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Spin wave excitation and propagation properties in a permalloy were investigated using a vector network analyzer for the magnetostatic surface

wave (MSSW) and magnetostatic backward volume wave (MSBVW) configurations. In the MSSW configuration, the excitation and transmission

spectra show many peaks. They originate at the distance of antenna lines of the coplanar waveguide, and the waveguide design is important for

selecting the excitation and transmission wave vectors of the spin wave. The attenuation length of the MSSW was estimated to be 7.1 �m, and the

group velocity of the MSSW with a wave number of 0.26 �m�1 was estimated to be about 8.6 �m/ns for an external magnetic field of 20mT. In the

MSBVW configuration, however, the excitation spin wave spectrum shows a single peak, since many quantized peaks overlap. A transmission

signal with a single peak was also detected, but this could be an artifact such as an induced current.

# 2013 The Japan Society of Applied Physics

1. Introduction

Progress in spin current research1–9) has led to various
spintronic applications such as race track memory,10,11) spin
torque diodes,12,13) spin torque oscillators,14–16) and so on.
In these studies, the carriers of the spin current are spin-
polarized electrons that flow in ferromagnetic metals or are
injected from ferromagnetic metals to nonmagnetic metals.
Recently, spin pumping17,18) and spin Seebeck effects19,20)

have attracted attention for the generation of a pure spin
current, but these are also based on the motion of spin-
polarized electrons. The diffusion length of the spin current
by conduction electrons is more or less 1 �m because of
the spin flip caused by the thermal effect or spin orbit
interaction. A spin wave that conveys spin information
can also be called a spin current without the flow of spin-
polarized electrons. The advantage of the spin wave is its
long-range propagation over a millimeter scale in yttrium
iron garnet (YIG), and over a 10 �m scale in a permalloy
(Py),21) which is much larger than the spin diffusion length
of the charge spin current. Additionally, spin wave devices
are expected to be ultrafast logical gate devices.22–24) There
have been many studies using YIG for microwave devices,
but metals such as Py were not satisfactory in spite of being
important for integration with a Si process for spintronic
devices. The first study of spin wave propagation spec-
troscopy for Py, which shows that magnetostatic surface
waves propagate as far as 40 �m in Py, was reported by
Bailleul et al.21) Time-resolved measurement of spin wave
propagation using a pulse excitation method was also
reported.25) Recently, it has been found that spin-polarized
current can induce the Doppler shift of a spin wave.26–28)

The basic propagation properties in metallic films, however,
are still not very clear. They will be important for future
applications.22–24) In this paper, we report spin excitation and
propagation properties of a continuous sinusoidal wave
using a vector network analyzer in detail.

2. Experimental Procedure

A 30-nm-thick Py thin film with a width of 100 �m was
fabricated on a Si/SiO2 substrate by sputtering, e-beam
lithography, and wet etching. These were covered with a

35-nm-thick SiO2 sputtered film for insulation, and a pair of
coplanar waveguides (CPWs) for excitation and detection
antennas was formed by depositing a 300-nm-thick Cu
above the Py film by e-beam lithography, e-beam evapora-
tion, and a liftoff technique. Figure 1 shows a scanning
electron microscopy (SEM) image of the sample. The CPWs
were of the signal-ground (SG) type and were connected at
the end of electrical pads. The line width of the antenna was
2 �m, and the distance between centers of the signal and
ground lines was 7 �m. The space w between the two CPWs,
defined in Fig. 1, was varied from 10 to 100 �m.

Spin wave excitation and transmission measurements
were performed using a vector network analyzer (VNA;
HP8510C) and a microprobe station (Cascade Microtech
Summit 9000), which was modified to apply an in-plane
static magnetic field. Two types of configuration were used
for these measurements, depending on the relative orienta-
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Fig. 1. (Color online) SEM image of the sample. The space between the

two CPWs, w, was varied from 10 to 100�m.

Japanese Journal of Applied Physics 52 (2013) 083001

083001-1 # 2013 The Japan Society of Applied Physics

REGULAR PAPER
http://dx.doi.org/10.7567/JJAP.52.083001

http://dx.doi.org/10.7567/JJAP.52.083001


tions of the magnetization direction M and in-plane wave
vector k. As is shown in Fig. 1, one is the MSSW con-
figuration, where the external magnetic field is applied along
the y-axis and k is along the x-axis, resulting in M ? k. The
other is the MSBVW configuration, where the external
magnetic field is applied along the x-axis and k is along
the x-axis, resulting in M k k. The dispersion relationships
between frequency and wave vector for these configura-
tions29,30) are

f ¼ �

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðBþMsÞ þ Ms

2

� �2

ð1� e�2kdÞ
s

for MSSW;

ð1Þ

f ¼ �

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B BþMs

1� e�kd

kd

� �s

¼� �

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðBþMsÞ

p
ðkd � 1Þ; for MSBVW;

ð2Þ
where � is the gyromagnetic ratio, B is the static magnetic
field, Ms is the saturation magnetization, k is the wave
number, and d is the film thickness.

The spin wave was excited at the antenna of port 1,
and the propagated spin wave was detected at the antenna
of port 2. For spin wave excitation measurement, one-port
reflection measurement was performed and the S11 parame-
ter was measured. For spin wave propagation measurement,
two-port transmission measurement via a Py film was per-
formed and the S21 parameter was measured. The incident
microwave power was 0 dBm, which was confirmed in the
linear response regime judging from the power dependence
of the spectral shape. Signals obtained under a static mag-
netic field were analyzed by subtracting the background
signal obtained without magnetic field. Hereafter, we call the
subtracted signals �S11 and �S21 the reflection and trans-
mission signals, respectively. The real part of these signals
was analyzed. The choice of the real part as the char-
acteristic parameter was mainly based on the fact that it
is suitable for the determination of the resonant frequency
because it exhibits a peak at the resonant frequency when
the phase shift is efficiently small. On-chip full two-port
calibration was carried out by using a calibration wafer,
and the phase shift induced by the antennas was sufficiently
small, judging from the shape of the approximately sym-
metric spectra of Re�S11 in the MSBVW configuration.
All measurements were performed at room temperature.

3. Results and Discussion

3.1 MSSW configuration

Figure 2(a) shows the reflection spectra (Re�S11) under
various external magnetic fields for the configuration. There
are some peaks, and the interval between peaks decreases
with increasing magnetic field. In our antenna configuration,
the signal and ground lines are shorted, and then the spin
wave excitation occurs under both the signal and ground
lines almost simultaneously. Therefore, a boundary condi-
tion is given and a standing wave is excited to maximize the
amplitude under both the signal and ground lines. Assuming
that l is the length determined by this boundary condition,
the wave number is given by k ¼ n�=l, where n is the mode
number. The peaks in the spectra correspond to the spin

wave signals with different wave numbers. Such MSSW
excitation with a specific wave number was also demon-
strated using a resonator structure of an excitation
antenna.31,32) The peak frequency is shown as a function of
magnetic field in Fig. 2(b). The solid lines are the fitting
curves with the dispersion relation of MSSW [Eq. (1)]. The
parameters used are Ms ¼ 1:08T and �=2� ¼ 29:7GHz/T.
The obtained wave numbers k and l ¼ n�=k are summarized
in Table I. The value of l of 5.7–7.7 �m is appropriate for
our antenna geometry, because the distance between the
signal and ground lines is 7 �m, as illustrated in Fig. 2(c).
The origin of the decrease in l with increasing n is not clear.
It alludes to the necessity of effective boundary conditions
similar to the effective ‘‘pinning’’ boundary conditions
in confined magnetic structures.33) Thus, an MSSW was
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Fig. 2. (Color online) (a) Reflection spectra (Re�S11) in MSSW

configuration. (b) Dispersion relationship of the reflection signal. The solid

lines are the fitting curves with the dispersion relation of the MSSW

[Eq. (1)]. (c) Schematic cross section of the sample. The standing wave

arises between the signal and ground lines.
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successfully excited in this configuration. Note that spin
waves with not only the wave number corresponding to
the peak frequency but also various wave numbers are
excited, since the spectra are spread over a wide frequency
range.

The transmission spectra (Re�S21) for w ¼ 10 �m are
shown in Fig. 3(a). The peak frequency of Re�S21 is not
the same as that of Re�S11, and its oscillation is fine.
Figure 3(b) shows the magnetic field dependence of peak
frequency. Peak indexes were determined and are shown
in the inset of Fig. 3(b). Some peaks have a shoulder
or become slightly broad. It seems that the peak shape is
affected by that of the excitation spectra, because Re�S11
has a local minimum around the frequency where Re�S21
becomes broad or has a shoulder. Therefore, we eliminate
the shoulderlike peak to fix the indexes. The fitting curves
of n ¼ 1{5 of the MSSW [Eq. (1)] are also shown, and the
fitted results are indicated in Table I. The obtained l is
approximately 12 �m, which is roughly in agreement with
the distance between the excitation and detection antennas,
as illustrated in Fig. 3(c), although a decrease in l with n
is observed similarly to the result of S11 analysis. As shown
in a snapshot image of the spin wave [Fig. 3(c)], a large
spin wave signal can be detected when the magnetiza-
tion modulation is large under the detection antenna. This is
explained as follows. The S parameter is defined by S21 ¼
S2=S1 ¼ jS2j exp i�2=jS1j exp i�1 ¼ jS2j=jS1j exp ið�2 � �1Þ,
where S1 is the incident signal and S2 is the detected
signal. When �2 � �1 ¼ 2n�, Re S21 becomes maximum.
This means that the propagation wave should have the
maximum amplitude under the detection antenna when
the incident wave has the maximum amplitude under the
incident antenna in the snapshot image. Therefore, when the
wavelength matches the distance between the excitation
and detection antennas, the detection antenna can pick up
the real part of the spin wave signal effectively. Thus, we
can analyze the multipeak spectra similarly to in standing
wave analysis. The transmission properties of the spin wave
depend on the distance between the two antennas, though a
standing wave does not arise between the two antennas of

ports 1 and 2. This result shows the possibility of realizing a
wave vector filter by controlling the distance between the
antennas.

Figure 4(a) shows the transmission spectra (Re�S21) for
various w under an external field of 20mT. The spin wave
signal can be seen up to 40–50 �m, which is consistent with
the previous reports.21,28) The signal intensity is defined as
the largest peak-to-peak value, and plotted as a function of w
in Fig. 4(b). The inset of Fig. 4(b) shows the same data with
a semi-logarithmic scale. The intensity decreases exponen-
tially and the attenuation length of the MSSW was estimated
to be 7.1 �m.

Since the spin wave with a different k is clearly observed
owing to the oscillation of the spectrum, one can the
deduced group velocity of the spin wave from the interval

Table I. Fitted results of wave numbers and related values obtained from

relationship between frequency and magnetic field for MSSW.

Port 1 (S11 reflection measurement)

n
k

(1/�m)

l ¼ n�=k
(�m)

kd

1 0:41� 0:02 7:7� 0:4 0.012

2 1:01� 0:02 6:3� 0:2 0.030

3 1:60� 0:02 5:9� 0:1 0.048

4 2:20� 0:03 5:7� 0:1 0.066

Port 2 (S21 transmission measurement)

n
k

(1/�m)

l ¼ n�=k

(�m)
kd

1 0:26� 0:02 11:9� 0:9 0.008

2 0:55� 0:03 11:5� 0:6 0.016

3 0:93� 0:03 10:2� 0:3 0.028

4 1:20� 0:03 10:4� 0:3 0.036

5 1:59� 0:03 9:9� 0:2 0.048
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between the peaks of the spectrum. The group velocity of the
MSSW with wave number k is theoretically expressed as

vg ¼ d!

dk
¼ �

Ms

2

� �2 d expð�2kdÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðBþMsÞ þ

�
Ms

2

�2

ð1� e�2kdÞ
s :

ð3Þ
The vg depends on k ¼ n�=l, that is, the index of n. When
n ¼ 1, vg is calculated to be 9.9 �m/ns for w ¼ 10 �m
(l ¼ 12 �m) and B ¼ 20mT. Experimentally, one can use
two neighboring peaks of the spectrum (�n ¼ 1),

vg ¼ �!

�k
¼ 2�f

�n=l
¼ 2l�f : ð4Þ

In the case of w ¼ 10 �m (l ¼ 11:9 �m: experimental value)
and B ¼ 20mT, the group velocity of n ¼ 1 is deduced to be
approximately 8.6 �m/ns using the frequency difference �f
between the first peak (n ¼ 1) and the second peak (n ¼ 2),
which is in close agreement with the theoretical group
velocity of 9.9 �m/ns.

3.2 MSBVW configuration

Figure 5 shows the relationship between the peak frequency
of the reflection spectra and the external magnetic field,
and the inset shows the reflection spectra (Re�S11) under
various magnetic fields for the MSBVW configuration. Only
a single peak was obtained for each magnetic field. Since
kd is much smaller than unity, as shown in Table I, the
dispersion relation of the MSBVW [Eq. (2)] becomes the
same as Kittel’s equation for thin films. Therefore, even if
many standing waves are excited, their quantized peaks
overlap, and consequently only one peak is observed. The
solid curve shows the result calculated using Eq. (2), which
is in good agreement with the experimental result.

Regarding the transmitted property shown in Fig. 6(a),
a similar dispersion relation is obtained, compared with
the reflection properties of the MSBVW. The intensity of the
spectra, however, is much lower than that of the MSSW
signals. As shown in Fig. 3(a) for the MSSW, the signal
intensity decreases with increasing magnetic field because
the damping term in the LLG equation increases with in-
creasing magnetic field. On the other hand, for the trans-
mission signal in the MSBVW configuration, the intensity
increases with increasing magnetic field, as shown in the
inset of Fig. 6(a). It seems that the intensity increase
observed in the reflection spectra in the inset of Fig. 5
affects the transmission signal. It is, however, not clear why
the intensity of the reflection spectra increases with the
magnetic field at present. Additionally, Fig. 6(b) shows that
the intensity of the transmission signal does not depend
on the distance between the antennas. If this is the MSBVW
signal, it should decrease with increasing distance between
the antennas because of the decay. Therefore, we considered
that these spectra are not attribute to the MSBVW
propagation, and could reflect a kind of induced current in
a Py strip. Further investigation is necessary for an MSBVW
in metallic films.
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4. Conclusion

We investigated the spin wave excitation and propagation
properties of a continuous sinusoidal wave using a VNA.
In the MSSW configuration, the excited spin wave spectra
show some peaks, owing to the standing wave excitation
between signal and ground lines. The transmission spin
wave spectra also show many peaks in contrast to the excited
spin wave spectra. The peaks depend on the distance
between the antennas of the two ports. These properties
suggest that the distance between the antennas can control
the wave vector of the transmitted spin wave; thus, they can
be used as a wave vector filter. The attenuation length of the
MSSW was estimated to be 7.1 �m, and the group velocity
of n ¼ 1 was deduced to be approximately 8.6 �m/ns for
B ¼ 20mT. In the MSBVW configuration, the excited spin
wave spectra show a single peak for each magnetic field.
This is due to the overlapping of many quantized peaks
because of a very small kd. The transmission signal does
not depend on the antenna distance. Therefore, this result

implies that the transmission signal does not originate from
the MSBVW, and it could indicate a kind of induced current.
One should thus take care in the MSBVW measurement
using a VNA.
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