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Local Characterization of Ferromagnetic Resonance
in Bulk and Patterned Magnetic Materials using

Scanning Microwave Microscopy
C. H. Joseph, Georg Gramse, Emanuela Proietti, Giovanni Maria Sardi, Member, IEEE, Gavin W. Morley,

Ferry Kienberger, Giancarlo Bartolucci, Romolo Marcelli, Member, IEEE

Abstract—We have demonstrated the capabilities of the scan-
ning microwave microscopy (SMM) technique for measuring
ferromagnetic resonance (FMR) spectra in nanometric areas
of magnetic samples. The technique is evaluated using three
different samples, including an yttrium iron garnet (YIG) poly-
crystalline bulk sample and a thick YIG film grown by liquid
phase epitaxy (LPE). Patterned permalloy (Py) micro-magnetic
dots have been characterized to assess the performance for
imaging applications of the technique, measuring the variation
of the magnetic properties of the sample along its surface. The
proposed technique may pave the way for the development of high
spatially resolved mapping of magnetostatic modes in different
nano and micro magnetic structures.

Index Terms—Ferromagnetic resonance (FMR), Scanning Mi-
crowave Microscopy (SMM), Magnetostatic Modes, Yttrium Iron
Garnet (YIG), Permalloy (Py).

I. INTRODUCTION

THERE is currently a huge interest in the local properties
of magnetic materials structured at the sub-micron or

even at the nanometre level. In particular, shapes obtained
by patterning techniques and exhibiting a low aspect ratio,
like circular discs, ellipses and squares are suitable configu-
rations for data storage [1] and spintronics [2] applications.
They are simple building blocks but can be also viewed
as model systems whose properties help in understanding
complicated or more exotic micro and nanostructures. There
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Engineering, Università Politecnica delle Marche,Via Brecce Bianche, 60131
Ancona, Italy. (e-mail: h.j.christopher@staff.univpm.it)

Georg Gramse is with the Institute for Biophysics, Johannes Kepler
University, Gruberstrasse 40, A-4020, Linz, Austria.

Emanuela Proietti, Giovanni Maria Sardi and Romolo Marcelli are with the
National Research Council, Institute for Microelectronics and Microsystems
(CNR-IMM), Via del Fosso del Cavaliere 100, 00133, Rome, Italy. (e-mail:
romolo.marcelli@artov.imm.cnr.it).

Gavin W. Morley is with the Department of Physics, University of Warwick,
Coventry CV4 7AL, UK.

Ferry Kienberger is with the Measurement and Research Lab, Keysight
Technologies Austria GmbH, Gruberstrasse 40, A-4020, Linz, Austria.

Giancarlo Bartolucci is with the Department of Electronics Engineering,
University of Rome ”Tor Vergata”, Via del Politecnico 1, 00133 Rome, Italy,
and also with the National Research Council, Institute for Microelectronics
and Microsystems (CNR-IMM), Via del Fosso del Cavaliere 100, 00133,
Rome, Italy.

are already a number of experimental and theoretical studies
on the dynamic magnetic properties of arrays of dipole-
coupled magnetic discs, with works dealing with the resonance
frequency position with respect to the applied magnetic field
[3], structure of the modes in the vortex state [4], and modes
of excitation and their distribution for in-plane [5] and out-
of-plane [6] applied DC magnetic fields. Identification of the
spin-wave damping mechanisms has led to several studies
into ferromagnetic resonance (FMR) linewidth broadening in
such systems, including linear and nonlinear mechanisms.
The possibility to perform imaging of FMR modes in these
structures at GHz frequencies unlocked an important research
opportunity for a full understanding of the mode excitation,
especially in planar configurations based on the coupling
between single resonating structures. The utilization of local
characterization techniques, and possibly imaging based on
near field measurements, leads to a complete definition of
the planar electromagnetic mapping. So far, there are only a
few contributions on FMR studies with near-field microwave
techniques [7]–[12].

In this work, we report measurement data and discussion
about local FMR detection on yttrium iron garnet (YIG) in
bulk and film shapes, using microstrips to excite the magnetic
material and detecting the resonance by using both a microstrip
configuration and the probe of a near field scanning microwave
microscope (SMM). Such a technique is particularly appealing
for surface and sub-surface characterization of materials, even
using a non-contact approach. It was extensively studied
during the last decade with focus on its calibration [13]–[15],
semiconductor properties [16]–[20], ferromagnetic materials
[21] and detection of buried structures [22]. Other techniques,
based on the evolution of the original AFM experiments,
were also focused on calibration and quantitative analysis of
local properties of materials, discussing in some detail the tip-
material interaction [23]–[25].

It has to be pointed out that there have been strong efforts
towards getting quantitative information from local charac-
terization techniques, evidencing advantages and drawbacks
of the developed setups, including the near field microwave
microscopy, as discussed in [16], [26], [27]. Nevertheless,
electromagnetic properties of materials, and especially their
frequency response in the microwave range, need a purposely
designed setup that is able to combine a typical scanning
probe microscopy (SPM) resolution (below 1µm) with high
frequency capabilities. In fact, the materials studied in this
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paper are magnetic ones with already established applications
at microwave frequencies, but few works have been published
about their local characterization, to study the shape of the
resonance modes excited inside the material to eventually
optimize the excitation in a device configuration. Other tech-
niques devoted to the measurement of magnetic properties,
like the magnetic force microscopy, are designed for DC or
AC recording but not for studying the high frequency response
of materials.

In this paper, magnetic garnet materials have been used
for testing the sensitivity of the technique by measuring
yttrium iron garnet (YIG) films grown by liquid phase epitaxy
(LPE). Permalloy (Py) circular resonators have been also
measured to check the resonance response as well as the
imaging capabilities with high spatial resolution. Permalloy
is used for several electronic applications, including FMR-
driven high-speed transmission lines [28] or sensing [29].
Generally speaking, Py is chosen, like several other magnetic
materials, including YIG, for magnetically tunable solutions
[30], [31]. The proposed microwave microscopy approach may
lead to a development of a tool for local FMR mapping
with high spatial resolution as the setup is integrated with
an atomic force microscopy (AFM) and the measurements
are performed directly in the microwave regime by utilizing
the higher dynamic range of the vector network analyzer
(VNA). By modulating the magnetic field and selective de-
tection of oscillating microwave response, we can surpress
unwanted (capacitive) stray contribution and isolate the local
FMR signal. A particularly convenient technique for local
characterization, already developed by this group, was focused
at the beginning on the modified arrangement of an AFM,
namely an SMM developed by Keysight Technologies, using
microwave signals to study material surface and sub-surface
properties and with imaging capabilitites [32]. Because of the
microwave nature of FMR, the SMM is particularly appealing
for local characterization of magnetic resonance, and for this
reason it has been used to extend the information coming
out from resonance experiments, looking to the micro-scale
excitation and not only to the overall device performance
analysed by means of network analysis. The main contribution
of this paper is the development of a local characterization
technique for improving the understanding of the coupling
between the microstrip transducers and magnetic garnet film
resonators. Moreover, an alternative magnetic material like
permalloy, also suitable of applications in microwave signal
processing, has been studied with the same technique.

II. BACKGROUND THEORY

The ferromagnetic resonance phenomena are associated
with the motion of magnetic dipoles in the presence of a
constant DC magnetic field and a superimposed RF magnetic
field [33]. The resonance arises when the energy levels of a
quantized system of electronic or nuclear magnetic moments
are split by the Zeeman effect due to the presence of a uniform
magnetic field. An oscillating RF magnetic field causes an
energy absorption at well-defined frequencies corresponding
to the transitions between the levels. The classical situation is

Fig. 1. Schematic diagram of the microstrip configuration.

well known and described in many papers and textbooks since
the 1940’s [33], [34], and recently reviewed, because of the
increasing interest in small-size FMR experiments and their
applications [35], [36].

In a simple model of a ferromagnetic system, the electron
spins are characterized by a magnetic moment m, given by

m = −gµBS (1)

where g is the spectroscopic splitting factor, µB is the Bohr
magneton (9.274×10−24Am2) and S is the spin. The magnetic
moment is associated with an angular momentum, and it
experiences a torque when it is in a static magnetic field
H . This field can be an applied external DC field H0 or
the intrinsic anisotropy field HA of the sample. As a result,
the magnetization precesses around this field with angular
frequency ω where,

ω = γH (2)

Formally, the relationship between the resonance frequency,
f , and the static magnetic field can be also expressed by

f = 2.8× 106H (3)

where f is in MHz and H is in Oe. g is related to the
gyromagnetic ratio

γ = 1.76× 107s−1Oe−1 (4)

A microwave magnetic field h can be superimposed to the
static one and, using the complex notation, we can write that
the sample will experience a total magnetic field

H = Hi + hejωt (5)

Hi is the sum of DC fields within the material, including
the externally applied DC field H0 and any time-independent
internal field, i.e. demagnetization and anisotropy. Demagne-
tization is a shape dependent contribution, whereas anisotropy
is mainly due to intrinsic properties of the material, often
depending on the production technique. In formulae, we can
write

ω = γHi = γ(Ho −Ndemag4πMS +HA) (6)

where Ndemag is the demagnetizing factor, 4πMS is the satu-
ration magnetization of the material (temperature dependent)
and Ndemag4πMS is an internal field due to the presence
of dipole moments induced on the surface, opposed to the
external DC field. HA is an anisotropy contribution, which is
often oriented depending on the preferred direction induced
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Fig. 2. (a) Photograph of the experimental arrangement. Inset shows the microstrip. (b) The schematic of two-port SMM measurement setup.

by the material growth (bulk crystal or film). The frequency-
dependent field term, approximated by a plane wave, contains
the amplitude h and the microwave frequency ω.

When the resonance condition is satisfied, i.e., the applied
microwave frequency equals the natural precession frequency
ω = ω0, it is possible to transfer efficiently energy from
the microwave field to the system of spins. When applying
a constant external magnetic field along the z axis and an
additional alternating field perpendicular to the DC field, at
a frequency ω0, the onset of an oscillation component of the
torque, in phase with the precessional motion of the magnetic
dipole is observed. Thus, the amplitude of the precession
will grow and the energy will be absorbed from the applied
microwave field. As outlined above, ω0 depends on a number
of factors such as the external magnetic field, the sample
geometry, and the magneto-crystalline anisotropy. The applied
magnetic field at resonance can be calculated if we know that
the anisotropy contribution to the FMR frequency is negligible.
In this case,

H0 = 4πMS + (
2π

γ
)f (7)

If the DC field is measured at the same time as the resonance
frequency, the anisotropy can be analogously derived. For the
case of pure YIG bulk samples or films (we used both for
this study) and for negligible anisotropy contributions, we can
write

H0 = 1760 +
f [MHz]

2.8× 106
(8)

Actually, 4πMS = 1760Oe at room temperature for pure
YIG samples.

III. INSTRUMENTATION AND MATERIALS

A. Experimental Setup

The commercial scanning microwave microscope (SMM)
from Keysight Technology used for this experiment is com-
posed of a standard 5600 atomic force microscopy (AFM)
interfaced with a vector network analyzer (VNA). The VNA
measures the full S-parameters (Sij with i = 1, 2 and j = 1, 2)
of a two-port network. In the proposed work, an unilateral
configuration is used with port 1 and port 2 connected to the

conductive AFM tip and to the transmission line (though a
coaxial-to-microstrip transition) respectively.

The port 1 of the VNA is directly connected to the AFM tip
through a coaxial transmission line. The port 2 is connected to
a shorted microstrip antenna and the sample has been placed
on top of the microstrip antenna (closer to the shorted end).

The microstrip is a planar transmission line, with a ground
reference (metallization) on the back side of the substrate
where it has been manufactured [37]. The concept of radi-
ation impedance was introduced in past literature to calculate
the electrical matching between the high frequency signal
and the magnetic resonator, i.e. between the high frequency
electromagnetic fields excited (radiated) in proximity of the
metal sheets by the microwave current and the resonator [38].
In particular, the magnetic component exhibits circular lines
around the direction of the high frequency signal, whereas
the electric field is given by almost straight lines going from
the microstrip plane to the ground, with the exception of the
boundaries of the metal sheet, where a bending of the fields
happens [39]. The magnetic resonator is placed on the top
of the microstrip, and it is sensitive mainly to the magnetic
lines of the microwave field, because of the validity of the
magnetostatic approximation for a magnetic dielectric mate-
rial. As a consequence, the Maxwell equations describing the
resonance or the propagation are simplified and we can write
them for the magnetic RF component only [30]. Alumina and
silicon have been both used in the past to obtain microstrip or
coplanar waveguide configurations used for exciting magnetic
garnet film resonators [36]. Depending on how the microstrip
is ended, i.e. loaded, opened or shorted, the microwave current
flowing in the microstrip will be constant or can change with
the distance from the termination. In our case we used a
shorted line, and for this reason the maximum current will
be at the end of the microstrip, with the first node occurring
at λ/4 with respect to the short. The rule to have an almost
homogeneous excitation of the magnetic film is to have its size
ly along the microstrip shorter than λ/4(ly < λ/4 = c/4f

√
ε).

In our case, the minimum frequency imposed for the experi-
ment with the magnetic garnet films was around f = 5 GHz,
and the dielectric constant of alumina is ε = 9.8; for the
sample, we have ly = 4mm. With these values, we have

λ/4 = 3× 1010/(4× 5× 109 ×
√
9.8) cm ≈ 0.5 cm (9)
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i.e. a value greater than the length of the resonator, thus
providing a practically constant excitation of it. The smaller
samples made by permalloy do not need a similar evaluation,
because they are much smaller than the magnetic garnet
resonator and smaller than any possible variation of the
electromagnetic field within a size in order of tens of µm.

In Fig. 1 it is shown the shorted microstrip configuration.
In this setup, port 2 was used for measuring the reflection
coefficient of the magnetostatic wave device (one port res-
onator) whereas port 1 was used to record the transmission
from the resonating device (excited with port 2) to the SMM
tip. A NdIB (neodymium iron boron) permanent magnet is
placed below the sample, and in this way a DC magnetic
field is applied perpendicularly with respect to the sample
surface; the variation of the magnetic bias is obtained by
moving the magnet up and down below the sample plate using
a manually adjustable micromanipulator. The photograph of
the experimental arrangement is shown in Fig. 2(a). The same
simple configuration has been used many times in the past
to get narrowband filtering response of magnetostatic wave
(MSW) devices, useful for notch filters [40], [41] as well as
for feedback networks of tunable oscillators [42].

At the closest position of the permanent magnet to the
sample surface, the maximum of the applied DC field is
∼ 0.4T . The distance separation between the sample surface
and the permanent magnet is in the order of 2mm at maximum
for the lower values of the DC magnetic field, to guarantee the
best homogeneity in the orientation of the DC magnetic field
lines, vertically aligned with respect to the sample plane. Re-
producibility in the experiment is obtained with a mechanical
variation of the distance by means of a micrometric screw, re-
adjusting the magnet position to have the same frequency of
resonance and the same resonance shape when repeating the
experience. In addition to the permanent magnet, two coils
have been placed on the two sides of the sample plate to
apply a modulated AC magnetic field parallel to the sample
surface. The magnetic coils are then connected to the lock-
in amplifier to provide a maximum voltage of 5V to the
coils. This will produce AC magnetic fields in the order of
few mT . Ports 1 and 2 are connected to the AFM tip and to
the microstrip through a Dopant Profile Measurement Module
(DPMM) arrangement, like the setup developed in [43], [44].

Analogously to the dC/dV measurement for obtaining the
doping profile of semiconductor samples, here we measure
the derivative of the signal with respect to the magnetic
field (specifically, dS22/dH or dS12/dH), where S22 and
S12 are the reflection and transmission scattering parameters
recorded by means of the VNA. The amplitude and phase
of the signal have both been measured. Once the sample is
placed on the microstrip antenna, the values of the complex
reflection coefficient S22 and of the transmission coefficient
S12 are measured. S22 involves only the microstrip response.
S12 involves both the SMM tip and the microstrip. In the latter
case, the port 2 (microstrip) is excited with a microwave signal
and the port 1 (SMM tip) will act as a receiver. The schematic
representation of the two port arrangement is shown in Fig.
2(b). The VNA has been calibrated by imposing, as usual,
the microwave power, the frequency sweep and the number of

Fig. 3. (a) Optical micrograph of the patterned permalloy film structures. (b)
YIG film sample grown by LPE technique.

points for the frequency resolution within the chosen frequency
range.

The measurement of local properties of samples at the
micro-to nano-scale involves signal levels that are quite low,
and controlled boundary conditions are necessary to avoid
vibrations and electromagnetic interferences. Moreover, espe-
cially for unknown or unexpected properties, like it is the
case for materials exhibiting an electromagnetic response to
a microwave excitation, it is important to check that the tip
used for the measurements, which is a kind of microscopic
antenna, does not suffer unwanted perturbations. It is worth
noting that the measurement proposed in this paper is a
characterization of a non-insertable device, because only on
port 2 we have a connector, whose contribution can be de-
embedded using a traditional calibration procedure. On the
other side of the device is positioned a tip to be used as
the receiving probe, and no commercial or well-established
solution is available for calibrating both network analyzer ports
with standard elements. This agrees with the specific goal of
this work, where the detection of the electromagnetic field
excited in a magnetic sample was measured, with the ambition
for future experiments to map the entire mode of resonance
for magnetic films excited by a high frequency signal. For the
above reasons, preliminary tests have been performed on our
peculiar arrangement to take under control cross-talk effects
between the microstrip and the SMM tip. The signal level
for the transmission on the air was measured as low as -30
dB, lower than the signal measured to detect the resonance of
the YIG device. It has to be stressed that cross-talk is very
low when it is measured on the air, and effective signals are
measurable only when the sample is present, because of the
contribution of the dielectric and magnetic properties of the
media, i.e. the alumina substrate, the YIG film on the top
or, in case of permalloy samples, silicon with a magnetic
film deposited on it. In both measured configurations the
separation between the microstrip and the SMM tip is greater
than 500µm. Additionally, differential measurements have
been done for YIG samples using a classical approach for a
resonance experiment, where a lock-in amplifier enhances the
signal-to-noise ratio, giving back the derivative of the recorded
signal with respect to the swept quantity, namely frequency
or DC magnetic field. To distinguish the FMR peaks from
possible spurious responses, two sweeps are necessary: the
first one without applying any AC magnetic field from the
coils and the second one by applying the AC magnetic field
by means of the magnetic coils.
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Fig. 4. FMR spectra of the YIG bulk sample obtained by subtracting the
reference level for the reflection case S22.

B. Samples Preparation

Three different kinds of samples are considered for the
characterization. First, spectroscopic measurements (resonance
signals) have been recorded for a YIG bulk and for a liquid
phase epitaxy (LPE) grown film. Then, patterned micro-
structures of permalloy (Py) have been measured using both
spectroscopic and imaging capabilities of the experimental
setup.

The YIG film sample has been grown by LPE on a
gadolinium gallium garnet (GGG) substrate < 111 > oriented
and presents a thickness of ∼ 120µm on both sides of the
GGG substrate. The bulk YIG is a (5×5mm2) square sample
grown by chemical vapour deposition (CVD) with a thickness
of ∼ 500µm.

The Py microstructures are disks obtained by thermal evap-
oration of a 50nm film, and the circles defined by standard
photolithographic mask sequence process to obtain 10, 20, 30
and 50µm as a diameter on a 4-inch high-resistivity silicon
wafer having a thickness of 300µm. The use of low-resistivity
silicon wafer substrates has been avoided in the fabrication,
to suppress the onset of the eddy currents contribution in the
substrate during measurements. The distance imposed between
the circular dots is triple with respect to the diameters. As
a result, the magnetic dipole interaction between the dots is
negligible. This enables measurements of the response coming
only from a single structure, but not the collective response
or any other interaction which comes from the neighboring
structures. The prepared Py microstructures and the YIG
samples are shown in Fig. 3 (a) and (b).

IV. RESULTS AND DISCUSSION

A. Spectroscopic Measurements

The first measurements have been performed with the bulk
YIG sample as it is very homogenous and thick, and it shows a
good electrical coupling with the microstrip antenna. The port
2 of the VNA provided the microwave excitation to the mi-
crostrip line, and the measurement of the reflection parameter

Fig. 5. FMR spectra of the YIG bulk sample with respect to different HDC

fields.

S22 has been recorded. In the classical FMR experiments, with
a resonance cavity loaded by a small sample, the excitation
frequency is fixed, and the applied DC magnetic field is varied
until the resonance occurs. In our experiment, following a
tradition in the determination of the material properties as a
function of frequency [45], we fixed the HDC field (fixing the
position of the permanent magnet) and the frequency has been
swept. This approach agrees with the most part of the recent
experiments devoted to the necessity to sweep the frequency
in applications where magnetic materials are used for tunable
devices or for updated techniques based on the frequency
sweep [46].

All the measurements are performed between 1 GHz and 10
GHz. The static magnetic field was applied perpendicular to
the surface of the sample with the permanent magnet, and
it was strong enough to saturate the sample: the magneti-
zation was less than half of the applied DC field. Initially,
we measured the reflection (S22) alone considering only the
microstrip. In this case, the FMR signal is expected to be
high, because an electrically matched and shorted microstrip
is directly coupled to the exploited sample, in an area with the
maximum available RF power, i.e. close to the short.

Fig. 4 shows the FMR spectra for the bulk YIG sample
in the microstrip reflection measurement arrangement. When
no AC magnetic field is applied, the FMR peak detected
by the lock-in is absent, and only spurious resonances are
seen which are induced by the equivalent circuit coming
from the dielectric contributions of the setup. This can be
considered a cumulative effect due to the materials, e.g. YIG
and GGG, as well as to the cables and other details of the
experimental setup. When the modulated AC magnetic field
is applied, the FMR peak of the fundamental mode appears.
The spectra obtained without AC magnetic field has been
taken as a reference level. The FMR peak is detected at 4.31
GHz. Using the simple equations (7) and (8) introduced in
the theory of the ferromagnetic resonance, one can calculate
the applied magnetic field from the FMR frequency value and
vice versa. Using this approximation (8), i.e. neglecting the
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Fig. 6. FMR spectra of the YIG bulk sample with respect to different values
of the microwave power.

anisotropy, which in most cases is not larger than 1/10 of the
saturation magnetization, the static field applied to the sample
is around 3300 Gauss. The FMR peak is clearly sensitive to
the DC magnetic bias value, and the FMR frequency moved
to lower values when the DC magnetic field is decreased, as
expected from the almost proportionality between frequency
of resonance and the applied DC field.

It is worth noting that when the magnetic field is varied
from 3300 Gauss to 3000 Gauss, then the FMR frequency
shifted from 4.32 GHz to 3.70 GHz, as it is shown in Fig.
5. The equations defined in the section about the theory of
magnetostatic wave excitation have been used to determine
the expected frequency range for the onset of the resonance
modes. First, the static field generated by the permanent
magnet was measured considering the position with respect to
the material under test, and successively the frequency range
evaluated according to the theory. The agreement is within 100
MHz, thus allowing to neglect the anisotropy contribution and
to guide us efficiently in the frequency range to be imposed for
the experiment. The linewidth, i.e. the width of the resonance
curve at half amplitude, does not change with the change in
the external field. Actually, it is expected that the material
losses are slightly dependent on the frequency in a narrow
range. The linewidth, i.e. the width of the resonance curve
at half amplitude, does not change with the change in the
external field. Actually, it is expected that the material losses
are slightly dependent on the frequency in a narrow range.

In order to check for nonlinearities, the power of the applied
microwave field has been also swept, while maintaining the
DC magnetic field constant. The peak started to get damped
when going to very low powers. Actually, the power varied
from 0 dBm to -27 dBm, and the peak disappears at -27 dBm,
as it is shown in Fig.6. The response is always linear, as to
observe nonlinear effects like peak broadening or distortions
more power is needed. The inset shows that increase in the
amplitude of the FMR peak is consistent with the increase of
the input power because an absolute value and not a relative
one is measured.

Fig. 7. FMR spectra of the YIG film sample. (a) The reflection spectrum
S22 and its multiple peak fit. (b) The transmission spectrum S12 and its fit
analysis.

The next set of experiments are carried out with the YIG
thick film sample grown by LPE technique. The microwave
excitation is provided at the port 2, which is connected to the
microstrip and on top of the sample the transmitted signal is
measured with the AFM tip of the SMM and recorded at port
1. The tip is placed in the middle of the resonator because
the main mode will have a maximum there, coherently with
the position of the microstrip for the bottom film, which is
normally characterized by maxima in the center and nodes on
the edges, ignoring corrections due to an exact knowledge of
the boundary conditions. In Fig. 7 the comparison between the
reflection and the transmission of the FMR spectra is shown.

Two differences with respect to the previous experiment on
bulk YIG have to be noticed. First of all, the best coupling
is obtained with the microstrip measurement, because the
sensing volume is much higher and the electrical matching
(50-ohm condition) is provided by a typical resonator device
configuration, and for this reason the highest signal is obtained
with measurements performed on the bottom film, i.e. with
the one placed in direct contact with the microstrip. In this
case, as evidenced from Fig. 2(b), a number of modes are also
excited, because of the finite width of the resonator (the planar
size is 2.5 × 4mm2). For the above reasons, the coupling is
poor for the top film, because it is far from the microstrip
exciting the microwave signal at least for a distance equal to
120+525 = 645µm, i.e., the bottom YIG film plus the GGG
substrate. Moreover, the detection of the signal is performed
by means of the SMM tip, which is not electrically matched
as the microstrip. This results in a transmission signal that is
weaker than the reflected one by a factor of 1/10 or less.

No coupling effects between the two YIG films have to be
considered, because the distance between them is large enough
to eliminate these effects. To have an order of magnitude for
the signal decay from the microstrip to the top film, we can
consider that the main (1,1) mode corresponds to a wave-
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Fig. 8. FMR transmission spectra of the YIG top film with different HDC

fields.

vector value given by

k1,1 = π

√[
(
1

lx
)2 + (

1

ly
)2
]

(10)

In our case, the sample dimensions are lx = 2.5mm and
ly = 4mm. Then, the value of the wave-vector for the
fundamental mode is k1,1 ≈ 14.8 cm−1. The scalar potential
for the excited magnetostatic wave decays outside the film with
an exponential law, and the corresponding absorbed power is
a function of the square of the magnetic field h, calculated
with its components hx = dψ/dx and hy = dψ/dy, which
is oscillating in the plane and decaying along z. Then, the
power outside the YIG film goes like exp(−2zk1,1), where z
is the distance from the microstrip plane. At z = 645µm =
0.0645 cm, the decay of the signal will be evaluated by means
of the expression, exp(−2× 0.0645× 14.8) ≈ 0.15.

Looking to Fig. 7, the ratio between the measured voltages
at the FMR peak for the reflection and for the transmission
case is given by S22/S12 ∼ 0.06. This actually means that the
lowering of the peak is due, almost in equal measure, to both
decay of the signal and un-matching for the SMM tip.

The line width ∆ω (width at half amplitude) obtained by
means of the two measurements (reflection and transmission)
has also been checked by fitting the FMR peaks. The small
shift between the frequency of resonance for the two cases is
reasonably due to the small difference of the magnetic field for
the top film with respect to the bottom one, being the two films
positioned in a different place inside the DC bias magnetic
field. The fitted reflection case is characterized by a linewidth
∆ωR = 424 MHz in Fig. 7(a) and the transmission case by
∆ωT = 387 MHz in Fig. 7(b). The small difference between
the two inferred values for the linewidth can be considered
acceptable. It is in the order of 10% and it is obtained from
two different measurement approaches, characterized also by
a different sensitivity and mode excitation. Owing to the best
coupling experienced for the microstrip experiment, the main
mode is excited efficiently, while the high order ones are
depressed. In the case of the SMM detection, the AC field
generated by the microstrip is not immediately coupled to

Fig. 9. FMR spectra of the YIG film for different microwave power levels.

the magnetic film on the top surface, and this configuration
introduces some inhomogeneity in the region of interaction,
enhancing high order modes with respect to the main one.
Since the modes excited in the last configuration are very
close to the main natural one, the linewidth does not suffer
any frequency dependence and it is almost the same.

Actually, in Fig. 7(b) the response of the top film shows that
the main mode at higher frequency has been suppressed, and
two higher order modes are partially overlapped. As discussed
above, Fig. 7(b) shows the FMR spectrum for the YIG top
film, measured with the SMM tip. The resonance appears
at 4.26 GHz, when the external static magnetic field value
is HDC ∼ 3281 Gauss. FMR spectra have been recorded
for different magnetic field values and the results for the
transmission parameter are shown in Fig. 8. Observing from
Fig. 8, it is evident that the resonance of patterned micro-
magnetic structures is not exactly rigidly shifted by changing
the bias magnetic field. This can be understood, analogously
with the excitation of MSW modes, considering the complex
relationship linking the electrical matching with the film
geometry and the electromagnetic boundary conditions. Only
using specific precautions, a selected mode can be tuned by
means of the bias, otherwise the microstrip alone is a source
of not homogeneously excited modes, including even and odd
ones, and the best coupled modes can change by changing the
bias.A power sweep measurement has been also performed
and looking to the lock-in signal the resonance peak is damped
when decreasing the power levels, as it is shown in Fig. 9.

The reason for the setup proposed in this resonance experi-
ment, including the transmission case, is the future possibility
to map the local electromagnetic field distribution of the ex-
cited mode, using both spectroscopy and imaging capabilities
of the near-field microwave measurement. For the YIG film
case, it was not possible to image the modes, as the sample
area is much bigger than the scanning limitation of the SMM,
but it is interesting and promising to image smaller confined
magnetic structures.
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Fig. 10. SMM images of the patterned 30 µm Py circle (a) Topography, (b) SMM amplitude image at zero DC magnetic bias, (c) Amplitude image with
applied DC magnetic bias value of 1.15 kOe (field 1), (d) Amplitude image with increased DC magnetic bias of 1.87 kOe (field 2), (e) Topography profile,
(f) The profiles taken at the center of the SMM amplitude images using the reflection parameter S11.

B. Patterned Micromagnetic Structures

The SMM measurements considering both imaging and
spectroscopy aspects have been performed on the patterned Py
layer deposited onto a silicon wafer, as detailed in the sample
preparation section. The measurements have been done on
30µm and 50µm diameter circles for obtaining topographic
and microwave data, to give evidence for the magnetic DC
bias effects on both imaging and spectroscopic response of
the structures. The frequency has been swept initially from 1
GHz to 20 GHz, and we recorded simultaneously the AFM
topography and VNA amplitude as well as phase data for the
30µm circle at 19.13 GHz. In experiments performed on Py
circles, port 1 of the VNA was used to launch the signal, as
only reflection measurements have been recorded.

The same data have been recorded for two different external
DC magnetic field variations. In Fig. 10 the images recorded
are shown. Fig. 10 (a) and (e) shows the topography and its
line profile taken at the center of the image, along the diameter.
When varying the external magnetic field by changing the DC
magnet position below the sample in the developed setup,
the reflected microwave signal is changing and this can be
attributed to the alteration of the magnetic properties of the
sample depending on the applied external magnetic field.
Fig.10 (b), (c) and (d) shows the SMM amplitude images
for no applied DC magnetic field case, as well as for two
different magnetic bias values. From the line profiles that are
shown in Fig. 10 (f), the variation is clearly visible. Actually,
the topography remains constant, as the shape of the curve
showing the profile is unchanged, but the amplitude for the S11

parameter exhibits a modification of the microwave response
of the sample when increasing the magnetic bias. This can be
interpreted in terms of the progressive alignment of the spins
in the direction of the DC magnetic field when it is increased,
contributing to the magnetic saturation of the sample, the onset

of a single domain structure and, consequently, the decrease
of magnetic losses due to the presence of magnetic domains.

Actually, as known from classic literature, the spin wave is
affected by higher losses in the propagation when it passes
through multiple domain walls; the full magnetic saturation
of the sample imposes a single domain configuration with
lower spin wave losses, condition that is fulfilled when the DC
magnetic field overcomes the threshold of (4/3) the saturation
magnetization, which is actually the case for the H-fields used
in this work. This clarifies the capability of the developed
setup in sensing the external DC magnetic field variation on
the sample surface with the SMM tip.

Additional local FMR has been performed on the 50µm
wide Py circle. In order to identify the FMR resonance, the
frequency has been swept from 7 GHz to 10 GHz and the
FMR peak for the transmission case is detected by the SMM
tip at around 9.2 GHz. The imaging of the Py disk was
performed at a single frequency of 9.25 GHz where the FMR
peak appeared. The resulting images are shown in Fig. 11.
Although the signal-to-noise ratio of the shown S12 amplitude
and phase was lower for the thin patterned Py film compared
to the bulk and thick YIG film samples, still the FMR signal
is detected for the transmission case on the Py sample. This
is shown in the Fig. 11 (d), where we display a frequency
sweep of the dS12/dH signal together with the reference
signal where no AC magnetic field is applied. The FMR peak
is shifting to lower frequency when lowering the DC magnetic
bias from 2.3 kOe to 1.8 kOe as shown in Fig. 11 (e). When
reducing the microwave power, the FMR signal strength gets
lowered and disappeared completely at -10 dBm of applied
power. Fig. 11 (f) shows the FMR strength as a function of
applied microwave power. However, further improvement of
the signal-to-noise ratio is necessary for locally mapping the
different FMR modes on the surface of the Py magnetic dot.
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Fig. 11. SMM images of the patterned 50 µm Py circle. (a) Topography, (b) SMM amplitude, (c) SMM phase (d) FMR signal with the reference signal, (e)
Shift of FMR peaks with respect to two different DC magnetic bias values of 2.3 kOe (field 1) and 1.8 kOe (field 2), (f) FMR signal with different microwave
power levels.

Micro- to nano-scale measurements require a very high
sensitivity giving a still sufficient signal-to-noise ratio to detect
information of the material that can be easily processed. The
smaller the SMM probe the higher is of course the lateral
resolution, but the lower is the electrical sensitivity. Since
the SMM operates in contact mode, tip wearing leads to a
slight increase of the initial probe size during measurements.
While this has a positive effect on the S/N, the probe has
to be replaced at the due time if lateral resolution is of
priority [20], [47]. In the measurements presented in this paper
problemthe probe size influence could be related only with the
characterization of the permalloy disks, measured by scanning
the surface of samples as it is shown in Fig. 10 and Fig.
11. The change of the measured S-parameter with the applied
DC field is quite small, but measurable. On the other hand,
looking to [20], the wearing effect is typically smaller than
the results of our measurements, thus demonstrating that the
changes shown in both the above cited figures are due to the
modification of the magnetic response of the sample and not to
the tip wearing. Moreover, we want to point out that tips were
changed after a few measurements, to avoid serious artifacts
in the reproducibility of the results. Concerning the magnetic
garnet resonators, they were measured without scanning, but
just positioning the tip in the center of the sample, where
the excited main resonance mode is expected to present a
maximum, and in this case no wearing effect needs to be
considered.

V. CONCLUSION

We have demonstrated the capabilities of the developed
SMM-FMR setup for the detection of local FMR excita-
tions using bulk and thin patterned magnetic samples. Both
reflection and transmission cases were used to detect the
FMR signals, giving complementary information about mode
excitation and linewidth of the investigated material. The

obtained spectroscopic measurements on the thick YIG film
sample evidenced a weaker coupling at the nanometric SMM
tip over 645µm of sample thickness excited from the bottom,
but it is still able to detect the FMR signal. Patterned Py
magnetic dots have been imaged and the FMR spectrum has
been measured. Although a local FMR signal could be clearly
detected, an enhancement of the signal-to-noise ratio is still
required for mapping the FMR modes in the nano-magnetic
structures for basic understanding of the local FMR, but also
for many future applications based on the local resonance.
Actually, as any other local technique, even the detection of
magnetic inclusions and imperfections can help to test the local
homogeneity of the material as well as the microwave response
of arrays based on micro- and nano-structures.
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