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We have studied experimentally the radiation of spin waves from a permalloy-film microwaveguide into a
continuous permalloy film. We show that due to a strong mismatch of the spin-wave spectrum caused by a
variation in the demagnetizing field at the interface between the waveguide and the film, a frequency interval
exists, where spin waves experience total reflection from the junction penetrating into the permalloy film in a
tunnelinglike manner. At frequencies above this interval, complex frequency-dependent radiation patterns were
observed characterized by a preferential radiation direction appearing due to the intrinsic anisotropy of the
spin-wave dispersion characteristics in the film.
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I. INTRODUCTION

The propagation of spin waves in microscopic waveguid-
ing structures has recently started to attract considerable at-
tention in connection with their potential applications for in-
tegrated signal processing.1–16 With recent developments in
nanoscale patterning techniques and the experimental meth-
ods enabling characterization of spin-wave propagation in
microscopic guiding structures, in addition to the numerous
theoretical activities in this field,1–4,7,14,15 a series of experi-
mental studies were reported.5,6,8–13,16,17 These investigations
have shown that even relatively simple magnetic-film struc-
tures can demonstrate a large number of remarkable spin-
wave-propagation phenomena interesting from the point of
view of technical applications, as well as from the point of
view of fundamental physics. This richness is due to the very
specific combination of confinement and demagnetizing ef-
fects, a unique intrinsic anisotropy of the spin-wave disper-
sion characteristics, and their controllability by the magnetic
field. As was recently shown,16 the joint action of these fac-
tors not only provides a way for realization of different
signal-processing operations, but also leads to unusual basic
nonlinear phenomena which do not appear on the macro-
scopic scale.

Among topics that are of general interest in the physics of
waves of different nature, the question of wave transforma-
tions at a junction between a spatially confined waveguiding
element and an unconfined medium is of particular impor-
tance. For spin waves in microscopic structures, such a junc-
tion is expected to demonstrate transformations that cannot
be observed for other types of waves because of spatial
variations of the demagnetizing field and strong in-plane an-
isotropy of spin-wave characteristics. Recently, it was
demonstrated13 that these phenomena strongly affect the
spin-wave propagation even in the case of a gradual variation
in the width of a microscopic stripe waveguide leading to a
large number of different transformation patterns. Therefore,
one should expect nontrivial radiation characteristics at the
interface between a confined waveguide and an unconfined
film. Such a junction was recently used in Ref. 18 to study

spin-wave interference effects, but particular features of
spin-wave radiation in the system were not analyzed in this
previous work.

Here we report on the experimental investigations of spin-
wave radiation from a 2-�m-wide magnetic-stripe wave-
guide into a continuous magnetic film. The measurements
were performed using spatially resolved microfocus Bril-
louin light scattering ��BLS� spectroscopy, which allowed
the direct two-dimensional visualization of spin-wave propa-
gation with the submicrometer spatial resolution. We show
that the radiation of spin waves is strongly affected by the
spatial variations of the demagnetizing field. These variations
lead to a total reflection of spin waves if their frequency lies
within a certain interval. At frequencies where the radiation
is allowed, one observes rather unusual propagation features
originating from the anisotropy of the spin-wave dispersion.
The spin-wave patterns exhibit a multiple-ray structure with
a clearly defined preferential radiation direction depending
on the excitation frequency and the static magnetic field. We
also provide an analytical model explaining these experimen-
tal findings.

II. EXPERIMENT

Figure 1 shows the sketch of samples used in the experi-
ments. A 36-nm-thick permalloy �Py� film deposited onto a
sapphire substrate by a magnetron sputtering was patterned
using a focused ion beam to define a 2-�m-wide and
20-�m-long stripe waveguides, as shown in the figure. After
the patterning process, the structure was covered by a 5-nm-
thick SiO2 layer to provide protection from oxidation and
electrical isolation of the Py structure from the excitation
circuit. Finally, a 150-nm-thick gold �Au� stripe antenna was
defined using photolithography followed by thermal deposi-
tion of the gold and a lift-off process. The antenna had a
width of t=2.4 �m and was positioned at a distance of
3.2 �m from the junction between the stripe waveguide and
the unpatterned film. The sample was placed into a uniform
static magnetic field H0=900 Oe applied in the plane of the
Py waveguide and perpendicular to its axis. In this way, the
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propagation geometry of the so-called Damon-Eshbach �DE�
spin waves19 was realized for the waveguide.

The excitation of spin waves was performed by a trans-
mission through the stripe antenna of a continuous-wave mi-
crowave current at a fixed frequency F. The current created a
dynamic magnetic field h coupled to the dynamic magneti-
zation in the permalloy waveguide mainly via its in-plane
component hy, providing a well-localized excitation of spin
waves underneath the antenna. Due to the finite width of the
antenna, spin waves with wave numbers up to the order of
magnitude of � / t�1 �m−1 can be effectively excited in the
waveguide. The detection of spin waves was performed by
the �BLS technique described in detail elsewhere.20 Using
this technique we mapped two-dimensional spatial distribu-
tions of the spin-wave intensity with submicrometer reso-
lution. In particular, two spatial regions were analyzed: the
part of the waveguide between the antenna and the continu-
ous film �scanned area 1 in Fig. 1� and the part of the con-
tinuous film adjacent to the junction with the waveguide
�scanned area 2 in Fig. 1�.

Before analyzing experimental results, we briefly review
the theoretical background of spin-wave propagation in the
system under investigation. Figure 2 shows the spin-wave
dispersion characteristics for the stripe waveguide and the
continuous magnetic film calculated for our experimental
conditions using the theory developed in Ref. 21. The curve
marked in Fig. 2 as “waveguide mode” is the dispersion
curve for the fundamental mode in the 2-�m-wide wave-
guide calculated according to Ref. 9. This mode has the sim-
plest half-sine distribution of the spin-wave amplitude over
the waveguide width and is characterized by the transverse
wave number kz=� /w, where w is the width of the wave-
guide. Higher order modes9 with kz=n� /w, n�1 are not
considered here, because, as follows from the experimental
data, they are excited by the used antenna very inefficiently.
The lines labeled with �=0, 30, 45, and 90° are the spin-

wave dispersion curves calculated for the continuous film
for different angles � between the direction of the static
magnetic field and the wave vector of spin waves ��
=arctan�ky /kz��. In contrast to spin waves in the waveguide,
for which only discrete values of kz are allowed �kz
=n� /w�, every combination of ky and kz is allowed for spin
waves in the film. The horizontal dashed line in Fig. 2 marks
the frequency of the uniform ferromagnetic resonance f0 in
the film, which separates the frequency regions of DE and
backward volume �BV� spin waves.

As seen from Fig. 2, the spectrum of spin waves in the
waveguide is shifted with respect to that in the continuous
film toward smaller frequencies. This happens due to the
reduction in the internal magnetic field caused by the demag-
netizing effects in the waveguide.13 Note that spin waves of
the fundamental waveguide mode have a lower cutoff fre-
quency at ky =0. It is equal to about 8.4 GHz for our experi-
mental conditions. The lower cutoff frequency of the spin-
wave spectrum in the film is 8.3 GHz corresponding to ky
�25.6 �m−1 �out of the range of Fig. 2�. Such a mismatch
between the spectra results in a significant conversion of the
wave vector of spin waves radiated from the waveguide into
the film. However, the interval of wave numbers where this
conversion is possible is much smaller than 25.6 �m−1. In
fact, it is determined by the waveguide width, which defines
the scale where the translational symmetry of the unconfined
film is broken. Thus, the radiation of spin waves with ky
�� /w=1.5 �m−1, i.e., with the frequency much below 9
GHz, happens very inefficiently. Correspondingly, the mis-
match between two spectra results in the appearance of a
frequency range between the lower cutoff frequency of the
waveguide mode at 8.4 GHz and about 9 GHz where spin-
wave propagation is allowed for the confined waveguide, but
their radiation into the continuous film is very unlikely. For
larger frequencies, the above discussed conversion is al-
lowed. However, it is accompanied by a noticeable change in
the wave vector of spin waves. Therefore, one can expect
nontrivial frequency-dependent radiation characteristics.
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FIG. 1. �Color online� Sketch of the samples.
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FIG. 2. �Color online� Dispersion characteristics of spin waves
in the waveguide �waveguide mode� and the continuous permalloy
film calculated for the conditions of the experiment. � is the angle
between the direction of the static magnetic field and the wave
vector of spin waves in the continuous film. f0 is the frequency of
the uniform ferromagnetic resonance.
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III. RESULTS AND DISCUSSION

In the first step of the experiments, we analyzed the
propagation of spin waves within the frequency range where
the radiation is prohibited. For this, we measured two-
dimensional maps of the spin-wave intensity in the spatial
area 1 �see Fig. 1� for F gradually increasing from 8.4 GHz.
A typical spin-wave intensity map obtained in these mea-
surements is shown in Fig. 3�a�. The map has dimensions of
2�5 �m and was recorded with spatial step sizes of 0.1 and
0.2 �m in the z and y directions, respectively. The vertical
dashed line in Fig. 3�a� shows the position of the junction
between the waveguide and the continuous film. Figure 3�a�
proves the absence of the spin-wave radiation within the dis-
cussed frequency range. On the right side from the position
of the junction the spin waves exhibit very fast decay of their
intensity. On the left side they show a nonmonotonous de-
pendence of the intensity on the propagation coordinate y
with a clear maximum and a minimum caused by a forma-
tion of a standing wave. Figure 3�b� further characterizes the
spin-wave behavior at different frequencies. It shows depen-
dencies of the spin-wave intensity integrated over transverse
cross sections of the waveguide on the propagation coordi-
nate for three different excitation frequencies. The integrated
intensity is normalized at the position of the junction. As
seen from Fig. 3�b�, the decay of the spin-wave intensity in
the continuous film is nearly exponential �note the logarith-
mic scale� and slightly weakens with the increase in the fre-

quency. Within the waveguide, the intensity profile shows a
behavior typical for the formation of a standing wave. At the
frequency of 8.9 GHz, one can clearly see its node at y
=0.5 �m. By measuring the distance from this node to the
nearest maximum, one can estimate the wavelength of spin
waves 	. As seen from Fig. 3�b�, 	 /4=1.4 �m, which
agrees well with the theoretical value of 1.47 �m calculated
based on the spin-wave spectrum shown in Fig. 2. Note that
since the wavelength of the standing wave should increase
with decreasing frequency, the corresponding minima are not
seen for lower frequencies.

Considering the discussion of the data in Fig. 3, one con-
cludes that the shift of the spin-wave spectrum due to the
variation in the demagnetizing field leads to total spin-wave
reflection from the junction between the waveguide and the
continuous film with the formation of a standing spin wave
inside of the waveguide. The reflection is accompanied by a
tunnelinglike22 penetration of the spin wave into the continu-
ous film. The penetration length appears to increase with
increasing frequency �decreasing wavelength� of the incident
spin wave. This does not allow one to directly relate the
penetration length to the spin-wave wavelength, as one ex-
pects for a nonresonant excitation by a dipole field. Most
probably the found dependence is caused by the frequency-
dependent dynamic susceptibility of the permalloy film,
which increases as the frequency approaches the frequency
of the uniform resonance f0.

As discussed above, increasing the frequency F one
should finally come to the situation when the radiation of
spin waves into the continuous film becomes allowed. Ex-
perimentally we detected the appearance of the radiation for
F�9 GHz, which agrees with the estimations presented in
the previous section. Since the observed radiation has rather
complex character we need to discuss the peculiarities of
spin-wave dispersion in a continuous ferromagnetic film
first. Figure 4 shows another representation of the spin-wave
spectrum shown in Fig. 2. The lines in Fig. 4 are the
constant-frequency contours projected onto the ky-kz plane.
In this representation, the vector of the phase velocity Vph is
parallel to the wave vector k= �ky ,kz�, whereas the vector of
the group velocity Vg is directed along the normal to the
constant-frequency contour �Vg=2��F�ky ,kz��. Figure 4
shows that the dispersion characteristics of spin waves have
very specific anisotropy: while the direction of the phase
velocity for a given frequency can change in a wide range of
angles �as usual for sound and light waves�, the group veloc-
ity exhibits a certain preferential direction only slightly de-
pendent on F and the type of spin waves �DE or BV�. The
transformation of spin waves at the interface between the
stripe waveguide and the continuous film can be considered
as a reradiation that conserves the frequency, but not the
wave vector. In this case, the spin waves radiated into the
continuous film should have all combinations of ky and kz
possible for the given F, limited by the inefficiency of the
wave vector conversion only. Nevertheless, despite this large
diversity in the direction of the phase velocity, the radiated
waves should show a preferential direction of the energy
flow defined by the direction of the group velocity.23 This
fact is further illustrated by Fig. 5, which shows dependen-
cies of the angle of the group velocity 
 with respect to the
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FIG. 3. �Color online� �a� Spin-wave intensity map correspond-
ing to area 1 in Fig. 1 recorded for the excitation frequency F
=8.9 GHz. The map has dimensions of 2�5 �m in the z and y
directions, respectively. The vertical dashed line shows the position
of the junction between the waveguide and the continuous film. �b�
Spin-wave intensity integrated over transverse cross sections of the
stripe waveguide as a function of the propagation coordinate for
three different excitation frequencies as indicated. The data are nor-
malized at the position of the junction. Note the logarithmic scale of
the vertical axis.
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direction of the static magnetic field on the component of the
wave vector kz for different spin-wave frequencies. As seen
from Fig. 5, with the increase in kz the angle 
 quickly satu-
rates at a value close to 70° and then stays nearly constant.
As a result, this direction is expected to dominate over others
in the radiation process. The inset in Fig. 5 shows the fre-
quency variation of the mean angle 
 for the interval of kz
=1–3 �m−1, where the dependencies of Fig. 5 are saturated.
These data can be directly used for comparison with the ex-
perimental results.

Figure 6 presents the experimentally obtained maps of
spin-wave radiation at frequencies higher than the radiation
threshold 9.0 GHz. The maps correspond to the area 2 in Fig.

1 and have dimensions of 4�5 �m in the z and y directions,
respectively. They were recorded with a spatial step size of
0.2 �m. To elucidate the intrinsic structure of the radiation
patterns, the spatial decay of spin waves is numerically com-
pensated by normalizing the integral of the spin-wave inten-
sity over the z sections of the maps.13 Figure 6 clearly shows
that, in accordance with the above theoretical discussion, the
radiation of spin waves into the continuous film happens
along certain clearly defined directions only, resulting in a
formation of spin-wave rays oriented at a certain angle with
respect to the direction of the static magnetic field H0. To
compare the experimental data with the theory, we draw
dashed lines on top of the spin-wave rays in Fig. 6 with the
angles to the direction H0 taken from the inset of Fig. 5. This
comparison shows that the theory predicts the radiation angle
with very good accuracy. In fact, the experimentally obtained
angle deviates noticeably from the calculated one only for
the highest accessible frequency of 9.7 GHz. The reason for
the reduced propagation angle is not clear at the moment.
The experimentally found angle 
 for the pattern in Fig. 6�d�
is equal to about 56°, which is smaller than the minimum
angle obtained from the theoretical spin-wave dispersion
spectrum for F=9.7 GHz �see Fig. 5�. Therefore, this effect
cannot be associated with small modifications of the spec-
trum due to anisotropy or nonuniformity of the internal mag-
netic field.

Another interesting feature of the spin-wave radiation
seen in Fig. 6 is the strong dependence of the intrinsic struc-
ture of the radiation pattern on the excitation frequency.
Though all the maps in Fig. 6 demonstrate a preferential
radiation direction in agreement with the theory, the number
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FIG. 6. �Color online� Experimentally obtained maps of the
spin-wave radiation at different frequencies as indicated. The maps
correspond to area 2 in Fig. 1 and have dimensions of 4�5 �m in
the z and y directions, respectively. The spatial decay of spin waves
is numerically compensated. Dashed lines show the theoretically
obtained directions of preferential radiation.
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of spin-wave rays and their spatial positions can change. We
associate this fact with a nonlocal character of the dipolar
magnetic fields produced by the spin waves. As was shown
above, these long-range fields lead to a significant penetra-
tion of spin waves into the continuous film, even in the re-
gime of the total reflection. In the radiation regime they
cause a strong nonadiabaticity of the spin-wave conversion
process at the junction between the waveguide and the con-
tinuous film. Since the influence of the dipolar fields is
weaker for short-wavelength spin waves, one expects a sim-
plification of the structure of the radiation patterns with the
increase in the frequency. This is in agreement with the data
of Fig. 6. For small frequencies �see Figs. 6�a� and 6�b�� the
radiation patterns demonstrate a tail of the waveguide mode
caused by its dipolar fields similar to that seen in Fig. 3�a�.
This tail serves as a radiation source for two or even four
spin-wave rays. At higher frequencies �see Figs. 6�c� and
6�d��, the tail of the waveguide mode becomes less pro-
nounced and the radiated rays start directly at the position of
the junction between the waveguide and the continuous film.

IV. CONCLUSIONS

Our experimental results show that in microscopic
magnetic-film structures the spin-wave transformations at the

junction between a patterned stripe waveguide and the con-
tinuous film have rather complex character because of the
spatial variation of the demagnetizing fields and the specific
anisotropy of the spin-wave dispersion characteristics. A
simple analytical model can be used to describe the qualita-
tive characteristics of the spin-wave radiation in such sys-
tems, but a deeper understanding of its particular properties
demands the development of a more complete theory or nu-
merical simulations. We believe that our experimental find-
ings will stimulate such developments in the future.

Note added in proof. Recently, our attention was drawn to
Ref. 24, where a similar geometry, albeit with macroscopic
dimensions, was investigated.
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