edges could result in a non-zero value of Nx.
4. Conclusion

Co2FeAl continuous films of thickness d¼25 nm, d¼43 nm and
d¼50 nm were prepared by sputtering on a (001) MgO substrate
and then patterned to 500�500 μm2 wire arrays of various
widths (W) and different spacings. The continuous films show full
in-plane and out-of-plane epitaxial growth. The magneto-optical
Kerr effect magnetometry and the transverse biased initial inverse
susceptibility and torque (TBIIST) methods revealed a dominant
uniaxial anisotropy which increases linearly width d W/ , due to the
shape. The microstrip ferromagnetic resonances (MS-FMR) with
magnetic fields applied along the wire axis as well as along the
wire width or perpendicularly to the wire plane reveal the pre-
sence of several modes identified as the “film mode” and as the
“wire modes”. These “wire modes” result from the magnetic waves
confinement due to the finite wire width. The presence of the “film
mode” remains to be completely interpreted. For magnetic fields
applied perpendicular to the wires plane, the field separation be-
tween the resonance fields of the film and the quantized modes
increases linearly with the mode index. This mode quantization is
confirmed by the Brillouin light scattering observations. A large
part of the experimental results can be quantitatively interpreted
as resulting from the demagnetizing terms induced by the geo-
metrical patterning. However, the presented model, simply built
on the effect of the demagnetizing field, is not able to give account
of all the quantized modes present in the MS-FMR spectra. When
the applied magnetic field H is parallel to the wires a more com-
plete description is used: it introduces a wave-vector quantization
induced by the patterning. For the magnetic modes concerned by
both approaches, the correspondence between the 2 models is
easily established. When H is not parallel to the wires quantitative
descriptions of the behavior of the field dependence of the ob-
served modes still can often be performed [32].
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