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a b s t r a c t

Magnonics offers a new way for information transport that uses spin waves (SWs) and is free of charge
currents. Unlike Damon-Eshbach SWs, the magneto-static forward volume SWs offer the reciprocity con-
figuration suitable for SW logic devices with low power consumption. Here, we study forward volume SW
propagation in yttrium iron garnet (YIG) thin films with an ultra-low damping constant a ¼ 8� 10�5 . We
design different integrated microwave antenna with different k-vector excitation distributions on YIG
thin films. Using a vector network analyzer, we measured SW transmission with the films magnetized
in perpendicular orientation. Based on the experimental results, we extract the group velocity as well
as the dispersion relation of SWs and directly compare the power efficiency of SW propagation in YIG
using coplanar waveguide and micro stripline for SW excitation and detection.

� 2017 Published by Elsevier B.V.

1. Introduction

Spin waves (SWs) offer a promising new way to transport infor-
mation without involving charge currents. This property could lead
to a new paradigm in the area of computing, allowing to create
smaller low-power devices compared to common CMOS-
technology [1–8]. An essential part in the development of such cir-
cuits is the ability to locally control the SW amplitude. This can be
achieved by utilizing interference of SWs due to the control of the
SW phase [9–11]. A suitable material for this purpose is yttrium
iron garnet (YIG). It offers an ultra-low magnetic damping [12–
16], and therefore, a relative long decay length is expected.

Beside the material for SW propagation, the magnetic configu-
ration of the system is also essential. For an in-plane magnetiza-
tion, the propagation direction of SWs relative to the
magnetization direction determines the type of the SW [17–19].
As a result of a static magnetization, the dispersion relation as well
as the excitation strength depend on the SW direction. On the con-

trary, the out-of-plane configuration, leading to the magneto-static
forward volume mode (MSFVM), offers a strong SW excitation
strength with the possibility to send SWs in arbitrary directions
and avoid non-reciprocity effects in SW interferometer compared
to the Damon-Eshbach SWs [20–22]. Magnetic simulations has
proven that the out-of-plane magnetized majority gate can over-
come the limitation of anisotropic in-plane magnetized majority
gates due to the high spin-wave transmission [23], which makes
MSFVM SWs with the perpendicularly magnetized configuration
suitable for SW logic devices free of non-reciprocity effects.

Schwarze et al. studied the MSFVM SWs in Permalloy based
magnetic cystals and Vlaminck et al. discovered current-induced
MSFVM SW doppler shifts in Permalloy thin films [24,25]. There
are also some studies of MSFVM SW in bulk YIG [20,26]. However,
few studies have been conducted on MSFVM SW in nm-thick ultra
low damping YIG films which are more suitable for the preparation
of nano-structures which are desirable for in the creation of small
logic circuits.

In the following we use an all electrical FMRmeasurement tech-
nique, utilizing coplanar waveguides and planar micro striplines to
determine the properties of MSFVM SWs in a YIG thin film.
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2. Device Fabrication

Fig. 1 illustrates the basic information of our experiment. The
base was a 20-nm-thick YIG film grown on a gadolinium gallium
garnet (GGG) substrate by sputtering [27,12]. Using optical lithog-
raphy and reactive-ion etching, a waveguide (width 90 lm, length
250 lm, thickness t ¼ 20 nm) was created. To avoid interference
with reflected SWs, the mesa is tapered at both ends.

To excite and detect SWs in the material, two kinds of antenna
have been fabricated. A so called coplanar wave guide (CPW) [28]
(line width 2 lm, edge to edge separation between the ground and
signal lines 1.6 lm) and a micro stripline (MSL) (width 1 lm)[29].
It is important to note that the MSL employed in this work has no
ground plane. Instead one side of the antenna is connected to an
RF-signal while the other side of the MSL is directly connected to
the ground potential. In both cases, the CPW and the MSL, we fab-
ricate two identical antennas with a distance s of 30 lm between
signal lines of the CPWs or between the MSLs respectively. By con-
necting this antennas via microwave probes to a vector network
analyzer (VNA) an RF-current can be sent through the antennas.
The resulting RF-magnetic field leads to the excitation of SWs
which on the other hand create a changing magnetic flux. The
changing flux then induces an RF-current in the antennas and
can thereby be detected by the VNA. The k-vectors of the excited
SWs depend on the design of the antennas and can be obtained
by a Fourier transformation of whose spatial magnetic excitation
field distribution. For the CPW an electromagnetic simulation per-
formed by Schwarze [30] has been used to determine the spatial
distribution [17]. In case of the MSL antenna the field was esti-
mated by making the following assumptions. The out-of-plane
components of the excitation field can be neglected and we assume
a uniform in-plane field component underneath the antenna with a
spatial extent equivalent to the width of the stripline. While this is
a very rough approximation, the electromagnetic simulation on
CPWs showed that it is justified to use this kind of approach
[30]. The resulting k-vector distribution for the MSL is illustrated
in Fig. 4(b). Due to the width of the prominent maxima the SW
excitation and detection can cover a broad range of different k-
vectors.

3. Results and discussion

An example of the results of the measurements on the CPW
sample can be seen in Fig. 2. It displays the imaginary part of the
measured S-parameter S12 which describes the signal of a SW gen-
erated in antenna 2 and detected in antenna 1 (transmission mea-
surements). The external magnetic field H was applied in the out-
of-plane direction (see Fig. 1) and changed from �2000 Oe to 2000
Oe. After an arc-like region the excitation frequency is rising with
the absolute value of the applied external field. Additional to the
strong main mode, this region also displays several other weaker
modes at higher frequencies (see Fig. 2(a)) exhibiting the same
general behavior. All these modes, including the main mode, dis-
play an oscillation of the signal strength, indicated by the change
of white and black in the gray-scale plot. These oscillations can also
be seen in the line-plots, as shown in Fig. 2 (b). Similar results are
obtained by the measurements with the MSLs. We also observe a
region with an arc like mode at lower absolute magnetic field val-
ues and a region were the resonance frequency of the mode is
increasing with the absolute field value. The MSL transport mea-
surements also display the same oscillating behavior observed in
the CPW data. However, while in the CPW measurements we
detect several separated modes the MSL measurements exhibits
one continuous mode covering a relative large frequency range
(see Fig. 4).

The main difference between the CPW and the MSL measure-
ments is the width and the number of observed SW modes (see
Figs. 2 and 4). We attribute this to the diverse excitation spectra
for the CPW (see [17] and 4(b)) and the MSL (see Fig. 4(b)). Each
mode appearing the in CPW measurements can be assigned to a
maximum in the excitation profile of the CPW. While the excita-
tion spectrum of the MSL also displays maxima next to most
prominent one, those strengths are relative small and as a result
only the strongest mode can be observed in the actual
measurements.

The two different regions of the measurements can be
explained by the magnetization behavior of the YIG film. Without
an external field, the magnetization of the YIG is pointing in an
arbitrary in-plane direction due to the shape anisotropy of the film.
At a saturation field around H = 1700 Oe or stronger fields, the
magnetization is pointing out-of-plane in the external field direc-
tion and we observe MSFVM SWs. Beside the out-of-plane field,
the magnet used in the measurement system also produces a small
in-plane component. At higher fields where the influence of the in-
plane component is small compared to the out-of-plane compo-
nent, we can observe a quasi-linear frequency dependence as pre-
dicted by the theoretical model for MSFVM SWs [31]

Fig. 1. Schematic of magneto-static forward volume SW propagating in a 20 nm-
thick YIG thin film.

Fig. 2. (a) Gray-scale plot of SW propagation data S12obtained from CPW
measurements (b) SW spectrum (S12) at an out-of-plane field of H = �1900 Oe,
extracted from the vertical dotted line in (a). The spectra are extracted from the
imaginary part of the (S12) parameter of VNA measurement.

Fig. 3. (a) Experimentally observed dispersion relation at H = �1900 Oe. The red
curve is the numerical fit. (b) SW spectra of k1 and k2 modes extracted from S12 (red
circles) and S12(black squares) transmission data from a CPW measurement at
H = �1990 Oe. Df is shown in order to calculate the group velocity. (c) Group
velocity of MSFVM SWs with different vectors k at H = �1900 Oe. The red curve
shows a numerical fit.
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with xM ¼ cl0MS;xH ¼ cl0ðHext �MSÞ and kk as the in-plane k-
vector. c is the absolute gyromagnetic ratio. It is necessary to note
that this mode does not depend on the direction of the in-plane
wave vector kk. This behavior can be also observed in the actual
experiment. The SWs represented in the S12 and S12 measurements
have opposite propagation directions. A comparison between the
amplitude of these two signals reveals almost no discrepancies
(see Fig. 3(b)), which shows the expected reciprocal behavior of
the MSFVM spin waves which is different from the DE mode [17].
The small difference between the S12and S12 spectra may result
from the already mention small in-plane field component which
may cause a little deviation of the measured data.

The observed dispersion relation is displayed in Fig. 3 (a). By
extracting the SW resonance frequencies from the CPW measure-
ment at the different excited k-vectors and using Eq. (1), we can
fit the MSFVM SW dispersion relation and obtain a saturation mag-
netization of MS ¼ 1741� 13 Oe which is in good agreement with
the expected value [31].

At resonance condition the imaginary part of the signal shows
an oscillating behavior. By analyzing the line-plot at fixed external
magnetic fields we extracted the periodicity Df of the oscillations
which can be used to determine the propagation velocity of the
SW by utilizing [32,33]

vg �
2pDf
2p=s

¼ Df � s: ð2Þ

Due to the design of the CPWs, we do not only excite SWs at a cer-
tain k-vector but we are exciting wave vectors around multiple
maxima. As we can see in the measurements, several of these max-
ima are strong enough to be observed. The dependence of the group
velocity on the k-vector is displayed in Fig. 3(c). The SW group
velocity decreases as the k-vector increases which can be under-
stood by analyzing the expected dispersion relation of MSFVM
SWs. The fitting curve of the SW group velocity displayed in Fig. 3
(c) was obtained by taking the derivative of (1) [34].

By comparing the SW excitation in CPW measurements with
the excitation in the MSL measurements we note that although
the MSL excites a broader SW spectrum, the excitation strength
is weaker compared to the CPW (around 38%). While the design
of the CPWs is chosen to match its impedance to the measurement
system, this is not the case for the MSLs. Therefore, we can assume

that a part of the power, sent from the VNA to the sample, gets
reflected at the MSL before it can excite SWs in the YIG film. As a
result of the smaller SW excitation, naturally the signals of the
detected SWs are also decreased. The choice of the optimal kind
of antenna entirely depends on the application. In some cases it
is beneficial to excite and detect k-vectors over a broad range while
in some cases it has an advantage to excite only specific k-vectors.
There are also applications which profit from a combination of
CPW and MSL.

4. Conclusion

In conclusion, we have studied MSFVM SWs in nm-thick YIG
films when magnetization is saturated out of plane. Several high
order wavevector excitation has been observed and spin wave dis-
persion relation is extracted from experimental data.The group
velocities are estimated to be around 0.4 km/s. The propagation
of MSFVM SWs is found to be almost reciprocal, which is ideal to
be used in spin wave interference for SW logic devices. Different
microwave anntennas have been used to study MSFVM SWs,
namely CPWs and MSLs. CPWs excite several wavevector starting
from about 0.9 rad/lm up to 8.8 rad/lm, whereas MSLs excite
rather broad wavevector distribution. However, while the SW
properties are advantageous, the relative large out-of-plane field
which is required to produce the MSFVM SW might be a challenge
in small electric device. We expect a further optimized film with
perpendicular magnetic anisotropy will allow MSFVM SW propa-
gation at even zero applied field.
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Fig. 4. (a) Scanning electron microscopic image of two MSLs fabricated on a YIG thin film. The distance s between two MSLs is 30 lm. (b) Normalized excitation spectra I(k)
obtained by Fourier transformation of an approximated (MSL), and simulated (CPW) excitation field. (c) Gray-scale plot of SW propagation data (S12) obtained from MSL
measurements. (d) SW spectrum (S12) at an out-of-plane field of H = �1900 Oe, extracted from the vertical dotted line in (c).
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