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Deviation from exponential decay for spin waves excited with a coplanar
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We have investigated the propagation of surface spin waves in a Permalloy thin film excited by an
asymmetric coplanar antenna. A surprising oscillatory behavior superimposed on the exponential
decay is observed in the spin wave intensity mapped with the micro-Brillouin light scattering
technique. The oscillations can be modeled as the interference between a propagating spin wave and
a background magnetization with spatially uniform phase. We use a simple closed-form equation
that includes both contributions to fit our experimental results. From the fit results, we extract the
spin wave propagation length and the spin wave vector in a frequency range limited by the antenna
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bandwidth. V

The continuing demands of advancing information storage and processing technologies have attracted much attention to spin waves in magnetic microstructures.1 Numerous
experiments have demonstrated that spin waves play an important role in the operation of spin torque based memory
devices2,3 and spin torque nanoscillators.4,5 In addition, several spintronic devices based on propagating spin waves have
been proposed, such as the spin wave bus6 and a Mach
Zehnder-type interferometer for performing logic operations.7
A key parameter that affects the design of such devices is the
spin wave propagation length, which is defined as the distance the spin wave propagates before the amplitude decays
by e1 . In magnetic insulators such as yttrium iron garnet
(YIG), the propagation length is rather long, on the order of
millimeters. In metals such as Permalloy (Py, Ni80Fe20), the
propagation length is significantly reduced to just a few
microns or tens of microns, making the basic task of determining the propagation length challenging.
Several measurement techniques can be used to determine the propagation length. One method, known as propagating spin wave spectroscopy, involves only electrical
signals.8–10 Spin waves are excited with a coplanar waveguide antenna and the signal is detected some distance away
with another antenna through inductive coupling. The spatial
spin wave intensity profile could be measured using a series
of devices with different spacing between the excitation and
detection antennas. There are several drawbacks to this
approach including a large background signal from direct inductive coupling, variations between devices, and limited
spatial resolution. Optical spectroscopic methods, such as
Magneto-optic Kerr Effect (MOKE) microscopy11 or microBrillouin light scattering microscopy (micro-BLS),12 are
more suitable for characterizing spin wave propagation
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lengths due to their high spatial resolution (300 nm) and
ability to scan position conveniently. We have chosen microBLS because the detector does not need to be synchronized
to the excitation source. This flexibility allows us to easily
scan the excitation frequency.
In this report, we investigated the propagation of magnetostatic surface spin waves (MSSW) in a continuous Py thin
film excited by an asymmetric coplanar waveguide antenna.
The spin waves were excited in the Damon-Eshbach13 configuration, wherein a static magnetic field was applied parallel to the antenna and perpendicular to the propagation
direction of the spin waves. While mapping the spatial dependence of the surface spin wave intensity, we observed a
significant deviation from the simple exponential decay due
to damping: an oscillatory signal is superimposed on top of
the exponential decay. To model the observed complicated
spatial dependent spin wave intensity, we use a closed-form
expression that includes contributions from the propagating
spin wave and a background magnetization with spatially
uniform phase. This simplified closed-form model allows us
to fit the experimental data and to extract several key parameters including the wave vectors, the group velocities, and
the propagation lengths of the excited spin waves.
The device studied consists of a nominally 40-nm-thick
Py film sputtered on a silicon substrate. The Py film is covered with a 240-nm-thick layer of Si02, which isolates the
film electrically from the antenna. An asymmetric coplanar
waveguide antenna was defined using photolithography and
fabricated by thermal deposition of 300 nm of gold. The
antenna consists of a 12-lm-wide signal line connected to a
6-lm-wide ground line with a center-to-center distance of
13 lm. The film is patterned in a square with 1 mm sides,
and the antenna extends across the middle of the square. The
spin wave excited by the antenna can be treated as 1-D propagation in a continuous film because the propagation length
is much shorter than the dimensions of the sample. The

101, 252409-1

C 2012 American Institute of Physics
V

252409-2

Birt et al.

Appl. Phys. Lett. 101, 252409 (2012)

device was placed in an in-plane static magnetic field parallel to the antenna with a strength of 1000 6 50 Oe measured
with a Gaussmeter. The MSSWs are excited by the antenna
and propagate away from it, as illustrated in Fig. 1. Using
the micro-BLS technique described in Ref. 12, we measured
the time-averaged spin wave intensity as a function of distance from the antenna.
To determine the frequency range over which spin
waves can be excited effectively, the antenna response was
first measured by recording the BLS intensity 1 lm from the
edge of the antenna as the frequency was scanned from 9 to
11 GHz. The frequency response is shown in Fig. 2(a). For
this film thickness, only a single surface mode (i.e., n ¼ 0
mode) is excited by the microwave source. Higher order
modes in the thickness direction are not excited in the frequency range investigated. The response function measured
using the BLS intensity near the antenna does not exactly
coincide with the amount of power transferred from the
antenna into spin waves since the spatial intensity pattern
varies with the excitation frequency. Nevertheless, the approximate response function presented in Fig. 2(a) allowed
us to choose a reasonable scan range from 9.8 GHz to
10.5 GHz in steps of 0.1 GHz.
At 9.8 and 9.9 GHz, propagating spin waves were not
excited and the intensity of the measured magnetization
decayed monotonically because these frequencies are below
the ferromagnetic resonance (FMR) frequency. The spatial
intensity pattern on a logarithmic scale at 9.8 GHz is shown
in Fig. 2(b). The spatial dependence
  can be modeled using a
function of the form C Log

x
xþa

þ T, where the parameter

a determines how quickly the intensity falls off with distance, and T is the background due to thermal spin waves.
Fitting this form to the pattern obtained at 9.8 GHz yields
a ¼ 29 lm and T ¼ 160 in the arbitrary units for the BLS intensity used in the figures. The spatial dependence of the
spin wave intensity measured at 9.9 GHz has approximately
the same functional form as that measured at 9.8 GHz, which
motivates us to apply the same logarithmic function as the
background magnetization in the fits of the spin wave intensity patterns above the FMR frequency, as discussed below.
The measured spin wave intensities as a function of distance from the edge of the antenna at several frequencies
near the antenna resonance are shown in Fig. 3. The intensity
of the excited MSSW is expected to decay exponentially
away from the antenna. However, the observed spatial dependence is much more complicated. At frequencies above

FIG. 1. Illustration of the measured device and experimental configuration.
A microwave current is driven through the asymmetric coplanar waveguide
to excite spin waves, which propagate away from the antenna.

FIG. 2. Part (a) shows the spin wave intensity measured at a point 1 lm
from the edge of the antenna as a function of frequency. The data points are
shown in blue and the red line is only an interpolation to guide the eye. The
peak indicates the resonance condition of the antenna with the spin wave
response. A spatial scan taken below resonance at 9.8 GHz is shown in (b).
The data points are shown in blue and the red line shows the fit to the logarithmic function described in the text.

10.2 GHz, a clear oscillatory behavior was observed in the
spatial intensity patterns shown in Figs. 3(a)–3(d). The oscillations can be modeled as the interference between a propagating spin wave and a background magnetization. In
contrast to the propagating MSSW with quickly decaying
amplitude, this background magnetization has a constant
phase and slowly decaying amplitude.
We used the closed-form formula,
IBLS / hmz ðxÞi2


 2

x 1
x
þ expði/ÞLog
/ A exp ikx 
þ T;
K
b
xþa
(1)
to fit the spatial intensity patterns at 10.0 GHz and above. The
variables in bold font are the fitting parameters. We only consider the perpendicular component of the magnetization since
it dominates the BLS signal particularly at small angles of
incident light in our experiments.14 The first term in the sum
represents the propagating MSSW with a wave vector k and
propagation length K. The second term represents the contribution of the background magnetization with the logarithmic
functional form determined by fitting the data presented in
Fig. 2(b). The parameters / and b, respectively, account for
the phase and amplitude differences between the background
magnetization and the spin wave. The constant background T
is due to the signal from the thermal spin waves and was
determined by fitting the spatial intensity pattern in Fig. 2(b).
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FIG. 3. Log-linear plot of the measured
BLS intensity as a function of the propagation distance (measured from the edge
of the antenna) for several frequencies as
indicated. Simple exponential decay was
not observed at any frequency. The blue
points mark the measured BLS intensity
and the red lines indicate the fit result.

The proposed model provides excellent fits to the measurement and accurately reproduces the oscillations, as shown
in Figs. 3(a)–3(d). The fitting procedure converged well when
a clear dip was observed in the data. Otherwise, the extracted
wave vector has large errors, which leads to uncertainty in the
other parameters. The key parameter, the spin wave propagation length K, was extracted with small errors above
10.2 GHz. For small wave vectors, a simple exponential fit
will suffice to extract the propagation length, but for larger
wave vectors the interference model is required.
To confirm that the wave vectors extracted from the fits
are accurate, we compare the measured dispersion relation
with a calculated dispersion relation15
x2 ¼ c2 ½ðHext þ 2pMS Þ2  ð2pMS Þ2 expð2kLÞ

wavelengths relevant in our experiments.19 Assuming
a damping constant of a ¼ 0.0074, consistent with other
measurements,11,20,21 the predicted propagation length using
Eq. (3) is 6.4 lm. This calculated propagation length agrees
well with the experimental values except at the two lowest
frequencies where the wave vector could not be determined
accurately.
To further confirm the validity of the applied model, we
performed additional measurements on the same sample

(2)

using parameters extracted from independent measurements.
Here, c is the gyromagnetic ratio (2.93 MHz/Oe) and Hext ¼
1;000 Oe is the measured external magnetic field. The saturation magnetization MS and Py layer thickness L were extracted
by fitting the BLS spectra of thermal spin wave spectra as a
function of the applied field (data not shown). These measurements gave 4pMS ¼ 10; 600 Oe and L ¼ 36 nm, using an
exchange constant of 1.05  106 erg/cm.16 The saturation
magnetization found for Py is consistent with other values
found in the literature, which range between 9 and
11 kOe.11,17,18 Figure 4(a) shows the calculated dispersion
curve together with the values extracted from the spatial intensity patterns with our model. The agreement of the extracted
wave vector with those predicted from the independently calculated dispersion relation is excellent except at 10.0 GHz,
where the wavelength is too long for the fitting procedure to
converge well.
The dispersion relation allowed us to extract the group
velocity for spin waves, which in turn, was used to calculate
the propagation length via the simple relation
vg
:
(3)
Kcalc ¼
acðHext þ 2pMS Þ
The propagation length is expected to be independent of frequency for Damon-Eshbach waves in Py with the large

FIG. 4. (a) Experimentally determined dispersion relation (blue dots). The
wave vector of the spin wave at a particular frequency was extracted from fit
to the closed-form model. The red line represents the calculated dispersion
curve using the parameters mentioned in the text. (b) Experimentally determined spin wave propagation lengths (blue dots). The red line indicates the
propagation length estimated using Eq. (3).
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using spatially resolved ferromagnetic resonance scanning
Kerr effect microscopy (SRFMR-SKEM), which measures
the amplitude and phase of the excited magnetization.22 In
the SRFMR-SKEM experiments, the observed dynamic
magnetization is consistent with the micro-BLS measurements: when exciting above the FMR frequency, oscillatory
behavior in the intensity is observed, and below FMR, the
amplitude decays monotonically away from the antenna.
Below FMR, the phase is constant, which confirms our previous claim that no propagating spin waves were excited in
Fig. 2(b). Above FMR, the phase of the spin wave advances
linearly as it propagates away from the antenna. However, at
a distance far from the antenna, the oscillations disappear
and the phase becomes constant, which is consistent with our
model that includes a quickly decaying spin wave and a
slowly decaying background magnetization with uniform
phase.
The interference between the propagating spin wave
with a background magnetization should be a common phenomenon. We performed numerical calculations following
Eq. (36) in Ref. 23 and reproduced our experimental observation qualitatively. The calculations yield the background
magnetization below the FMR frequency and the appearance
of oscillatory signal upon the excitation of propagation spin
waves. The calculations also show that the oscillations
appear even with an infinitely thin excitation source, indicating that the oscillations are not a property of the antenna geometry, but rather a property of the magnetic susceptibility.
We speculate why the oscillatory behavior has not been
observed clearly and discussed explicitly until now. In
Ref. 22, the thickness of the Py film was 100 nm, which leads
to a much higher MSSW group velocity and thus a longer
propagation length than in our case. Therefore, the background magnetization was always weaker than the propagating the spin wave in the range measured. Furthermore, in
confined structures, the interference pattern may be obscured
by oscillations caused by other mechanisms such as mode
beating24 and reflections from edges and inhomogenieties.25
Additionally, this effect may not be apparent in YIG where
the spin wave propagation length is hundreds of times longer
than that in Py. If the propagation length is long enough, the
amplitude of the background magnetization may only
become comparable to the spin wave amplitude far from the
antenna at which point the spin wave intensity could be too
weak to be measured.
In summary, we have shown that the spatial intensity
pattern of spin waves radiating from an antenna in a 1-D geometry is not necessarily simple exponential decay. Oscillations in the intensity pattern may arise for excitations above
the FMR frequency. The oscillations can be modeled effectively as a propagating spin wave, with a wave vector given
by the dispersion relation, that decays exponentially and a
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slowly decaying background magnetization with spatially
uniform phase. Using a closed-form expression, we were
able to extract values for the spin wave propagation length
and wave vectors from the observed intensity patterns. The
accuracy of these values is confirmed by comparing them
with independently calculated expressions.
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