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Abstract— In this letter, a straightforward accurate method for
magnetic nanowires (MNWs) ferromagnetic resonance (FMR)
frequency determination and permeability extraction is pro-
posed. FMR frequencies are obtained using a one-port coplanar
waveguide (CPW) circuit system. Relative permeability, defined
as µ = µ′−jµ′ ′, of MNW samples is extracted by “four steps”
method, commonly used for thin films (Bekker et al., 2004;
Liu et al., 2005; Wei et al., 2015). MNW samples with and
without copper (Cu) layer are compared. Samples with a Cu layer
show stronger FMR resonances, negligible influences from board
resonances, and low distortion µ′ compared to those without a
Cu layer. From µ′′, the average linewidth of a cobalt sample with
and without Cu layer is 4.96 and 5.6 GHz, respectively. From the
peak of µ′′, the FMR frequency of an iron sample is higher at
low dc field when compared to cobalt. This can be beneficial for
microwave device design when external dc field is limited, and
higher operating frequency is required.

Index Terms— Coplanar waveguide (CPW), ferromagnetic res-
onance (FMR), magnetic nanowires (MNWs), vector network
analyzer (VNA).

I. INTRODUCTION

MAGNETIC nanowires (MNWs) are attracting broad
interest in microwave device design in transmitting

and receiving modules for wireless communication tech-
nology [4]–[6]. Their long thin shape provides high shape
anisotropy along the wire axis, which creates a large rem-
nant state. This feature allows MNWs to possess gigahertz
frequency range ferromagnetic resonance (FMR) absorption
at low dc fields and to eliminate the need for an external
magnet when applied in nonreciprocal microwave devices.
Therefore, MNW-based microwave devices are desirable for
future wireless communication. Also, MNWs are grown in
a porous anodized aluminum oxide (AAO) template that
provides high compactness and stability. Examples of recent
designs based on MNWs include circulators [7], band-stop
filters [8], and isolators [9].
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Fig. 1. (a) VNA-FMR system. (b) One-port CPW with MNW sample above.

To design microwave devices in a full-wave modeling tool,
the permeability of MNW that has an orientation dependence
is needed and is not readily available in software like CST and
HFSS. Therefore, a method to characterize the FMR properties
of MNWs and extract their relative permeability is needed and
required to accurately model circuits using this material.

Herein is a method to obtain FMR frequencies of MNWs
and their permeability. It uses a vector network analyzer
(VNA)-FMR system [10] based on a one-port coplanar
waveguide (CPW) circuit that is connected to a VNA. The
“four steps” method [1]–[3] commonly used for thin films is
applied to extract the relative permeability. Compared to thin
films, MNWs possess much weaker FMR signal strength, and
therefore, it is more difficult to extract permeability values
accurately. Thus, a copper (Cu) layer is deposited on the back
of MNW samples to enhance the FMR signal strength. The
FMR responses of a cobalt (Co) sample with and without
Cu backing layer are shown. The results are compared to
determine the signal enhancement effects due to the Cu layer.
Next, a comparison between FMR frequencies and the Kittel
equation [11] is shown to confirm the accuracy. Finally,
the permeability is extracted for a Co with and without the
Cu layer and only for an iron (Fe) MNW sample with the Cu
layer.

II. SYSTEM SET-UP AND SAMPLE DESCRIPTION

The characterization system shown in Fig. 1(a) con-
tains a one-port CPW circuit, an MNW sample, two poles
from an electromagnet, and an Anritsu 37369D VNA. The
MNW sample is placed above the CPW that is con-
nected to the VNA. The VNA provides an ac field that
is swept in the range 0.04–40 GHz and detects FMR
response by reflection coefficient (S11). The CPW circuit
with an MNW sample is then put between two poles from
electromagnet that provides a constant dc magnetic field in the
range 0–0.55 T.
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Fig. 2. Reflection response (S11) versus frequency for MNW sample and
empty AAO placed on top of the CPW circuit. The Co72 without Cu and AAO
samples are evaluated at different dc field values to identify board resonances
and FMR absorption peaks.

CPW circuits are designed on a 0.254-mm 5880LZ Duroid
(εr = 2) with a signal linewidth of 391 µm and a slot width
of 150 µm [Fig. 1(b)]. All measurements have been taken in
out-of-plane (OP) orientation, defined as the dc field applied
along the wire axis.

MNW samples are grown inside a 50-µm-thick AAO
template by electrodeposition method [12]. One Co sample,
Co72, and one Fe sample, Fe47, are used. Co sample has no
crystalline anisotropy. Co72 and Fe47 have an nanowire (NW)
length of 15.5 and 10.5 µm, respectively. Both have an NW
diameter of 40 nm and a porosity of 12% (tolerance: ±3%). A
7-nm Ti layer and a 300-nm Cu layer are deposited at the back
of MNW samples. Both samples are diced into chips with a
chip length of 3 mm and a chip width of 2 mm.

By hysteresis loop measurements, the shape anisotropy,
defined as the differences between saturation field along with
and perpendicular to the wire axis, obtained for Co72 and
Fe47 are 4446 and 8270 Oe, respectively.

III. MEASUREMENT RESULTS AND ANALYSIS

A. FMR Resonance Study

Fig. 2 shows the S11 response of AAO and Co72 without
the Cu layer on the CPW circuit. The AAO template is used
to provide a reference. Co72 MNWs grown inside AAO is
measured at different dc fields. Board resonances and FMR
responses are identified. A board resonance for AAO above
CPW is observed around 27.2 GHz. The FMR resonances
of Co72 can be observed at 0.45 and 0.52 T when they are
located away from the board resonances. Below 0.4 T, FMR
resonances overlap with board resonances and are hard to
determine. To resolve this issue, a Cu layer has been deposited
on one side of the Co72 sample to enhance the FMR signal,
as shown in Fig. 3. The presence of the Cu layer attracts the
magnetic fields from the slots of CPW to the region above the
signal line as shown in [13] to enhance the FMR absorption.

In Fig. 3, the FMR absorptions of Co72 with the Cu layer
can be clearly observed at all five different dc fields. The FMR
signal strengths are around −4 dB and stronger compared to
Co72 without Cu layer, which are around −1.6 dB. When
the Cu backing layer is included, however, three parasitic
resonances are introduced at 12, 17.5, and around 37 GHz.
These resonances are related to the capacitance introduced
between Cu layer and CPW circuit and inductance of MNWs.

Fig. 3. S11 response of Co72 with Cu backing layer at different dc fields.

Fig. 4. FMR comparison between Co72 and the Kittel equation.

Therefore, while the Cu layer offers signal enhancement
benefits that result in higher FMR absorption and ease of
detection, it can also introduce unwanted parasitic resonances
in the frequency domain. In this work, however, these parasitic
resonant frequencies do not interfere with the FMR frequen-
cies of interest. The factors that control the frequency and
signal strength of parasitic resonances are being investigated.

To confirm the accuracy of FMR frequency extraction, FMR
frequencies of Co72 with Cu layer are compared to the Kittel
equation [11] as shown in Fig. 4. The Kittel equation in OP
orientation [14] is described as

fR
γ

= H + 2πMs − 6πMs P (1)

where fR is the FMR resonances, γ is the gyromagnetic ratio
value of 3.003 MHz/Oe for Co sample, H is the external
dc field, P is the porosity of MNW sample, and Ms is the
saturation magnetization with 1440 emu/cm3 for Co.

Fig. 4 shows that FMR frequencies of Co72 align well with
the Kittel equation at P = 13%. Since the porosity of Co72 is
12% with ±3% tolerance, the measured porosity is within the
range and the accuracy of measured FMR frequencies can be
confirmed.

B. Permeability Extraction
The relative permeability is extracted based on the “four

steps” method [1]–[3]. Considering CPW structure, perme-
ability includes two components contributed by ac fields
above the signal line and slots. One study shows that FMR
absorption comes from the orthogonality of the ac field and
magnetization [15]. Herein, measurements are taken in OP
orientation. Therefore, only ac fields above the signal line
contribute to the extracted permeability since the ac signal
and dc magnetization above the slot are primarily parallel.
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Fig. 5. Permeability of Co72 without Cu layer. (a) Real part of permeabil-
ity µ′. (b) Imaginary part of permeability µ′′.

Fig. 6. Permeability of Co72 with Cu layer. (a) Real part of permeability µ′.
(b) Imaginary part of permeability µ′′.

The extracted permeability of Co72 without the Cu layer is
shown in Fig. 5. The real part of permeability (µ′) for dc fields
below 0.36 T, shown in Fig. 5(a), is influenced by the board
resonance and distorted from 25 to 29.5 GHz. The imaginary
parts (µ′′) show less influence from the board resonance. The
average linewidth is obtained by calculating the average of
full-width at half-maximum of all µ′′ curves. The calculated
linewidth of Co72 without the Cu layer is 5.6 GHz.

In Fig. 6, µ′ and µ′′ of Co72 with Cu layer are shown. The
real part of permeability (µ′) in Fig. 6(a) has less distortion
from the board resonance, which is more accurate, compared
to Co72 without the Cu layer [Fig. 5(a)]. This is due to
stronger FMR absorption resulting from the Cu backing layer.
The average linewidth of Co72 with the Cu layer is 4.96 GHz
and is 11% smaller than the sample without the Cu layer.

Fig. 7. Permeability of Fe47 with Cu layer. (a) Real part of permeability µ′.
(b) Imaginary part of permeability µ′′.

This shows the potential of Cu backing layer to decrease the
linewidth of the material which relates to the damping loss.
The peak values of µ′′ indicate the FMR frequencies which
agree with the FMR frequencies in Fig. 3.

The extracted relative permeability of Fe47 with the Cu
backing layer is shown in Fig. 7. Compared to Co samples,
Fe MNWs possess higher FMR frequencies at a low dc field
due to higher saturation magnetization. For example, the FMR
is 31.86 GHz for Fe47 at 0.42 T [Fig. 7(b)] and is 30.07 GHz
for Co72 at 0.45 T [Fig. 6(b)]. This feature can be beneficial
for microwave device design when the external dc field is
limited but the higher operating frequency is required.

IV. CONCLUSION

In this work, an FMR and permeability study have been
implemented for MNWs substrate based on a one-port CPW
system in the frequency domain. The FMR frequencies of
Co72 MNW samples have been measured and compared to the
Kittel equation. A comparison of signal strength for MNWs in
Co shows signal enhancement due to the Cu layer. The perme-
ability of Co and Fe samples was extracted based on the “four
steps” method. Extracted µ′ of Co72 with Cu layer performs
as expected due to higher signal intensity and has negligible
board resonance influences compared to Co72 without Cu
layer that experience distortion. Therefore, the deposited Cu
layer makes determining the FMR response and extracting the
permeability easier and more accurate. Finally, the extracted
permeability of Fe47 compared to Co72 shows higher FMR
frequencies. This feature can be beneficial for microwave
device design when the external dc field is limited, and
higher operating frequency is required. In conclusion, this
letter presents a straightforward and accurate way to extract
required design parameters, FMR frequencies, linewidth, and
permeability needed for microwave devices design.
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