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We report a complete study of spin-wave transduction combining microwave measurements performed over
a frequency range of �1–15� GHz on Permalloy strips �thickness=10–20 nm, width=2–8 �m� and an accu-
rate modeling of the experiment. This technique has been used recently to assess the spin polarization of the
electrical current by measuring a current-induced spin-wave Doppler shift. We present here an electromagne-
tism calculation based on the magnetostatic wave theory combined with the Gilbert form of the damping that
can be used directly as an optimization tool for future spin-wave experiments.
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I. INTRODUCTION

When the magnetization of a ferromagnet is tilted away
from its equilibrium direction at one point, this perturbation
propagates in the form of a so-called spin wave. The study of
spin waves in thin metal films, commonly encountered in
modern magnetic recording and spintronics devices, is
emerging as a distinct subfield of magnetism. Indeed, spin
waves were proposed as a mean of routing and processing
electrical signals.1,2 From a fundamental point of view, spin
waves are able to interact with micromagnetic structures
such as domain walls and vortices.3–6 Recently, we have
shown that sub-micrometer wavelength spin waves could be
used to probe spin-polarized transport in a ferromagnetic
metal.7 In these developments, it is essential to be able to
launch spin waves with short-enough wavelength in a con-
trolled manner.

A propagating spin wave is conveniently generated using
the spatially inhomogeneous microwave magnetic field gen-
erated by a set of conductors �spin-wave antenna�. The spin
waves can be detected either inductively by a second antenna
�a technique called PSWS, namely, propagating spin-wave
spectroscopy� �Refs. 8–11� or by optical means.12–14 Time-
domain techniques using short magnetic field pulses can also
be used both with electrical and optical detections.15–17 For
the future developments of spin-wave techniques, it is highly
desirable to dispose of a quantitative tool for describing the
efficiency of the excitation process �spin-wave transduction�
but also for interpreting the measured spectra and/or for pre-
dicting them. Several calculation methods have been devel-
oped in the past.18–25 In the 1970s and 1980s, PSWS was
used extensively in insulating yttrium iron garnet �YIG�
films18,26,27 which, due to their ultralow microwave losses,
enable propagation of spin waves over several millimeters.
In the calculations, the losses in the ferromagnetic material
were ignored and the only parameter which was calculated is
the radiation resistance of the excitation antenna. Due to
these limitations, such calculations cannot be used to inter-
pret PSWS measurements in thin metal films, where the
losses �intrinsic damping� play an essential role. In this
paper, we describe a calculation method well-suited for
interpreting propagating spin-wave measurements in thin
ferromagnetic metal films. We present measurements of

spin-wave propagation conducted on an aggressive sub-
micrometer length scale and we discuss the agreement be-
tween theory and experiment.

The paper is organized as follows. The device and the
experimental principle used in our miniaturized version of
PSWS are described in Sec. II. In Sec. III, we present typical
microwave measurements and give a qualitative understand-
ing of the obtained spectra. The electromagnetic model is
treated in Sec. IV, in which we describe each step of the
calculation. In Sec. V, we compare the measured spectra to
the simulated ones and discuss the limitations of our ap-
proach. We separately treat the Fourier transform of the cur-
rent distribution for a given antenna in the Appendix.

II. EXPERIMENT

A. Elaboration of a device

A typical microfabricated sample used for the PSWS ex-
periment is shown in Fig. 1�a�. The horizontal track in the
middle is a w=2 �m Permalloy �Ni80Fe20� strip. Close to
the center of this strip, one distinguishes two meander-
shaped patterns which will serve as spin-wave antennae.
These antennae are zoomed in Fig. 1�b�. Each of them can be
viewed as a coplanar waveguide �i.e., one signal track with
two lateral ground tracks� shrunken to a sub-micrometer size
and folded five times onto itself. As explained below, this
meander shape allows one to precisely define the wavelength
of the spin wave and to optimize the transduction efficiency.
At one extremity of the antenna, the signal and the ground
tracks are short-circuited �center of Fig. 1�b��. At the other
extremity, the antenna is connected to a wider coplanar
waveguide �the three tracks on the left and on the right of
Fig. 1�a�� for injecting and measuring the microwave signal.
The devices were fabricated in the aim of the current-
induced Doppler shift experiment,7 so that they contain the
electrical contacts for the injection of a dc current through
the strip �see the four vertical tracks in Fig. 1�a�� that would
not be necessary for the present study.

The elaboration of a device begins with the sputtering of a
Permalloy film �t=10–20 nm� with a 15 nm capping of alu-
mina on a �1 cm2 intrinsic silicon substrate that has a 300-
nm-thick thermal oxide layer. In the first stage, the Permalloy
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strips are patterned by optical lithography �image reversal
process� followed by a lift-off of aluminum �t�Al�=50 nm�
and Ar+ ion-beam etching. The dry etching is performed at
an angle of 40° to limit the redeposition and the sample is
disposed on a rotative chuck to improve the homogeneity of
the etching. In the second stage, optical lithography followed
by a lift-off of Cr�5 nm�-Au�100 nm� is used to make the dc
electrical contacts, the connecting part of the coplanar
waveguides, and the alignment cross marks. The third stage
consists in depositing a sufficiently thick insulating pattern
above the Permalloy strip to avoid electrical short circuits
between the waveguide and the strip. For this purpose, a
90-nm-thick pattern of cross-linked PMMA �polymethyl-
methacrylate� was obtained by exposing the resist to a very
high electron dose ��14000 �C cm−2�. Finally, in the last
stage, the spin-wave antennae are patterned by electron-beam
lithography, exposing a 350 nm PMMA layer to a 30 kV-40
pA beam with a dose of about 400 �C cm−2. This is fol-
lowed by an oxygen plasma clean �to guarantee the electrical
contacts with the coplanar waveguides fabricated in the sec-
ond stage� and the lift-off of a Cr�5 nm�/Al�150 nm� layer. In
addition to the sample shown in Figs. 1�a� and 1�b�, we
fabricated and measured seven other devices for which we
varied the size of the meander that sets the wavelength of the
spin wave ��=0.8 and 1.6 �m�, but also the number of me-

anders �3 and 5�, the distance D between the two antennae
�D=5–8–15 �m�, the thickness �t=10 and 20 nm�, and the
width �w=2, 3.5 and 8 �m� of the Permalloy strip.

B. Measurement setup

The fabricated device is placed in the center of the lower
pole of an electromagnet fitting in a home-made probe
station.28 The upper pole of the electromagnet is first re-
moved for optical access, allowing one to contact the micro-
wave probes �GGB industries� to the coplanar waveguides
�Fig. 1�d��. The upper pole is then inserted �Fig. 1�e�� and a
vertical field is generated in the 2 mm gap �+ /−1.5 T with a
+ /−5 A current in the coils�. The Joule heating of this elec-
tromagnet is the main limiting factor for the stability of the
experiment.

The microwave probes are connected to a vector network
analyzer �VNA, Agilent E8362B, 10 MHz-20 GHz� via
phase-stable coaxial cables. The microwave apparatus is cali-
brated with the use of a calibration substrate that contains
short-open-50 � load-through coplanar standards. An elec-
trical delay is added to account for the propagation of the
microwave signal from the probe to the antenna along the 0.9
mm coplanar waveguide. The impedance of the antenna
ranges between 50 and 80 � in order to respect the 50 �
impedance matching as much as possible.
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FIG. 1. �Color online� �a� Optical microscope picture of a propagating spin-wave spectroscopy device �w=2 �m, �=800 nm, five
meanders, D=7.8 �m�. �b� Scanning electron microscope picture of the center part of the same device. �c� Fourier transform of the spatial
profile of the linear density of the microwave current corresponding to this device. ��d� and �e�� Pictures of the sample laying on the lower
pole of the electromagnet and in contact with the two microwave probes �and four tungsten dc tips�. �e� Upper pole piece of the electro-
magnet being removed as seen from above. �e� Upper pole piece being inserted as seen from the side. �f� Sketch of the operating principle
of propagating spin-wave spectroscopy.
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C. Operating principle

The operating principle, which is represented in Fig. 1�f�,
is the following. We first inject a microwave current i��� into
antenna 1 via the vector network analyzer. This generates a
high-frequency field h���. Owing to the meander shape of
the antenna, h��� has a spatial periodicity � ���800 nm for
the device shown in Fig. 1�. Then, this microwave field ex-
cites spin-wave modes of wavelength peaked around �,
which propagate in both directions along the ferromagnetic
strip. Finally, the spin wave generates an additional magnetic
flux on the antennae, which, according to Faraday’s law, in-
duces a voltage v���. This voltage is measured with the help
of the network analyzer both on the excitation antenna �port
1� and on the second reception antenna �port 2�. In a subse-
quent measurement, the microwave current is injected into
port 2, so that antenna 2 becomes the excitation antenna and
antenna 1 becomes the detection antenna. More precisely,
from the S parameters delivered by the network analyzer, we
extract the impedance matrix Znm �vn=�mZnmim, where
�n ,m�= �1,2� are the port or antenna number�. Note that the
antennae are much shorter than an electrical wavelength so
that a localized impedance model can be used.

As the coupling between the antennae and the ferromag-
netic strip is purely inductive, we work with the inductance
matrix as a response function. We always perform two mea-
surements: the first one Znm�� ,Hres� at a resonant field in
accordance with the dispersion of the excited spin-wave
mode and a second one at a reference field Znm�� ,Href�, for
which no resonant behavior occurs within the frequency
range we sweep. The subtraction of the two measurements
leads to the spin-wave contribution of the inductance matrix:
�Lnm���= 1

ı� �Zmn�� ,Hres�−Zmn�� ,Href��. From the self-

inductances �L11 and �L22, one can extract the efficiency of
the excitation of the spin waves by the antennae. From the
mutual-inductances �L12 and �L21, one can extract the
propagation characteristics of the spin wave between the two
antennae, which constitutes the PSWS measurement.

The injected power in the antenna needs to be limited to
P=−35 dBm in order to stay in a linear-response regime
�large distortions of the resonances were observed at higher
power, which we interpret as a signature of nonlinear mag-
netization dynamics�. The noise floor of the VNA receivers
lays around N=−130 dBm for a 10 Hz bandwidth, so that a
detection threshold estimate is Snm

lim=�N / P=−95 dB. Ac-
cording to the Snm↔Znm relationships29 and assuming the
input impedance of the antenna Z to be close to the charac-
teristic impedance Zc=50 �, the smallest variation of im-
pedance we can detect is �Znm

lim=
dZnm

dSnm
Snm

lim=
Zc

2
�N / P�1

+Z /Zc�2=1.5 m�. And so, the minimum inductance we can
resolve at f =10 GHz is �Lnm

lim=�Znm
lim /2	f =50 fH. This de-

tection threshold is of the same order as the intensity of the
transmitted spin-wave signal that we detect with the device
of Fig. 1�a� �see the spectrum in Fig. 2�b��. As a conse-
quence, an averaging of more than 100 scans is needed to
bring the mutual-inductance signal clearly out of the noise
floor.

To conclude this section, let us discuss the wave-vector
distribution of the excited spin waves, which is given by the
Fourier transform j̃
�k ,�� of the linear microwave current
density j
�x ,�� �see Eq. �18��. The normalized quantity
� j̃
�k� / I�2 corresponding to the antenna of Fig. 1�a� is shown
in Fig. 1�c�. It displays a main peak at kM =7.8 �m−1, which
corresponds to the spatial periodicity of the meander �
�800 nm, and that has a full width at half maximum

FIG. 2. �Color online� �a� Self-inductance �L11 and �L22 and �b� mutual inductance �L12 and �L21 measurements for the device shown
in Fig. 1�a� ��=800 nm, D=7.8 �m, t=20 nm, and w=2 �m� subjected to a field �0Hext=1.047 T ��0Href 	1.117 T�. ��c� and �d�� FMR
characterization of the strip from the self-inductance measurements. �c� Magnetic field dependence of the two main resonance frequencies.
�d� Frequency dependence of the frequency swept line width �FWHM�.
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�FWHM� of about 0.9 �m−1. A secondary peak, less intense,
appears at lower wave vectors kS=2.8 �m−1. This secondary
peak is due to the design of the antenna. The design choice is
explained in the Appendix, where the whole calculation of
the Fourier transform j̃
�k� is presented.

III. MEASURED SPECTRA

In this section, the spin-wave dispersion which sets the
frequency of the PSWS signal is given first. Then typical
measurements of both the self-inductance and mutual induc-
tance are presented and discussed.

A. Spin-wave dispersion

In this paper, we will only present results obtained with
the field applied perpendicular to the plane of the sample. In
this configuration, we excite the so-called magnetostatic for-
ward volume waves �MsFVW�, whose dispersion relation for
the case of a thin film is written as30

��k�2 = �H
�H + �M�1 −
1 − exp�− k�t�

k�t
� , �1�

with �M =��0 Ms and �H=��0 Hequ, where � is the gyro-
magnetic ratio, �0 is the permeability of vacuum, Ms is the
saturation magnetization, and Hequ is the equilibrium field
that contains the applied field Hext, the static dipolar field
which writes Hd=−Ms in the thin-film approximation, and if
necessary an out-of-plane anisotropy field Hk. The finite
width of the strip lifts the degeneracy of standing-wave
modes along the width w. To account for this, the in-plane
wave vector k� in Eq. �1� is written as k�

2=kx
2+ n2	2

w2 , where kx

is the propagation wave vector along the strip and n is an odd
integer �n=1,3,…� corresponding to the number of half
wavelengths for the magnetostatic potential within the width
�in the following, we will restrict the study to the lowest-
lying mode n=1�.

The damping is taken into account by adding a Gilbert
term in the equation of motion of the magnetization, which
results in the following substitution:31

�H → �H + i�� . �2�

For the case of a uniform precession in an infinite medium
�purely circular precession�, this translates into a frequency-
sweep linewidth �FWHM� ��=2�� and an exponential
time decay =1 /��. In the case of MsFVW, the contribution
to the FWHM is the same, but the resonance peaks are also
broadened because of the spectral width of the excitation
�see below�.

B. Self-inductance measurements

Figure 2�a� shows a typical measurement of the real and
imaginary parts of the self-inductance �L11. This spectrum
was obtained on a t=20 nm, w=2 �m, �=800 nm, and
D=7.8 �m sample �the one of Fig. 1�a�� under an applied
field �0Hext=1.047 T. It displays clear features of a ferro-
magnetic resonance �FMR� response. One recognizes two
peaks of Lorentzian shape for the absorption Im��L11�: the

main one at a frequency fM =5.762 GHz and a secondary
one at fS=5.282 GHz. These two resonance peaks reflect the
signature of the antenna as shown by the Fourier transform
of the current density �see Fig. 1�c��. The antenna couples
not only to wavelengths matching with its main spatial peri-
odicity, but it also couples, in a lower extent, to lower wave
vectors at lower frequencies that correspond to the secondary
peak of j̃
�k�.

Note that the base line of the signal is not zero. This is
attributed to a slight variation of the antennae’s impedance
with the applied magnetic field, which differs from one
sample to another and for which we do not have any clear
explanation. Consequently, the subtraction of the two mea-
surements taken at different but closely applied fields �refer-
ence and resonance� results in a base line that is either posi-
tive or negative, depending on whether the reference field is
greater or smaller than the resonant field. One also notices
that the two absorption spectra of each antenna, Im��L11�
�red curve� and Im��L22� �magenta curve�, are not com-
pletely identical. This illustrates the difficulties we have to
obtain two identical devices even though they were made at
the same time and are only a few �m apart from each other.
The film was probably altered during the microfabrication
process, which could explain a slight difference of the ferro-
magnetic response between the two antennae.

The plots of Figs. 2�c� and 2�d� sum up the self-
inductance measurements performed over the frequency
range �1–15 GHz� and constitute the ferromagnetic reso-
nance characterization of the Permalloy strip. Figure 2�c�
shows the magnetic field dependency of the resonance fre-
quency of the two main peaks. From this plot and from the
MsFVW dispersion relation �1�, one derives the gyromag-
netic ratio � /2	=30 GHz T−1 �corresponding to a g factor
g=2.14� and the effective magnetization �0Mef f =0.88 T
�Mef f =Ms−Hk, where Hk is an out-of-plane anisotropy field�.
Figure 2�d� shows the frequency dependence of the FWHM
of the absorption peak. In a PSWS experiment, the FWHM
results on one hand from the intrinsic contribution of the
damping due to the absorption �����intrinsic=2�� in a per-
pendicularly magnetized film� and on the other hand, from
the extrinsic contribution of the spectral width due to a non-
perfectly monochromatic excitation: ����extrinsic=vg�k,
where vg=d� /dkx is the group velocity and �k is the
FWHM of the square of the Fourier transform of the current
�see Fig. 1�c��. Assuming that these two contributions can
simply be added to one another, one writes

�� 	 2�� + vg�k . �3�

Deriving the dispersion relation �1� in the small wave-vector
limit, one finds that the group velocity does not vary signifi-
cantly as a function of the frequency �vg	�M

t
4

1
�1+	2/k2w2 as

soon as the applied field exceeds the saturation field by a few
percent�, so that the damping factor can be extracted from
the slope of the FWHM vs frequency: �=0.011 for the plot
shown in Fig. 2�d�.

In this measurement mode which involves only one an-
tenna, our technique can be seen as a special realization of
broad-band inductive measurement of FMR. Such measure-
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ments are typically carried out using coplanar waveguide
with much larger dimensions �from tens of micrometers to a
millimeter�, a small piece of ferromagnetic film being di-
rectly laid onto the waveguide. The method is usually re-
ferred to as VNA-FMR, coplanar waveguide ferromagnetic
resonance �CPW-FMR�, or pulse-induced magnetometry
�PIMM� when carried out in the time domain. Several ex-
amples of the use of these techniques can be found in Ref.
32–36. As noted,37 such measurements involve the produc-
tion of spin waves with a finite range of wave vectors, which
lead to an increase of the linewidth compared to the intrinsic
damping contribution. The distinguishing feature of PSWS is
its ability to directly observe the propagation of these spin
waves with the help of a second antenna as explained below.

C. Mutual inductance measurements

Figure 2�b� shows a typical mutual-inductance spectrum
�L12. It was measured in the same run as the self-inductance
curves shown in panel �a�. The real and imaginary parts of
�L12 exhibit clear oscillations with a 90° phase lag. The
amplitude of the oscillations is reminiscent of the two ab-
sorption peaks of the self-inductance. These oscillations are
attributed to the phase delay accumulated by the spin waves
during the propagation.

Let us put the intrinsic damping to the side for the
moment ��=0�. Then, the wave vector of the spin waves
is uniquely defined by the microwave angular frequency
� through the spin-wave dispersion �1�. The oscillating mag-
netization in the spin wave takes the form of a plane wave:
m�x , t�=m0ei�wt−kx�. Let us now assume each antenna to be
pointlike �i.e., its extension along the propagation direction
E=0�. The phase delay for a transmission between the two
antennae �distance D� is therefore �=−kD. Now, when the
frequency is swept around the resonance, different wave vec-
tors are selected according to the dispersion relation �1� and
within the bandwidth of the j̃
�k� peak. Consequently, the
phase delay varies continuously, giving rise to the oscilla-
tions seen in Fig. 2�b�.

From the period fp of the oscillations, we can estimate the
group velocity vg. In fact, for a full period, ��=2	. Assum-
ing a constant group velocity within the wave-vector range
of the main peak, we have �k	2	fp /vg. So the group ve-
locity is equal to vg	 fp .D. Following this reasoning, we
find for the experimental condition of Fig. 2�b� a group ve-
locity vg=770 m s−1, which is slightly greater than the the-
oretical value 650 m s−1 obtained from differentiating Eq.
�1�.

In the same spirit, the attenuation of the spin wave can be
estimated by comparing the amplitude of the mutual induc-
tance to that of the self-inductance. In a continuous-wave
experiment, the intrinsic damping manifests itself as a spatial
decay of the oscillating magnetization within the spin wave
which can be written m�x , t�=m0 e−x/Lattei�wt−kx�, where Latt is
the attenuation length over which the precession angle de-
cays as 1 /e. The quantity 1 /Latt can be seen as an imaginary
part of the wave vector.31 It is obtained by performing the
substitution �2� in the dispersion relation of the spin wave. It
appears as the spatial counterpart of the decay rate 1 /, both

quantities being related by the group velocity: Latt=vg. As-
suming again that the wave vector is uniquely determined by
the microwave frequency and that the two antennae are
pointlike, the amplitude decay corresponding to the propaga-
tion between the two antennae is exp�−D /Latt�. Experimen-
tally, this decay can be estimated as the ratio 2��L21� / ��L11�
�the factor 2 accounts for the fact that spin waves are being
emitted in both directions x�0 and x�0�. From this esti-
mate, one obtains an experimental value Latt=2.8 �m which
is larger than the theoretical one Latt

theo=vg /��=1.7 �m.
The limitations of the discussion above are obvious. In the

samples used in this study, the extension E of the antenna
along the ferromagnetic strip �E	5 �m for the antennae of
Fig. 1�a�� is comparable to both the attenuation length �Latt
	2 �m� and their center to center spacing D	8 �m �see
Fig. 1�b��. This invalidates the assumption of pointlike emit-
ters and receivers. To be more explicit, let us consider the
mutual inductance �L21 corresponding to spin waves propa-
gating from left to right. Because the spin waves are signifi-
cantly attenuated during their propagation below one antenna
�E�Latt�, the signal is expected to be dominated by waves
emitted in the right most meanders of the left antenna and
received in the left-most meanders of the right antenna. One
cannot assume either that the wave vector is selected strictly
by the microwave angular frequency � through the disper-
sion relation �1�. Indeed, the linewidth introduced by the
damping is larger than the linewidth introduced by the wave-
vector spreading �k of the excitation: 1 /�vg�k. Noticing
that the k spreading is inversely proportional to the lateral
extension of the antenna ��k	1 /E�, one again obtains the
same inequality E�Latt.

This situation is typical of a miniaturized PSWS experi-
ment on metal films. Because the inductive signal is small, it
is desirable to work with antenna covering a relatively large
portion of the ferromagnetic sample and situated close
enough to each other. One can easily convince oneself that
the signal is maximized when both the antenna extension and
their spacing are of the order of the attenuation length. This
is in strong contrast with older implementation of PSWS on
YIG films. In this case, the very low microwave losses allow
one to put the antenna far apart from each other, each an-
tenna being a simple microstrip �typically E of the order of
100 �m, D and Latt=a few mms�. The next section de-
scribes a calculation method which precisely describes the
situation we are interested in. The coupling of the spin waves
to the antennae is described with the help of a full electro-
magnetic calculation based on the determination of the mag-
netostatic potential in the reciprocal space. The intrinsic
damping is introduced in a consistent way and all the param-
eters of PSWS �self- and mutual inductances� are calculated.

IV. MODEL

We now move on to the establishment of a model for
spin-wave transduction. Contrary to recent reports,16 we
have chosen not to fully use numerical micromagnetic simu-
lations because we wanted to highlight the physical pro-
cesses governing the amplitude and shape of the PSWS sig-
nals. Following the early calculations of PSWS,18–25 we shall
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solve the problem for a Fourier component and use Fourier
transforms to calculate the measurable quantities. The main
difficulty of such calculations is to relate the magnetic quan-
tities describing the spin wave �oscillating magnetization
components or magnetostatic potential� to the electrical
quantities describing the microwave signal in the antenna
�microwave current and voltage�. For this purpose, several
methods have been proposed. Ganguly and Webb19 and
Vashkovskii et al.21 calculated all the components of the
electromagnetic fields in the layered medium consisting of
the magnetic film, the dielectric media, and the metal of the
antenna. Stancil18 and Kalinikos22 resolved the microwave
signals onto the basis set formed by the spin-wave modes of
the films. Finally, Emtage20 proposed to use an intermediate
quantity called surface permeability. This allows one to ex-
press the boundary conditions and the microwave signals in a
compact form. We adapt this formalism by including the in-
trinsic damping and deriving expressions for both the self-
and mutual inductances.41

A. Description of the problem

A sketch of the geometry of the problem is shown in Fig.
3. The antenna lays at height e above the ferromagnetic film
of thickness t. For simplification, we assume the antenna is
infinitely thin �current sheet�, so that we work with a linear
current density j
�x��. This is the main assumption of the
calculation; in reality, the antenna thickness is about 150 nm.
This is much smaller than the wavelength of the spin wave
�0.8–1.6 �m� but larger than the spacer thickness or the
magnetic film thickness. Without assuming this simplifica-
tion, the calculation would be far too complicated and we
will see that this assumption leads to some renormalization
of the amplitude which can be easily dealt with. We also
assume that the antenna is infinitely extended along the y
coordinate �no dependence on y�, so that we work with an
inductance per unit length L �L=L /wy, where L is the induc-
tance and wy is the extension of the strip and of the antenna
along y�. The permeability tensor is considered to be �01
everywhere except for inside the ferromagnetic film where it
is written as �0�, where � is a generic relative permeability

tensor accounting for the gyromagnetic response of the mag-
netic material �see the next sections�.

Let us start by expressing the self-inductance of the exci-
tation antenna in term of the total complex power Ptot,

L11��� = wyL11��� =
Ptot

i�I2 =
wy

i�I2� dxEy�x,e,��j
�x,�� ,

�4�

where Ey�x ,e ,�� is the electrical field induced on the plane
of the antenna. According to the theorem of Parseval, “the
total energy contained in a waveform does not depend on its
representation.” We can rewrite the integration �4� in the re-
ciprocal space

L11��� =
1

i2	�I2�
−�

+�

dkẼy�k,e,�� j̃
�k,�� , �5�

where Ẽy�k ,e ,�� and j̃
�k ,�� are, respectively, the Fourier
transform of the electrical field on the antennae Ey�x ,e ,��
and of the linear current density j
�x ,��. When considering
the spin-wave transduction from antenna 1 to antenna 2, we
simply write the mutual inductance L21 by factoring a phase
delay term e−ikD in the integrand of Eq. �5�

L21��� =
1

i2	�I2�
0

+�

dkẼy�k,e,�� j̃
�k,��e−ikD. �6�

This accounts for the fact that the excitation signal �j
�x ,���
and the reception signal �Ey�x ,e ,��� are shifted by an
amount D on the x scale. The integration for the mutual
inductance is limited to positive k only, since spin waves
traveling toward negative x values are not detected by the
second antenna.

Remembering that the Fourier transform of the current
distribution j̃
�k ,�� is the subject of the Appendix, we now
have to solve the problem for each of the Fourier compo-
nents, i.e., be given a harmonic distribution of current
j̃
�k ,��ei��t−kx� to calculate the electric field

Ẽy�k ,z ,��ei��t−kx� induced by the magnetic response of the
dielectric media and ferromagnetic film. This problem is
sketched in Fig. 4. Let us now express both the current and
electrical fields in terms of magnetic quantities:

�i� Applying the Ampere theorem to a little contour ex-
tending across the plane in which the current flows �see the
rectangle in Fig. 4�, we arrive at

h̃x�k,e+,�� − h̃x�k,e−,�� = j̃
�k,�� , �7�

which expresses that the current drives a jump of the tangen-
tial component of the magnetic field across the plane in
which it flows.

�ii� Writing “Maxwell-Ampere” equation ���E=− db
dt �

for the wave forms given above, we directly obtain

Ẽy�k,z,�� = −
�

k
b̃z�k,z,�� , �8�

which expresses that the electrical field is generated by the
time-varying magnetic flux. Note that it comprises both the
signal induced by the spin wave and the signal induced by
direct electromagnetic coupling of the current distribution
onto itself. Equations �7� and �8� bring us to a purely mag-
netic problem consisting in solving for the magnetic fields
and magnetization profiles through the thickness of the stack.

y

z

x

M

0
- t

e

µ

Mequ

jε(x,ω)

µ0

wy

µ0

µ0

Hext

FIG. 3. �Color online� Sketch of one antenna and of the geom-
etry considered for the electromagnetism calculation.
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We shall now describe the gyromagnetic response of the film
before we solve this problem.

B. Gyromagnetic response of the film

The time evolution of the magnetization M is described
by the Landau-Lifshitz-Gilbert equation31

dM

dt
= ��0Hef f � M + �

M

Ms
�

dM

dt
, �9�

where Hef f is an effective field comprising all the magnetic
interactions in the system. In the case of small amplitude
harmonic oscillations around the equilibrium, we introduce a
coordinate axis system �x1 ,x2 ,x3� adapted to the equilibrium
direction Mequ, which is set along x3. In this coordinate sys-
tem, the magnetization and magnetic field write:

M = �m1ei�t

m2ei�t

Mequ
� and Hef f = �h1ei�t

h2ei�t

Hequ
� ,

with m1 ,m2�Mequ and h1 ,h2�Hequ. Then, Eq. �9� is linear-
ized as follows:

i�m = ��0�Hequ � m + h � Mequ� + �
Mequ

Ms
� i�m ,

�10�

where Hequ is the equilibrium field already defined in Sec.
III A.

After projecting Eq. �10� in the �x1 ,x2� plane, we obtain
m=�h, which expresses the linear relationship between the

oscillating magnetization and the oscillating effective field.
Here, � is the Polder susceptibility tensor, whose compo-

nents write

�11 = �22 = � =
�M�H

�H
2 − �2 ; �21 = − �12 = i� = i

�M�

�H
2 − �2 ,

�11�

with �M =��0Ms and �H=��0Hequ+ i�� as defined in Sec.
III A.

Note that in the following, we shall solve the magneto-
static field using a generic permeability tensor � defined in
the coordinate system adapted to the antenna, so that the
expressions can be applied to any spin-wave geometry:

�
=

= �0��xx �xz

�zx �zz
 .

The relation between this tensor and the Polder susceptibility
depends on the orientation of the equilibrium magnetization
with respect to the antenna. For the geometry addressed in
the paper �Mequ out of the film plane, i.e., the so-called mag-
netostatic forward volume wave configuration�, the axis
�x1 ,x2 ,x3� can be identified to �x ,y ,z�, so that

�xx = 1 + �, �zz = 1 �xz = �zx = 0. �12�

C. Magnetostatic problem

For the range of wavelengths that are excited ��
	800 nm� lech	5 nm�, we can ignore the contribution of
the exchange field in the effective field of Eq. �10�. The
oscillating effective field h can therefore be identified to a
purely magnetostatic field. It comprises both the field pro-
duced by the current flowing through the antenna and the
dipole field produced by the magnetization in the spin wave.
The absence of electrical current in both half spaces, above
and below the antenna, implies that ��h=0. This allows
one to describe the magnetic system with a scalar potential
��x ,z , t� �reminded that there is no dependence on coordi-
nate y�, such that h�x ,z , t�=−���x ,z , t�. Owing to the geom-
etry of the problem �harmonic distribution along the x axis�,
the magnetostatic potential ��x ,z , t� must have the form of a
propagating wave along the x coordinate. The dependence
along the z coordinate is deduced from the condition of zero
divergence � ·b=−� ·���=0 �Walker equation�. As a con-

sequence, the magnetostatic potential writes as

��x,z,t� = �Ae−iqz + Beiqz�ei�wt−kx�, �13�

where q= i�k, with �=
�xx

�zz
�q= ik in the dielectric media�. The

constants A and B are obtained by solving the boundary con-
ditions of the problem.

Instead of solving directly for the magnetostatic potential
and fields, we introduce, as in the initial formulation of
Emtage,20 a dimensionless quantity �s�k ,z ,�� called the sur-
face permeability, which is defined as the ratio of the trans-
verse induction bz�k ,z ,�� �flux� to the pumping field
hx�k ,z ,�� �excitation�

�s�k,z0,�� = limz→z0
− i

b̃z�k,z,��

�0h̃x�k,z,��
. �14�

This quantity will be used to write in a compact way �i� a
solution of the magnetostatic equations in a given medium,

z

x

e

0
-t

y

h(x,z)

je(x,z)

m(x,z)

FIG. 4. �Color online� Vector field distribution of the magneto-
static field h for a given Fourier component of wave vector k. The
distributions of the linear current density j
 and oscillating magne-
tization m are sketched as arrows. The magnetostatic field was cal-
culated for the following set of parameters: kt=0.16, ke=0.32,
Hequ /Ms=0.2, and ����0Hequ �i.e., far below resonance�.
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�ii� continuity relations at the boundary between two media,
and �iii� the discontinuity at the current-carrying surface. Let
us write these relations:

�i� Using the magnetostatic potential defined by Eq. �13�
and the generic permeability tensor �=�0�

�xx �xz

�zx �zz
�, one can

eliminate the constants A and B to derive a relation between
the surface permeabilities �s�z1� and �s�z2� at two different
positions in the same medium

�s�z2� =
�s�z1� + ��2�zz

2 + �zx
2 − i�s�z1��zx�

tanh��k�z1−z2��
��zz

1 + ��s�z1� + i�zx�
tanh��k�z1−z2��

��zz

.

�15�

This relation can be applied to the dielectric media ��
=�01�, but also to the ferromagnetic medium �using the per-
meability tensor given in the last section�.

In the two dielectric half spaces extending to infinity �z
�−t and z�e�, the surface permeability takes a particularly
simple form. From Eq. �13�, the requirement that ��x ,z ,��
does not diverge implies the vanishing of A �respectively, B�
for the half space extending toward z→+� �respectively, z
→−��. The magnetostatic potential therefore writes as an
evanescent wave decaying away from the system: ��x ,��
�e−�kz�e−ikx. The corresponding surface permeability is sim-
ply �s�k , ���= � �k� /k= �sgn�k� and its sign depends on
the propagation direction.

�ii� The electromagnetic interface relations imply that the
surface permeability is continuous across a boundary that
does not carry a current. This allows one to iterate relation
�15�. From �s�k ,−t ,��=�s�k ,−��, one can express
�s�k ,0 ,�� using Eq. �15� with the permeability of the mag-
netic film and from �s�k ,0 ,��, one can deduce �s�k ,e− ,��
using the permeability of the dielectric medium.

�iii� The magnetic field discontinuity across the antenna
described by Eq. �7� is simply rewritten using the upper limit
�s�k ,e+ ,�� and lower limit �s�k ,e− ,�� of the surface per-
meability

�0 j̃
�k,e,�� = − ib̃z�k,e,��� 1

�s�k,e+,��
−

1

�s�k,e−,�� .

�16�

Here, �s�k ,e− ,�� is obtained by iteration as indicated above
and �s�k ,e+ ,��=�s�k ,+��. The complicated vector distribu-
tion of the magnetic field and magnetic induction across the
layered structure shown in Fig. 4 is therefore replaced by
simple scalar relations for the surface permeability.

Finally, by combining the Eqs. �8� and �16�, we can re-
express the electrical field in terms of the Fourier transform
of the current density and of the surface permeabilities
�which only depends on the geometry of the system and on
the magnetic parameter of the ferromagnetic film�

Ẽy�k,e,�� = i�0
�

k

j̃
�k,��
1

�s�k,e+,�� − 1
�s�k,e−,��

. �17�

Inserting Eq. �17� into the integrals �5� and �6�, we obtain
the expressions of the self-inductance and mutual inductance

per unit length that will be integrated numerically

L11 =
�0

2	
�

−�

+�

dk
1

k
� j̃
�k,��

I
�2

1
1

�s�k,e+,�� − 1
�s�k,e−,��

,

L21 =
�0

2	
�

0

+�

dk
e−ikD

k
� j̃
�k,��

I
�2

1
1

�s�k,e+,�� − 1
�s�k,e−,��

.

�18�

After integration, the total inductances of the antenna are
obtained by multiplying the result with the width w of the
strip.

D. Physical interpretation

From expressions �18�, the factors governing the PSWS
signal appear clearly. For obtaining the self-inductance, the
gyromagnetic response contained in the term �s�k ,e− ,�� is
multiplied by the Fourier transform of the antenna current,
which explains why the total width is a convolution of the
width of those two factors. One would recover a width en-
tirely given by the gyromagnetic response if the antenna was
made perfectly monochromatic �an antenna consisting of an
infinite number of meanders�. On the other hand, one would
recover a width entirely given by the shape of the antenna if
the film had vanishing loss �a situation well recognized in the
case of YIG films�.

As far as the mutual inductance is concerned, the situation
is a little bit more subtle because the two factors mentioned
above are again multiplied with an oscillation �e−ikD�. It is
clear that the integral will decrease when the number of os-
cillations within the width of the nonoscillating terms in-
creases. This is the way the attenuation appears in that cal-
culation: because of the finite linewidth of the gyromagnetic
response, spin waves with a finite range of wave vectors are
produced at the same time. During their propagation, these
waves interfere with each other. The signal decreases as a
function of the antenna to antenna distance �because this sets
the period of the oscillation in the integrand� and as a func-
tion of the linewidth of the gyromagnetic response �because
this sets the range over which the oscillation is integrated�.

To provide a deeper understanding of this calculation, the
different terms of the integrand of Eq. �18� are represented in
Fig. 5. We separately plot the current distribution � j̃
�k� / I0�2
which set the emission spectra, the gyromagnetic response
term Lequ�k ,��=�0

1
1

�s�k,e+,��
− 1

�s�k,e−,��

�Ref. 42� for a fre-

quency equal to the MsFVW frequency at the wave vector
kM, and the real part of the oscillating term e−ikD that corre-
sponds to the spin-wave propagation. Once again, the result-
ing mutual-inductance spectrum L21 is obtained by integrat-
ing the product of these three terms.

Note that this model can be implemented the same way
for the case of magnetostatic surface wave �MsSW: magne-
tization in the plane of the film and perpendicular to k� or
magnetostatic backward volume wave �MsBVW: magnetiza-
tion in plane parallel to k�. The point is simply to insert the
proper components of the Polder susceptibility tensor into
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the generic permeability tensor �. The Polder susceptibility

tensor is written in the plane perpendicular to the equilibrium
magnetization �see Sec. IV B�, while the spin-wave transduc-
tion problem ���x ,z , t�� is calculated in the plane perpen-

dicular to the antenna �see Fig. 3�. The generic permeability
tensors, �

=MsSW for case of surface waves and �
=MsBVW for the

case backward volume waves, writes as

�
=MsSW = �0�1 + � − i�

i� 1 + �
 and �

=MsBVW = �1 0

0 1 + �
 .

V. COMPARISON TO EXPERIMENT

We report in Fig. 6 the comparison of the results of our
model to several measured spectra obtained on four different
samples. The simulated inductances L11 and L21 were calcu-
lated from the integral relations �18� using the magnetic pa-
rameters �� ,Mef f ,�� derived from the FMR study for each
strip �see Figs. 2�c� and 2�d��. We set an average height e of
160 nm, which accounts for the 90 nm spacer thickness and
half of the antenna thickness �	70 nm�. Offsets are added to
the real and imaginary parts of the self-inductances. This
accounts for the direct electromagnetic coupling �which re-
sults in a nonzero baseline for Re��L11�� and for experimen-
tal uncertainties in determining the baseline �see the discus-
sion in Sec. III B�. The spectrum for a given set of

experimental conditions is also multiplied by a scale factor c
of the order of 0.65–0.9. This factor accounts for the fact that
the spin-wave amplitude is not uniform along the width of
the strip but rather sinusoidal with one antinode. This implies
an overlap integral of 8 /	2�0.81.38 Subsequently, the aver-
age spacer thickness e and the amplitude correction factor c
are finely adjusted for each spectra to obtain a better fit of the
measurements, mainly to compensate for amplitude artifacts
related to the assumption of an infinitely thin antenna �see
the discussion below�.

One can easily appreciate in the fits presented in Fig. 6 a
good quantitative agreement between simulations and mea-
surements. Within a few attempts playing reasonably with a
few parameters, one finds no difficulties to have the simu-
lated spectra pass through the measurement points. The
simulations account correctly for the shape of the self-
inductance: on all spectra, we noticed the presence of the two
peaks. Both in measurements and simulations, these two
peaks overlap more when the frequency is increased and for
antenna producing smaller k. This is due to the interplay
between the intrinsic damping �which broadens the peaks�
and the Fourier transform of the antenna current �which sets
the separation between the two peaks�. The simulation also
predicts the correct trends for the amplitude of the peaks: the
amplitude increases when the width of the strip increases and
also when the number of meanders of the antenna increases
�because this increases the maximum amplitude of the Fou-
rier transform of the current, see the Appendix�.

Correct trends are also obtained as far as the mutual in-
ductances are concerned even if this quantity appears to be
more dependent on the precise values of the parameters: one
observes a correct period and phasing for the oscillations.
One also observes that the amplitude ratio between the low-
frequency oscillations and the high-frequency ones seen for
the mutual inductance is larger than the amplitude ratio be-
tween the low-frequency peak and the high-frequency one in
the self-inductance signals. This is because the attenuation
rate increases linearly as a function of frequency, so that
low-frequency spin waves propagate further away. Interest-
ingly, the simulation also reproduces a trend which is more
difficult to explain from intuition: on Fig. 6�b�, one clearly
recognizes two peaks in the self-inductance spectrum but the
two oscillation packets seem to merge with each other in the
mutual-inductance spectrum.

Let us now discuss the limitations of this calculation. The
main problem is related to the assumption of an infinitely
thin antenna. In fact, recalling the form of the magnetostatic
potential ��r , t��e−kzei�wt−kx� Eq. �13�, it is clear that the part
of the current flowing in the top of the antenna is less
strongly coupled to the spin waves than the part of the cur-
rent flowing in the bottom of the antenna. Assuming the cur-
rent to flow entirely in the midplane of the antenna will
somehow underestimate the intensity. From the form of the
magnetostatic potential, it is clear that this effect will be
stronger for higher wave vectors. One can also convince one-
self that this effect does not affect the self-inductance and the
mutual inductance in an identical way.

To compensate for these artifacts, we have chosen to
separately adjust the parameter e and the global scale factor
c. Fortunately, these parameters need only to be adjusted

FIG. 5. �Color online� Plots of the three terms contained in the
integrand of Eq. �18�. �a� Normalized current distribution � j̃�k��2 for
the antennae shown in Fig. 1�a�. �b� Gyromagnetic response term
Lequ�k ,�� calculated for a frequency f =4.48 GHz. The parameters
are �0Hext=1.0 T, t=20 nm, h=160 nm, � /2	=30 GHz T−1, and
�0Ms=0.88 T. �c� Oscillating term for D=7.5 �m.
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over a range of about 10% to reach a good agreement �see
the values on the plot of Fig. 6�. Note that if these parameters
were fixed to the nominal values �e=160 nm, c=0.81�, we
would still reach a good qualitative agreement, with reason-
able errors of the order of 20% of the amplitude.43

Even after fine tuning these parameters, some little imper-
fections still remain in the shape of the oscillations. They can
be attributed to the slight difference in the magnetic coupling
of the two antennae. As seen in Fig. 2�a�, the self-inductance
spectra of the two antennae are always slightly different.
Since the transmission signal contains the convolution of the
magnetic responses of each antenna, a difference between
�L11’s and �L22’s intensities or resonance frequencies leads
to some deviations with the model that considers a perfect
translation of one antenna. Another reason for these devia-
tions could be a variation of the temperature during the scan.
The spectra result from the averaging of several scans during

hours over which the temperature cannot be maintained per-
fectly constant. The resultant drift of the resonance fre-
quency can lead to a decrease of the intensity of the oscilla-
tions seen in the mutual inductance.

VI. CONCLUSION

We presented measurements of propagating spin-wave
spectroscopy conducted on Permalloy strips at a sub-
micrometer scale. These experiments can be interpreted us-
ing simple arguments of plane-wave propagation. However,
such arguments do not allow one to precisely account for the
measured spectra. For this purpose, we derive a calculation
which relates the microwave response of the spin-wave an-
tenna written in the reciprocal space to the gyromagnetic
response of the magnetic film. Using this calculation method,
one obtains a very good agreement with the measurements.

FIG. 6. �Color online� Comparison between simulation and measurements for four different samples. All samples have a nominal
Permalloy film thickness t=20 nm, an effective magnetization �0Mef f =0.88 T, and gyromagnetic ratio �2	=30 GHz T−1. The anisotropy
field is taken equal to zero. �a� Spectra obtained on a �=1.6 �m pair of antennae �three meanders� distant of D=8.8 �m and coupled with
w=7.8 �m Permalloy strip under an external field �0Hext=0.983 T. For the simulation, the thickness is adjusted to t=17 nm and the
damping parameter is �=0.014. �b� Same for �=1.6 �m �five meanders�, D=14.5 �m, w=3.5 �m, �0Hext=1.067 T, t=17.5 nm, and
�=0.012. �c� Same for �=800 nm �three meanders�, D=5.5 �m, w=3.5 �m, �0Hext=1,037 T, t=19 nm, and �=0.013. �d� Same for
�=800 nm �five meanders�, D=7.7 �m, w=2 �m, �0Hext=1.036 T, t=18.5 nm, and �=0.012.
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The spin-wave transduction calculation method described
in this paper can be used for interpreting in detail propagat-
ing spin-wave spectra in various geometries. It could also be
used in the context of coplanar waveguide broadband ferro-
magnetic resonance. Importantly, the calculation provides a
very detailed understanding of the PSWS signal. We believe
this to be a decisive point for future improvement of spin-
wave experiments. High-efficiency miniature antenna could
be used for micromagnetic studies,3–5 for spin transfer
experiments,6,7,28,39 and also to investigate nonlinear effects
because in that case, a large amplitude precession is easily
obtained even with a very small microwave power.
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APPENDIX: FOURIER TRANSFORM OF THE CURRENT
DISTRIBUTION

For our spin-wave Doppler shift experiment based on the
PSWS, we needed to work with high wave vectors as close
as possible to a monochromatic excitation. For this reason,
we chose the meander shape for the antennae. Furthermore,
we adopted the geometry of a coplanar waveguide, a center
conductor in between two ground conductors, so that it fits
with the coaxial cable symmetry. We also designed the cen-
tral track to be 2 times larger than the two ground tracks to
ensure that a constant current density flows along the mean-
der. And finally, we adjusted the distance between each pad
to be as close as possible to a sinusoidal distribution.

A sketch of the current distribution for a typical antenna is
shown in Fig. 7. We can resolve such a distribution by con-
sidering an elementary pattern containing the central conduc-
tor with its two neighboring ground tracks. This pattern is
repeated 4 times away from the center and successively
weighted by −1 and +1. The Fourier transform of the linear
current density of this elementary pattern normalized by the
total current I is written as

j̃pattern�k�
I

=
sin�klg/2�

klg/2
– cos�k�lg + lp + 2l1�/2�

sin�klp/2�
klp/2

,

�A1�

where the lengths lg, lp, and l1 are defined in the sketch of the
current distribution in Fig. 7. The pattern being translated the
first time by +Lmotif and −Lmotif with a factor −1 and the
second time by +2 Lmotif and −2 Lmotif with a factor +1, the
complete Fourier transform of the linear current density
takes the following form:

x

x

jε(x,ω)

y

i(ω)

pattern

λ=1/2 lg+l1+3/2 lp+l2

l2

(a)

(b)

l1
lp lg

l1l2

lglp

Lpattern = lg+l2+2lp+2l1

FIG. 7. �Color online� �a� Sketch of an antenna containing five
meanders. �b� Current distribution j
�x ,�� in the real space.

w
=

7.8µ
m

lp=320nm

w
=

2µ
m

lp=160nm(a) (b)

FIG. 8. �Color online� Fourier transform of the current distribution j̃
�k ,�� for two different antennae. �a� An antenna with five meanders
and with dimensions lp= l1=160 nm, lg=320 nm, and l2=240 nm. �b� An antenna with three meanders and with dimensions lp= l1

=320 nm, lg=640 nm, and l2=480 nm.
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j̃
�k�
I

=
j̃pattern�k�

I
�1 – 2 cos�kLmotif� + 2 cos�2kLmotif�� .

�A2�

The integral expressions of the inductance Eq. �18� bring

the term �
j̃
�k�

I �2 into play, so we plot in Fig. 8 the square of
the Fourier transform normalized by the total current for two
different antennae. The first one �Fig. 8�a�� corresponds to an
antenna with five meanders and with the following dimen-
sions: lp= l1=160 nm, lg=320 nm, and l2=240 nm, and
the second one �Fig. 8�b�� corresponds to an antenna with
three meanders and with double dimensions lp= l1=320 nm,
lg=640 nm, and l2=480 nm. These plots, which represent
the spin-wave emission spectra of an antenna, show an exci-

tation that is not perfectly monochromatic. Indeed, the emis-
sion spectra always display on top of the main peak, which
corresponds to the periodicity of the meander, a secondary
one at lower wave vectors which is about 10 times less in-
tense. Furthermore, each of the peaks has a finite width.
These two aspects acting against monochromaticity are both
due to the geometry and the finite extension of the antenna.
Finally, one also notices the difference of intensity between
the main peak of the two spectra presented. The more mean-
ders the antenna has, the closer it is to a monochromatic case
and the sharper the emission spectra is. In addition to the two
antennae presented in Fig. 8, we worked with two other de-
signs varying the dimension and the extension, one with
double dimensions and five meanders and the last one with
normal size and three meanders.
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41 Note that the results of such calculations for the self-inductance
of much wider antennae and for magnetostatic surface waves
had been reported in Refs. 9 and 40.

42 Lequ�k ,�� has the dimension of a linear inductance. kLequ�k ,��
can be interpreted as the self-inductance per unit surface for a
perfectly monochromatic antenna �infinitely extended harmonic
distribution of current�.

43 Note that the magnetic film thickness t was given different val-
ues for the four devices, ranging from 17 to 19 nm. This param-

eter is critical in setting the spacing between the main and sec-
ondary absorption peaks, which does not depend strongly on the
value of the other parameters. We attribute the different values
to a slight and inhomogeneous degradation of the film during the
fabrication process. These differences were also obtained when
following precisely the position of the main and secondary self-
inductance absorption peaks as a function of the external field
�Ref. 7�.
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