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Unai Urdiroz a, Cai Müller b, Alicia Gómez c, M. Teresa Magaz c, Daniel Granados d, 
Marta Sánchez Agudo e, Juan Rubio-Zuazo a,f, Germán R. Castro a,f, Camelia Stan g, 
Nobumichi Tamura g, Howard A. Padmore g, Federico Cebollada e, F. Javier Palomares a, 
Jeffrey McCord b, Jesús M. González b,* 
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A B S T R A C T   

We report on the measurement of the local magnetization dynamics occurring, at units of GHz, in large aspect 
ratio stripes lithographed from reduced damping amorphous Fe80B20 films. The stripes were submitted to local 
anisotropy modifications by micrometric beam synchrotron X-ray irradiation. Our results include data on the 
dispersion relationships and group velocities corresponding to spin waves excited at both the non-irradiated and 
the irradiated regions. Whereas in the former case we observed standing spin waves with transverse-to-the stripe 
axis wave vector, in the latter one, for which the wave vector of the spin waves was parallel-to-the stripe axis, 
propagating spin waves were excited. In both regions, we measured the effective propagation distance of the spin 
waves, which resulted to be independent of the wave vector orientation. In the spin waves excited at the irra
diated region, we also measured the decay time and effective damping coefficient, which was in good agreement 
with previously reported values obtained from FMR measurements in amorphous Fe80B20 continuous films. We 
show that the interaction of the non-irradiated and irradiated zones results, at the stripe transverse saturation 
remanence and under an exciting field frequency of 4 GHz, in the introduction of a π phase shift between the 
standing spin waves excited at both sides of the irradiated region. This result opens the possibility of using the 
local, transverse to the stripe axis, magnetic anisotropy easy axis induced by the X-ray irradiation as a crucial 
constituent of a zero-applied field spin wave phase-shifter.   

1. Introduction 

Spin waves are collective excitations of magnetically ordered sys
tems that were first introduced in the context of the decrease of the 
spontaneous ferromagnetic magnetization with the increase of the 
temperature [1,2], where they provided a successful framework to ac
count for the experimental observations in a broad range of materials 
[3]. Spin waves, and their short wavelength, quasi-particle quantum 

equivalent, the magnons are the first excited states of Hamiltonians 
incorporating exchange and/or dipolar interactions, and whose relative 
weight determine the spin waves wave vector magnitude. Spin waves 
have been characteristically investigated resorting to inelastic neutron 
[4], light [5], and electron scatterings [6] and to ferromagnetic reso
nance [7]. All three scattering techniques, having different sample mass 
requirements and energy resolution characteristics, are based on the 
measurement of the particles incident beam energy loss associated to the 
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excitation of spin waves and allow obtaining the spin waves dispersion 
relationships. Differently, the microwaves absorption based, ferromag
netic resonance is specifically used to investigate the links between the 
magnetic anisotropy and the spin waves dispersive properties [8,9]. 

On the basis of the experimental and theoretical fundamental spin 
waves studies initiated in the early 50′s [2], the last two decades have 
witnessed a very relevant intensification of the interest on the study of 
the spin waves from the standpoint of their practical uses. In a large 
majority of cases, this involved the exploitation of the undulatory nature 
of the spin waves (this research field is called spin waves optics or, more 
usually, magnonics). In fact, application focused research activities have 
prompted the emergence of a large deal of plausible technological uses, 
that, very relevantly, included both information processing devices and 
their associated circuitry [10] (i.e.: spin waves guides). 

This research scenario has been fueled by the simultaneous progress 
on i) the availability of high-quality oxide and metallic films, adequate 
to get nanostructured by using conventional technologies [11], ii) the 
development of new experimental techniques to follow the response of 
the magnetization to high frequency magnetic fields (up to THz) 
[12–14], and iii) the conceptual proposal of a comprehensive range of 
new, spin waves-based, circuitry and devices [15] potentially able of 
being exploited in functionally complete information transport and 
processing nano-systems. The main advantage of the magnonic process 
devices, with respect to the conventional semiconductor technologies, is 
related to the fact that the spin waves propagation do not involve charge 
transport and henceforth are almost free from heat dissipation problems. 
Likewise, in the context of the currently available 10 nm (Tri-Gate) 
semiconductor technologies, the identified disadvantages of the spin 
waves use (i.e.: their slow group velocity and large attenuation, if 
compared with electromagnetic radiation) are, due to the reduced de
vice design length scales, no longer relevant and some specific spin 
waves properties as i) easy integration with guides, ii) inductive trans
duction, and iii) very flexible properties tuning implementable by 
applying magnetic fields [13–14] become high value assets both from 
the implementation and the new device design viewpoints. Considering 
all of these aspects, the spin waves related phenomenologies and tech
nologies constitute a research field gathering an increasingly large 
amount of interest, resources and efforts [10,16–17]. In particular, and 
focusing on the advances on the design of processing devices, the recent 
developments mostly correspond to the logic gate family [15]. Different 
logic gates functionalities have been implemented on the basis of 
interferometric designs [18] (e.g.: NOT gate, XNAND gate, etc.). In all 
the cases, spin waves phase shift keying (PSK) coding was used in order 
to represent the binary symbols (i.e.: the “0′′ and “1” symbols are 
associated to spin waves of the same frequency and whose phases differ 
in π). From this, it is clear the relevance of controlling the spin waves 
phase and, more concretely, that of generating spin waves, in-guide π 
phase shifts. Dobrovolskiy et al, have recently shown how engraving a 
nanoscale trench in a micron wide spin waves guide, by means of a 
focused ion beam, allows to continuously vary, for a given trench depth, 
the phase of spin waves propagating across the nanotrench by varying 
the dc bias field [19]. A simpler phase-shifter was proposed by Hertel 
et al. [20] who considered the presence of a wall transversally stabilized 
in a spin waves guide. Their dynamics simulations allowed to evidence 
the functionality of the wall as a π phase shifter under zero dc applied 
field, but, up to date, no practical implementation of this design prin
ciple has been demonstrated due to the difficulties related to the stabi
lization in a spin wave guide of a wall with the required characteristics. 

Our work focuses on the measurement of the properties of the spin 
waves excited in stripes (lithographed from amorphous, reduced 
damping [21] Fe80B20 films) in which we have induced, by means of 
synchrotron X-rays irradiation, a micrometric-sized region having 
modified local anisotropy compatible with the stabilization of a 180◦

wall [21]. By means of time resolved magneto-optic Kerr effect, we have 
quantified the local dynamic properties (dispersion relationship, group 
and phase velocities, and propagation distance) of standing (non- 

irradiated region) and propagating (irradiated, anisotropy modified re
gion) spin waves as well as, in the propagating spin waves case, 
measured their decay time and effective damping coefficient. We have 
also examined the interactions, regarding the spin waves excitation, 
between the irradiated and non-irradiated zones to conclude that a π 
phase shift between standing waves excited at both sides of the irradi
ated region occurs at zero bias dc field (once the stripe is prepared at its 
transverse to the stripe long axis dc saturation remanence). 

2. Samples and experimental 

Films having a nominal Fe80B20 atomic percentage composition, 
were deposited, with a thickness of 15 nm, by using a pulsed laser 
ablation deposition (PLAD) system, working under ultrahigh vacuum 
conditions, from polycrystalline targets with the same composition than 
the films and onto Corning® glass substrates. The composition of the 
deposits was measured by means of X-ray photoelectron spectroscopy 
(XPS). X-ray diffractograms were taken from the as-deposited films in 
order to check their amorphicity. The diffraction measurements were 
taken at the ESRF (Beamline BM25-B Single Crystal Diffraction Branch) 
by using a monochromatic beam with an energy of 20 keV. 

We prepared, from the as-deposited films and by using maskless laser 
lithography, arrays of large aspect ratio stripes having 750 μm length, 
and either 15 µm (SA samples) or 25 μm (SB samples) widths and suf
ficiently distant so as not to be magnetically interacting. X-ray irradia
tion treatments were performed onto the lithographed stripes at the 
Advanced Light Source (ALS) at Microdiffraction Beamline 12.3.2, by 
means of a ”pink-beam” with energies in the range from 6 keV up to 24 
keV, a spot of 2 μm × 28 μm, an incident photons flux of 8.5 × 1010 

photons/s [22], an incidence angle over the sample of 3◦, and irradiation 
times of 10 s (SA10 sample), 30 s (SA30 sample) and 15 s (SB15 sample). 
In order to position the stripes with respect to the X-ray beam before 
irradiations (in all cases the irradiated region center coincided with the 
stripe center), fluorescence mapping, measured at the Fe-K absorption 
edge by exposure to a 10 keV monochromatic beam was used. The 
occurrence of crystallization during the irradiation process was checked 
by X-ray diffraction (XRD) measurements performed, at the energy used 
in the fluorescence mapping by resorting to a two-dimensional detector, 
before and after each irradiation run. 

The dc and dynamic magnetic responses of the stripes were quanti
tatively imaged by means of quasi-static and time-resolved stroboscopic 
wide-field magneto-optic Kerr effect (MOKE) microscopy [23–25] with 
oblique incidence and s polarized light (electric field oriented perpen
dicularly to the plane of incidence). For that configuration, the experi
ments yield a mixed signal, comprising both a longitudinal Kerr effect 
contribution, giving the in-plane magnetization component parallel to 
the incidence plane, and a polar Kerr effect one, which measures the out- 
of-plane magnetization component. The MOKE contrast shown in all the 
Figures corresponds mainly to the longitudinal Kerr effect, due to the 
large in-plane magnetization component resulting from the reduced 
thickness of our samples (the only exception to this is Fig. 19 that will be 
specifically discussed later). Time-resolved MOKE (TRMOKE) images 
were acquired by simultaneously submitting the samples to a sinusoidal 
excitation magnetic field Hrf (with frequencies from 1 GHz up to 8 GHz 
and, in all the measurements, a base-to-peak field amplitude of 3.8 Oe) 
and to a (perpendicular to Hrf) quasi-static magnetic field Hdc having a 
maximum magnitude of 250 Oe. Measurements were performed by 
placing the sample upside down on a coplanar wave-guide creating the 
Hrf field. TRMOKE images were acquired at different time delays with 
respect to an imaging trigger (the delays ranged from 0 to 9/8 of the Hrf 
period with a time increment step of 1/8 of that period) and, in all the 
cases, were subtracted from a reference image further delayed by one 
half of the period. Dc magnetization loops were measured by recording 
the MOKE intensity per pixel during the magnetization reversal induced 
by quasi-static Hdc field cyclic variations (performed while keeping Hrf 
= 0). 
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3. Results and discussion 

XPS spectra taken on the as-deposited films evidenced that their 
composition was that of the PLAD targets, i.e.: Fe80B20 in atomic per
centage. The as-prepared films, were X-ray diffraction amorphous down 
to the resolution of the technique. Samples isothermally treated for 60 
min in high vacuum and above 250 ◦C exhibited XRD partial crystalli
zation, whereas those annealed above 350 ◦C where fully polycrystalline 
and isotropic [21]. 

The as-deposited films displayed uniaxial magnetic anisotropy (as 
evidenced from the measurement of the in-plane angular dependencies 
of the hysteresis and the ferromagnetic resonance) [26–27] with an 
anisotropy constant Ko = 1.0 × 104 erg/cm3 (measured as all the other 
anisotropy constant values in the manuscript, by considering the hard 
axis expression Ko = (1/2) MS HKha, from the magnetometric value of the 
films saturation magnetization, MS = 14400 G [26], and the measured 
hard axis saturation field, HK = 17 Oe). Upon a relaxation heat treatment 
(60 min at 165 ◦C) the anisotropy constant decreased down to Kann =

0.6 × 104 erg/cm3. In Fig. 1 we have plotted the in-plane, MOKE dc field 
hysteresis loops measured in a non-irradiated stripe (NIS) by applying 
the field along and across the stripe long symmetry axis (those fields 
orientations will be named, in the following, longitudinal axis field and 
transverse axis field, respectively). The longitudinal axis loop showed 
close-to-perfect square behavior, whereas the transverse axis loop was 
almost anhysteretic, with close-to-zero remanence and a saturation field 
of the order of 35 Oe. From these loops we conclude that the shape of the 
NIS (having large aspect ratio and reduced thickness: 750 μm × 15 μm ×
15 nm) originated an effective easy axis parallel to the stripe long 
symmetry axis having a measured anisotropy constant of KNIS = 2.1 ×
104 erg/cm3 (measured from the hard axis saturation field). 

In all the samples the XRD patterns taken after the irradiation 
allowed us to exclude, down to the resolution of the technique, the local 
presence of crystallites at the irradiated region (IR). The effects of the 
irradiation on the magnetic behavior of the stripes can be identified on 
the magnetic domain structure occurring at and near the IR. Fig. 2 shows 
the domain structure, imaged by MOKE, and present at the stripe satu
ration remanences corresponding to longitudinal, Fig. 2 a), and trans
verse, Fig. 2 c), in-plane applied dc fields (in Fig. 2 a) and 2c), taken in 
sample SA10, the measured magnetization components are longitudinal 
and transverse, respectively). In the longitudinal field remanence case, it 
is possible to observe contrast at the IR, corresponding to two differently 
oriented domains, and between the IR and the non-irradiated areas. In 
the case of the image corresponding to the transverse field remanence, 
Fig. 2 b), it is apparent the occurrence, within and near the IR, of two 

antiparallel magnetic domains. Those domains are separated by a 180◦

wall and associated to magnetization pointing close-to-transversely to 
the stripe axis. In the diagrams in Fig. 2 b) and 2 d), the arrows show the 
MOKE measured directions of the magnetization at the 2 a) and 2c) 
images, respectively. From Fig. 2 we conclude about the presence at and Fig. 1. Dc in-plane hysteresis loops measured along the NIS longitudinal and 

transverse axes. 

Fig. 2. Magnetic domains structures imaged around the IR in SA10 sample 
upon taking the stripe to its a) longitudinal, and c) and transverse saturation 
remanences. Diagrams b) and d) illustrate the measured average directions of 
the local magnetization corresponding to the a) and b) images, respectively. 
Image e) shows the domain structure near the IR at the transverse remanence of 
SA30 sample and, particularly, the occurrence of asymmetric structures 
including domain walls parallel to the stripe axis. 
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near the IR of a local anisotropy modification associated to the induction 
of a transverse local easy axis. In a recent paper [21] the authors have 
analyzed in detail the local anisotropy distribution induced by the 
irradiation (in SA and SB samples) at the anisotropy modified (AM) 
zone. That anisotropy modification, linked to a local easy axis direction 
independent of the irradiation time and the stripe width [22], was 
identified as the result of the moderate local heating produced by the X- 
ray and the stress fields experienced by the IR and resulting from its 
elastic coupling to the substrate and/or the non-irradiated stripe region. 
From the measurement of the local hysteretic properties, it was 
concluded [22] that the transverse easy axis region had an approximate 
width of 6 µm, and that, at both sides of that region, transition zones 
where the anisotropy easy axis evolved from the transverse direction to 
the longitudinal one (associated to the non-irradiated zone) happened. 
The total dimension along the stripe axis of the AM zone was estimated 
in 16 µm (i.e.: each one of the transition zones had a length of ca. 5 µm). 
Fig. 2 e) shows the local magnetic domains observed in sample SA30 at 
the transverse remanence and near the IR that are a direct consequence 
of the described anisotropy modified zone characteristics and of the 
magnetostatic energy minimization. The observed transverse domains 
(pinned in some samples for field ranges which are of the order of 20% of 
the coercivity) [21] include the presence of asymmetric structures, 
including walls parallel to the stripe axis and separating domains, pre
sumably nucleated at the stripe edges from the central stripe 
magnetization. 

Prior to any TRMOKE measurement, the sample was ac demagne
tized, prepared according to the applicable procedure (e.g.: at a satu
ration remanence), and MOKE imaged at the intended measurement 
site. This was done in order to identify the characteristics of the local dc 
magnetization distribution and, particularly, to ascertain the presence of 
a 180◦ transverse wall at the IR like that seen in Fig. 2 (and also in the SA 
30 and SB 15 samples [21]). Since that wall provides the basis for the 
observed dynamic phenomenology, we conclude that the results shown 
for sample SA 10 are general. Fig. 3 a) shows a TRMOKE snapshot ob
tained in SB15 sample far from the IR, at the stripe longitudinal field 
saturation remanence, and with the sample submitted to a transverse, 3 
GHz, Hrf field. The measured contrast corresponds to the transverse 
magnetization component. Fig. 3 a) identifies lines 1 and 2 along which 
the data plotted in Fig. 3 b) and 3c) are measured, respectively. From 
these plots, showing the position dependencies of the instantaneous 
TRMOKE signals measured along the stripe longitudinal and transverse 
directions, respectively, we can conclude that the observed contrast 
corresponds to the occurrence of standing spin waves with a transverse 
wave vector (getting reflected at the stripe edges), and leading to a 
Damon-Eshbach geometry. The excitation of spin waves in this experi
ment is due to the nonuniform demagnetization fields at the edges of the 
stripes [28–29]. The standing nature of the observed spin waves is 
explicitly shown in Fig. 4, where we display TRMOKE images taken, at 
the longitudinal remanence, under a transverse Hrf field having a fre
quency of 3.5 GHz, and for different time delays with respect to the used 
image trigger signal (the bottom panel shows a sketch of the position 
dependencies across the stripe of the instantaneous TRMOKE signal 
corresponding to the different images shown). The occurrence of 
moment pinning at the stripe edges is explicitly shown in Fig. 5, where 
we present images of the stripe taken at different Hrf field frequencies, in 
the range from 2.5 GHz up to 4.0 GHz. Beside those images we have 
plotted the position dependencies of the local TRMOKE signal ampli
tudes measured across the stripe and associated to the different Hrf 
frequencies (the shown values correspond to averages of the local raw 
TRMOKE signal amplitudes obtained along 2 µm lines perpendicular to 
the wave vector and covering the stripe transverse direction). Those 
plots allow to identify the first three odd modes of the excited standing 
waves, and therefore to measure the excited spin waves wavelengths. 
Higher order modes are not observable as a consequence of the decrease 
of the TRMOKE signal amplitude, which becomes comparable to the 
experimental set-up noise level, with the increase of the mode order. 

A dynamic behavior qualitatively similar to that observed at the 
longitudinal remanence can be seen when the stripe is simultaneously 
submitted to a transverse Hrf field and a saturating dc longitudinal field. 
Fig. 6 shows the modes observed in the SB15 sample for a longitudinal 
field Hdc = 250 Oe and transverse Hrf fields having frequencies in the 
range from 6.5 GHz up to 7.5 GHz. The dependencies on the position 

Fig. 3. a) TRMOKE image taken by applying the fields and implementing the 
measuring configurations indicated (the measured local dc remanent magne
tization direction is shown with the blue arrow), b) Position dependence of the 
instantaneous TRMOKE signal measured along line 1 in a) (zero position cor
responds to the most leftward point in line 1), and c) Position dependence of the 
instantaneous TRMOKE signal measured along line 2 in a) (zero position cor
responds to the upper stripe edge).The red line corresponds to a sinusoidal data 
fit. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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across the stripe of the local TRMOKE signal amplitude allow, in this 
case, to identify the n = 3, n = 5, and n = 9 modes. The highest mode 
data evidence a clear decrease of the standing spin waves amplitude 
with the decrease of the distance to the stripe center that is associated to 
an amplitude minimum at that region. The fit, for n = 9, of the experi
mental data to two sinusoids, with amplitudes exponentially decreasing 
from both stripe edges, yields a propagation distance (associated to an 
amplitude decrease of 90% from the values measured near the edges) of 
17 µm. 

The standing spin waves modes identification shown in Fig. 6, allows 
us to directly evaluate their wave vectors (from the measurement of the 
standing waves wavelength) at the different Hrf field frequencies. Thus, 
it is possible to collect information on the dispersion relationship asso
ciated to the excitation of spin waves at the non-irradiated region. Fig. 7 
presents (full symbols) our data for the transverse, standing spin waves 
observed at the longitudinal saturation remanence and upon application 
of a longitudinal field Hdc = 250 Oe. We have fitted our experimental 
data to the a) dipole–dipole model [30], without getting an acceptable 
description of the measured data and b) the dipole-exchange spin waves 
dispersion relationship proposed by Tacchi [31] given by 

ω2
k =

{

ωH + ωMδ
[

k2 +
(π

L

)2
]

+ ωM

[

1 −

(
kL
π

)2
]

− ωU

}{

ωH + ωMδ
[

k2

+
(π

L

)2
]

+ ωM

(
kL
π

)2
}

(1)  

where ωK is the spin waves angular frequency, γ/2π = 28.02 GHz/T is 
the electron gyromagnetic ratio [32] ωH = γHdc gives the frequency 
equivalent of the Hdc applied field; ωM = γ4πMs = 253.5 GHz gives the 
frequency equivalent of the saturation magnetization (Ms = 14400 G 
[26]); ωU = γ2kU/Ms gives the frequency equivalent of the effective 
anisotropy, δ = l2ex = Aex/2πMS

2 is the square of the exchange correlation 
length (given by the ratio of the exchange constant, Aex, to the dipolar 
energy density 2πMS

2; L is the film thickness and k is the spin waves wave 
vector. Our best fit results are represented in continuous lines in Fig. 7. 
In particular, we considered as fitting parameters the stripe thickness, L, 
and the value of the square of the exchange correlation length, δ. The 
obtained squared exchange correlation length values, are δ = 1.9 ×
10− 13 cm2 for the longitudinal remanence and δ = 1.5 × 10− 13 cm2 for 
the Hdc = 250 Oe case. Both of them are in good agreement with the 
value (δ = 1.1 × 10− 13 cm2) obtained by considering Ms = 14400 G and 
Aex = 10− 6 erg/cm which indicates the actual occurrence of an exchange 
contribution to the dispersion behavior of the transverse standing spin 
waves excited in the non-irradiated zone. Nevertheless, the agreement of 
our data with the Tacchi model is not complete since the stripe thick
nesses coming out from the fits are L = 227 nm, for the longitudinal 
remanence, and L = 130 nm for the Hdc = 250 Oe field, both of them 
clearly above the nominal L value, L = 15 nm. We understand that 
disagreement as related (in addition to the reduced amount of data used 
for the fit) to the order of magnitude of the measured wave vectors, some 
units of rad/µm, in the conventional limit between the dipole-exchange 
region and the magnetostatic excitations region [34]. The inset in Fig. 7 
shows the wave vector dependence of the group velocity evaluated (for 
both the longitudinal remanence and a longitudinal field Hdc = 250 Oe) 
from the fit of our experimental dispersion data to equation (1). Our 
results correspond to a maximum velocity of ca. 16 km/s for the rema
nence case and wave vectors above 2 µm− 1. 

In the applied field Hdc = 250 Oe case velocities of up to ca. 5 km/s 
are obtained for wave vectors having a magnitude of 2.5 µm− 1. Fig. 8 
displays our results for the evaluation of the dependence on the wave 
vector magnitude of the phase velocity obtained from the dispersion 
data. Those velocities range from 60 km/s, measured at the longitudinal 
remanence and a wave vector of 0.26 µm− 1, down to 20 km/s obtained 
for a dc field of 250 Oe and a wave vector of 2.81 µm− 1. 

Fig. 4. TRMOKE images obtained, far from the IR, at the stripe longitudinal 
remanence and under a transverse Hrf field having a frequency of 3.5 GHz. The 
images correspond to different time delays with respect to an arbitrary imaging 
trigger signal (the associated phases are also indicated). The bottom center 
panel shows a sketch of the instantaneous TRMOKE signal measured trans
versally to the stripe axis. 
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Considering now the dynamic behavior results obtained at the AM 
zone, let us recall that the local easy axis at the IR is oriented perpen
dicularly to the stripe long axis. Fig. 9 a) shows a TRMOKE image (taken 
in the SB15 sample) of the region around the AM zone obtained by 
submitting the stripe to a transverse dc field Hdc = 40 Oe and to a lon
gitudinal Hrf field having a frequency of 4.0 GHz. The observed contrast 
corresponds to the longitudinal component of the magnetization. The 
image illustrates the excitation of spin waves in a region having a lon
gitudinal dimension of the order of 20 µm. According to the instanta
neous TRMOKE signal profiles shown in Fig. 9 b) and 9c), measured 
along the transverse (line 1 in Fig. 9 a)) and longitudinal (line 2 in Fig. 9 
a)) directions, respectively, we conclude that the wave vector of these 
spin waves is oriented longitudinally. 

The spin waves observed close to the IR are of the propagating type 
as it can be seen in Fig. 10 a) where we present the time evolution 
(measured after a zero time associated to an arbitrary imaging trigger) of 
the instantaneous TRMOKE signal recorded at a position range corre
sponding to distances from the center of the IR of up to 8 µm (transverse 
Hdc = 40 Oe, Hrf frequency of 4.0 GHz). The spatial displacement, across 

the mentioned region, of an individual maximum of the instantaneous 
TRMOKE signal is identified with blue arrows. That displacement cor
responds to an approximate phase velocity of 22 km/s (Fig. 10 b)). 

The propagating spin waves excited at the AM zone, as those imaged 
in Fig. 11 a), are emitted from the center of the IR (as expected 
considering the parallelism at that region of the local easy axis and the 
applied dc field). Their amplitude decreases with the increase of the 
distance to the emission point as it is shown in the plot in Fig. 11 b), 
corresponding to the spatial variation of the local TRMOKE signal 
amplitude at the AM zone. The plotted data correspond to points in a line 
parallel to the stripe axis near the lower edge of the imaged stripe. At 
other lines, parallel to the considered one but displaced from the stripe 
lower edge, the measured data are slightly different from those plotted 
here due to a detectable inhomogeneity across the stripe of the irradi
ation, originating different degrees of saturation at different positions 
across the stripe. The data correspond to spin waves excited by a lon
gitudinal Hrf field with a frequency of 4.0 GHz under a transverse dc 
field, Hdc = 40 Oe. The results in Fig. 11 b) have been fitted (red line in 
Fig. 11 b)) to a sinusoid whose amplitude decays exponentially from the 

Fig. 5. TRMOKE images corresponding to the first 
three standing spin waves odd modes excited in the 
non-irradiated zone at the longitudinal remanence 
and under transverse Hrf fields having frequencies of 
2.5 GHz, 3.5 GHz and 4.0 GHz (the measured local dc 
remanent magnetization direction is shown with the 
blue arrows). The plots beside each image show po
sition dependencies of the local TRMOKE signal 
amplitude measured along the transverse lines indi
cated in the images (zero position corresponds to the 
upper stripe edge). The red lines in the plots corre
spond to the fits of the data to sinusoidal functions. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version 
of this article.)   
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center of the IR (green line in that Figure). Fig. 12 summarizes our re
sults (full symbols) for the dispersion relationships verified by the lon
gitudinal waves propagating from the AM zone under applied Hdc fields 
of 30, 40, and 150 Oe. Likewise, the standing transverse spin waves, 
these relationships have been fitted using equation (1) obtaining ex
change correlation parameters significantly smaller than those obtained 
for the transverse spin waves: δ = 5.2 × 10− 14 cm2 δ = 6.9 × 10− 14 cm2 

and δ = 1.0 × 10− 14 cm2 for 30 Oe, 40 Oe, and 150 Oe, respectively. The 
values obtained for the stripe thickness are also larger than the nominal 
value (L = 79 nm, L = 110 nm, and L = 177 nm, for 30 Oe, 40 Oe, and 
150 Oe, respectively). In addition to the points raised in the case of the 
standing transverse spin waves, the disagreement of our data with the 
Tacchi model could also correspond to the fact that the longitudinal 
waves propagate in an inhomogeneous anisotropy region including the 
IR, the transition region from the IR to the non-irradiated zone and even 
the non-irradiated zone (see Fig. 11 b)). That inhomogeneity of the 

anisotropy could be linked to the occurrence of larger magnetostatic 
(dipole–dipole) interactions than those occurring in the case of the 
standing transverse spin waves (being excited in a homogeneous 
anisotropy region) and also to the absence of spin pinning at the limits of 
the zone where the spin waves propagate (which allows for the existence 
of larger local magnetic pole densities at those limits). As it is clear from 
Fig. 12, in the lower applied dc field range the magnitude of that field 
only slightly influences the observed spin waves dispersion law. This is 
not the case when higher dc fields are applied. The inset in Fig. 12 shows 
our results for the wave vector dependence of the group velocity, ob
tained from the dispersion relationship data. The group velocity in
creases with the applied dc field value reaching values of ca. 11 km/s at 
Hdc = 150 Oe and wave vectors larger than 4 µm− 1. These values are in 
the order of magnitude corresponding to other materials currently 
considered for magnonic applications such as YIG (2.6 km/s) [34], 
Permalloy (18 km/s) [35], CoFeB (25 km/s) [36] or YIG-Pt bilayers (1 

Fig. 6. TRMOKE images corresponding to the n = 3, 
n = 5 and n = 9 transverse standing spin waves modes 
excited upon application of a longitudinal saturating 
field Hdc = 250 Oe while keeping the sample under 
transverse Hrf fields having frequencies of 6.5 GHz, 
7.0 GHz and 7.5 GHz, respectively (the measured 
local orientation of the dc magnetization direction is 
shown with the blue arrow). The plots beside each 
image, allowing to identify the modes order, show the 
position dependencies of the TRMOKE signal ampli
tudes measured along profiles (indicated in the snap
shots) transverse to the stripe long axis (zero position 
corresponds to the upper stripe edge). The red lines in 
the plots corresponding to Hrf frequencies of 6.5 GHz 
and 7 GHz are fits of the data to sinusoidal functions 
with the field frequency. The red line in the 7.5 GHz 
plot corresponds to two sinusoids with the Hrf field 
frequency and having exponentially decaying (from 
both stripe edges) amplitudes. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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km/s) [37]. 
The longitudinal spin waves phase velocities dependencies on their 

wave vectors, obtained from the data in Fig. 12, are plotted in Fig. 13. 
The obtained phase velocities take maximum values (47 km/s) for Hdc =

150 Oe and wave vectors of the order of 0.7 µm− 1. Conversely, the 
slower phase velocities (9 km/s) are associated to the lower dc fields (30 
Oe) and the larger wave vectors (4.4 µm− 1). The obtained phase velocity 
for Hdc = 40 Oe and at a 4.0 GHz Hrf field (k = 1.1 µm− 1) is in complete 
agreement with the value obtained from the data in Fig. 10 (22 km/s). 

Our data for the frequency dependence of the effective propagation 
distance of the spin waves excited at the IR by using different Hrf field 
frequencies and under transverse Hdc fields with different magnitudes 
are displayed in Fig. 14. The data in this plot have been obtained from 
fits of the spatial variation of the local TRMOKE signal amplitude of the 
type shown in Fig. 11 (i.e.: fits to the Hrf field frequency sinusoids with 
exponentially decaying amplitudes). In particular, the considered spin 
waves amplitude decay considered when evaluating the propagation 
distance, corresponds to 90% of the amplitude at the IR. From Fig. 14, 
the propagation distance increases with the increase of the magnitude of 
the applied dc field and with the decrease of the Hrf field frequency, 
reaching in our data set maximum values of the order of 41 µm. 

Fig. 7. Experimental dispersion relationships data (full symbols) corresponding 
to the longitudinal remanence (green circles) and a longitudinal applied field 
Hdc = 250 Oe (orange circles). The continuous lines in the main panel corre
spond to the fit of the experimental data to equation (1) with the parameters 
detailed in the text. The inset shows the wave vector dependence of the spin 
waves group velocity obtained from the fits of the dispersion relationships data 
(the green line corresponds to the longitudinal remanence and the orange one 
to a longitudinal applied field Hdc = 250 Oe). (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. Phase velocity (full symbols) variation with the transverse standing spin 
waves wave vector evaluated from the experimental dispersion relationships 
data corresponding to the longitudinal remanence (green circles) and to a 
longitudinal applied field Hdc = 250 Oe (orange circles). The continuous lines 
are guides for the eye. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 9. a) TRMOKE image taken in the the AM zone by applying the fields and 
implementing the measuring configurations indicated (the measured local 
orientation of the dc magnetization is indicated by the blue arrow), b) Position 
dependence of the instantaneous TRMOKE signal measured along line 1 in a) 
(zero position corresponds to the most upward point in line 1), and c) Position 
dependence of the instantaneous TRMOKE signal measured along line 2 in a) 
(zero position corresponds to the most leftward point in line 2). The red line in 
c) corresponds to the fit of the data to a sinusoidal function. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 10. a) Spatial variation of the instantaneous TRMOKE signal, measured at 
points in the range from the IR center (zero position) to 8 µm rightwards from 
that point (the limit between the IR and the transition region is shown), for 
different times after an arbitrary zero reference (4 GHz Hrf field frequency). b) 
Displacement of the instantaneous TRMOKE signal maximum marked with the 
blue arrow in a) as a function of time (see text for additional data on the 
excitation of the propagating spin waves). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 11. a) Longitudinal spin waves excited by means of the fields configura
tion detailed and imaged by using the identified measuring parameter (the 
measured local orientation of the dc magnetization is indicated by the blue 
arrow). b) Spatial variation, around the IR center, of the local TRMOKE signal 
amplitude and its fit to a sinusoid (red line) whose amplitude decays expo
nentially from the center of the IR (brown line). The limits between the 
different anisotropy zones are shown. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 12. Dispersion relationships verified by the longitudinal spin waves 
propagating at the AM zone under different transverse applied dc fields (the 
lines are fits to equation (1)). The inset shows the plot of the longitudinal spin 
waves group velocity dependence on their wave vector. 
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Consistently with the data obtained in the case of the transverse standing 
waves excited at 7.5 GHz under a dc field of 250 Oe, the value of the 
propagation distance obtained here, at 7 GHz under 150 Oe is of 17 µm, 
which evidences the isotropy of the attenuation process taking place in 
the stripes. It is clear that in our case, the longitudinal spin waves 
propagation is constrained by the longitudinal dimension on the X-ray 
induced AM region, which the authors estimated in a previous work on 
16 µm [21]. The inset in Fig. 14 shows the frequency dependence of the 
decay time linked to the propagation time through the spin waves group 
velocities. The maximum decay time values are obtained for the smaller 
applied dc fields and the smaller Hrf fields frequencies. 

The effective propagation distance values obtained for 5 and 6 GHz 
and different applied dc fields are plotted in Fig. 15 That propagation 
distance, increasing with the applied field, takes maximum values (ca. 
40 µm) at 150 Oe and a Hrf frequency of 5 GHz. The minimum measured 
propagation distance (6 µm) was obtained for 30 Oe at 6 GHz. These 
propagation distances, are comparable to others obtained in magnonic 
applications thin film candidate materials such as YIG (60 µm) [34], 

Permalloy (40 µm) [35], YIG-Pt bilayers (31 µm) [36] and CoMnFeSi 
(16.7 µm) [38]. 

α =
1

2πτ0f0
(2)  

where τ0 is the spin wave decay time shown on the inset in Figure 14 and 
f0 is the frequency of the uniform precession (k = 0) associated to each 
Hdc applied field value. The latter data was obtained from a previous 
work by the authors [21] (f0 (30 Oe) = 2.32 GHz; f0 (40 Oe) = 2.80 GHz; 
f0 (150 Oe) = 4.49 GHz). The effective damping increases with the Hrf 
frequency for all the applied dc fields, taking values from 3.1 × 10− 3 

(150 Oe, 5.0 GHz) to 4.7 × 10− 2 (30 Oe, 6.0 GHz). The lowest measured 
values agree, independently from the applied field, with those obtained 
from FMR measurements on Fe80B20 amorphous thin films deposited 
onto MgO (001) (α = 4.0 × 10− 3) and Corning® glass (α = 3.5 × 10− 3) 
[26]. These values are also comparable to others directly measured by 
SW imaging on Permalloy (α = 6.5 × 10− 3) [35], CoFeB (α = 5.0 × 10− 3) 
[36] or CoMnFeSi (α = 3.0 × 10− 3) [38]. The obtained effective 
damping coefficient value furtherly qualifies amorphous Fe80B20 films as 

Fig. 13. Wave vector dependencies of the phase velocities corresponding to the 
longitudinal spin waves excited at the AM zone for different applied dc fields. 
(the lines are a guide for the eye and a single line is used for the data corre
sponding to 30 and 40 Oe applied dc fields). 

Fig. 14. Frequency dependence of the longitudinal spin waves effective prop
agation distances corresponding to different Hdc fields (evaluated from the 
exponential decay of the spatial dependence of spin waves amplitudes). The 
inset shows the frequency dependence of the spin waves decay time. 

Fig. 15. Transverse applied dc field dependencies of the longitudinal spin 
waves effective propagation distances for 5 GHz and 6 GHz Hrf field fre
quencies. The lines are guides for the eye. Regarding the damping behavior of 
the longitudinal spin waves propagating at the AM zone, Fig. 16 displays the 
frequency and applied dc field variation of the corresponding effective coeffi
cient, α, evaluated considering the equation [38]: 

Fig. 16. Hrf field frequency and applied dc field dependencies of the effective 
spin waves damping constant evaluated from the propagation distances 
measured for the propagating spin waves excited at the AM zone . 
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candidate materials for magnonic devices implementations, since we 
have checked that it can transferred from thin films [26] to spin waves 
guides. 

Considering now the interaction between the non-irradiated zones 
across the IR, it corresponds to clearly different behaviors depending on 
the relative orientation of the Hrf and Hdc fields with respect to the local, 
transverse, anisotropy at the IR. In the case corresponding to Hrf parallel 
to the IR transverse axis, the images shown in Fig. 17 (SB15 sample), 
corresponding to the longitudinal remanence and taken under 

transverse Hrf fields with frequencies of 2.5, 3.5 and 4.0 GHz, evidence 
the excitation at the non-irradiated regions of different standing trans
verse spin waves modes (indistinguishable from those shown in Fig. 5 
and observed far from the IR). Those spin waves are even excited within 
the transition anisotropy zone, which could be explained as related to a) 
the exchange between the moments present at the transition region with 
those at the non-irradiated zone and b) the close-to-zero anisotropy 
values found at that transition zone [21]). Differently from the non- 
irradiated region behavior, the dynamics at the IR corresponds to a to 
a local, uniform, forced (non-resonant) precession of the magnetization 
around the effective field direction. The spatial uniformity of the pre
cession is evidenced in Fig. 18 where we have plotted the instantaneous 
statistical distribution of the TRMOKE signal values (considered within a 
2 µm × 9 µm region centered at the IR center), evaluated at the longi
tudinal remanence and under a 2.5 GHz Hrf field. That distribution ex
hibits an average value that is a ca. 40 times larger than the measured 
distribution width. The inset in Fig. 18 shows the time dependence of the 
instantaneous TRMOKE signal averaged over the whole IR. The 
maximum measured TRMOKE signal is of the order of a 60% of the 
resonance amplitude associated to 2 GHz [22]. The same processional 
behavior was observed at other Hrf frequencies (below 4 GHz). The 
observed uniform precession at the IR results from the local direction at 
that region of the dc magnetization exhibiting a component perpen
dicular to the Hrf field significantly lower than the saturation magneti
zation (see Fig. 2) [21,26]. 

When considering the non-irradiated zones coupling across the IR 
associated to the transverse dc remanence and Hrf perpendicular to the 
IR easy axis, it is possible to observe, Fig. 19 a), the occurrence of a phase 
shift between the transverse standing waves excited at both sides of the 
IR (Hrf field frequency of 4.0 GHz, M component measured parallel to 
the Hrf field). The same phase shift is observed, as shown in Fig. 19 b), 
for the magnetization component perpendicular to the Hrf field, which 
allows to identify the contrast as related to the polar Kerr effect [24] 
(out-of-plane component of the magnetization). The plots in Fig. 19 c) 
and d) (giving the position dependence of the TRMOKE signal along 
lines 1 and 2 in Fig. 19 a)) evidence that the magnitude of the observed 
phase shift corresponds to 176◦ ± 10◦. In the particular case of the stripe 
measured in Fig. 19 a) to d) (SB15 sample) it was possible to observe at 
the remanence (Fig. 19 e)) a dc domain structure including the presence 
(similarly to Fig. 2 e)) of walls running parallel to the stripe axis 
(whereas the dc field was applied transversely in this image, the longi
tudinal component of the magnetization was measured). Taking into 
account the nature of broadband emitters of these domain walls [39], 
the observed phase shift would be the result of the convolution of the 
emissions of spin waves at the stripe edges, and the walls present at the 
transverse remanence and pinned at the IR. 

4. Conclusions 

The irradiation by means of synchrotron X-ray light of our litho
graphed amorphous Fe80B20 stripes results on the induction of a local 
anisotropy characterized by a transverse easy axis that stabilizes a 180◦

domain wall at the IR (in addition to side regions providing transition to 
the local anisotropy of the non-irradiated zone). At the non-irradiated 
region, we have identified the excitation of standing transverse spin 
waves whose dispersion relationships have been measured and fitted to 
a dipole-exchange model [32]. Those fits give values for the exchange 
correlation length coincident with the data in the literature, but do not 
provide adequate film thickness values. This is understood as a conse
quence of the fact that the wave vectors corresponding to our mea
surements fall in the boundary region between those associated to spin 
waves incorporating significant contributions from the exchange in
teractions and that corresponding to the pure magnetostatic spin waves. 
The group velocities obtained from the dispersion relationships range 

Fig. 17. TRMOKE images (transverse component of the magnetization 
measured) of the region around the IR obtained at the longitudinal remanence 
and under transverse Hrf fields having frequencies of a) 2.5 GHz, b) 3.5 GHz and 
c) 4.0 GHz. The measured local longitudinal component of the dc magnetization 
is indicated (at the irradiated and non-irradiated regions) by the blue arrows. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 18. Local TRMOKE signal magnitude distribution obtained at a 2 µm × 9 
µm region within the IR (longitudinal saturation remanence, 2.5 GHz Hrf fre
quency). The inset shows the time evolution of the TRMOKE signal averaged 
over the whole IR. 
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from 1 km/s (longitudinal remanence Hrf field frequency of 2.5 GHz) up 
to 16 km/s (longitudinal field of Hdc = 250 Oe, Hrf field frequency of 7.5 
GHz). 

The presence of a differentiated local anisotropy at the IR is associ
ated to a specific dynamic behavior that is observable as corresponding 
to the excitation of propagating longitudinal spin waves that are emitted 
at the center of the IR and whose amplitude gets negligible at distances 
from the emitting zone of the order of 40 µm. The experimental 
dispersion relationships of these longitudinal spin waves have also been 
fitted by considering a dipole-exchange model [31] that allow to eval
uate group velocities in the range from 2 km/s (transverse Hdc = 30 Oe, 
wave vectors below 1 µm− 1) up to 9 km/s (transverse Hdc = 150 Oe, 
wave vectors above 4 µm− 1). 

Interestingly, the interaction between the dynamic behavior of the 
non-irradiated zones and that of the IR corresponds, for Hrf field parallel 
to the IR easy axis and a longitudinal dc remanence, to a local uniform 
precession at the IR that is independent from the standing spin waves 
excited at the non-irradiated zone. Furthermore, for a Hrf field perpen
dicular to the transverse easy axis and a stripe transverse dc remanence, 
a phase shift of 180◦ between the out-of-plane transverse standing spin 
waves excited at both sides of the IR is found. This phase shift, taking 
place without any applied dc field, and being associated to the local 
anisotropy modification induced by the X-ray irradiation, opens the 
door to the use of our local anisotropy modification into the imple
mentation of spin wave devices of the interferometric logic gate type. 
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Fig. 19. a) TRMOKE image (M component measured parallel to Hrf) of the zone 
around the IR taken at the transverse remanence and under a Hrf field having a 
frequency of 4 GHz (the measured local orientation of the dc magnetization is 
indicated by the blue arrows); b) TRMOKE image (M component measured 
perpendicular to Hrf) of the zone around the IR taken at the transverse rema
nence and under a Hrf field having a frequency of 4 GHz (the measured local 
orientation of the dc magnetization is indicated by the blue arrows); c) Position 
dependence of the instantaneous TRMOKE signal measured along line 1 (in a)) 
and sinusoidal fit (in dark blue line); d) Position dependence of the instanta
neous TRMOKE signal measured along line 2 (in a)) and sinusoidal fit (in dark 
red line). In both plots the zero position corresponds to the most upwards point 
in the lines along which the signal profiles have been measured; e) dc domain 
structure associated to the dynamic images. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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